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I. INTRODUCTION

J. A. Wood, Consortium Leader 

Center for Astro�hysics, 60 Garden Street 
Cambridge, Massachusetts 02138 

The Imbrium Consortium was organized in January of 1975, for 
the purpose of carrying out multidisciplinary studies of several 
Apollo 14 and 15 breccias that seemed likely to be samples of ejecta 
from the Imbrium Basin. Our goal was and is to expand our knowledge 
of the composition and age of the pre-Imbrium lunar crust, and to 
better understand the process of impact cratering at basin scales. 
To insure that the problem is viewed in the broadest perspective we 
included workers in astrogeology, cratering, and multispectral pho
tometry in the Consortium, as well as sample investigators. The 
Consortium effort is expected to continue until mid-1977. 

At our organizational meeting, we debated which lunar samples 
seemed the most promising subjects for extended collaborative study 
by the Consortium. Our criteria were: 

(1) The samples should be pre-mare rocks from the Apollo 14 or
15 missions, · since the latter are most likely to have sampled 
Imbrium ejecta. 

(2) They should not have been extensively studied previously.
(This excludes crystalline rocks such as 14310, but there are abun

dant highland breccias that have not been studied in the consortium 
mode.) 

(3) They should not be regolith breccias, which have been pro
duced by the cumulative effect of small local cratering events: we 
looked for rocks that appeared to have been last affected by one 
major brecciating and lithifying event (presumably the Imbrium 
impact). 

(4) They should not currently be the subjects of active con
sortium studies. 

Rocks 14064, 14082, 14312, 14318, 15405, and 15445 were chosen 
for consortium study. Only 14318 violates the criteria· (2 and 3) 
listed above; this sample was included in the Consortium program be
cause of the exceptional interest that attaches to its content of 
parentless 244Pu - derived Xe, and the expectation that the consor
tium approach to this particular problem might yield valuable 
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insights into early crustforming processes. 

The six samples are quite varied in physical character, and dif
ferent practical difficulties arise in trying to dissect their com
ponents and distribute them to Consortium members. Three categories 
of samples (and problems) can be recognized: 

(1) 14064 and 14082 are friable and therefore clasts are
easily extracted for study. On the other harid the clasts are quite 
small (usually on the order of a millimeter), so they cannot be sub
divided and sent to several Consortium laboratories. It seemed 
essential to have a way of gauging the compositions (especially the 
KREEP content) of these tiny clasts, in addition to observing their 
appearance under the binocular microscope, in order to be able to 
batch them in (presumably homogeneous) categories, from which 
aliquots or individuals could be deployed to the various Consortium 
laboratories for study. A knowledge of the KREEP levels of the 
clasts would also allow an estimate of the minimum sample size needed 
for several types of measurements. We have attempted to estimate 
clast compositions by performing energy-dispersive x-ray analyses of 
their surfaces in an SEM, under clean conditions in my laboratory 
at the Center for Astrophysics. Clasts so processed have not yet 
been studied extensively enough by the Consortium to judge the ef
fectiveness of this method, but preliminary results (Section V) are 
encouraging. 

(2) 15405 and 15445 are coherent and difficult to dissect, but
clasts are relatively large and it is possible to isolate subsamples 
of various lithologies for transfer to Consortium members, even by 
the clumsy process of chiselling or crushing in the SSPL nitrogen 
cabinets. Extensive distributions of samples of large clasts and 
matrix have been made by this means. Smaller clasts in these rocks 
are inaccessible except by the technique described in (3) below. 

(3) 14312 and 14318 are the most difficult samples to handle
because they are both coherent and finely structured (small clasts). 
We have held these samples till last for dissection and distribution 
because of the difficulties anticipated; to date relatively little 
work has been done on them by the Consortium. We plan to grind and 
polish slablets of these rocks (as well as 15405 and 15445), perform 
preliminary surface analyses of exposed clasts with an electron 
microprobe, and then dissect the slablets with a dental drill under 
clean conditions. Deionized water will be used as a coolant/lubri
cant during the grinding and dental drilling operations. 

Obvious problems in record-keeping and communication arise when 
an indefinite number of subsamples of six parent rocks are distrib
uted to laboratories for 14 different types of studies. We have 
developed a compact system of nomenclature, to try to keep track of 
the various lithic entities involved with a minimum of effort. This 
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system is employed in the present volume. Each lithology is re
ferred to by two numerals and a letter (�, SSA). The numerals 

·are the last two digits in the NASA sample number of the parent
specimen. In all cases the letter X refers to the bulk specimen,
and A to the matrix material from it. (The distinction between bulk 
specimen and matrix is crucial. in the case of samples with large 
clasts, such as 15405 and 15445, but is somewhat academic in rocks 
with very small clasts, such as 14064 and 14082). 

Lithologies recognized at the time of compilation of this report 
are as follows: 

14064 

64X-- Bulk rock 
• 64A-- Matrix

64B-- Largest clast in 14064
64C-- Second-largest clast in 14064
64D-- 14064,24, another discrete clast
64E-- Category of small, medium-gray, aphanitic clasts

82X-- Bulk rock 
82A-- Matrix· 
82B-- Category of small, 
82C-- Category of small, 

82D-- Category of small, 
clasts 

82E-- Category of small, 
clasts 

82F-- Category of small, 
grained clasts 

12X-- Bulk rock 

18X-- Bulk rock 

14082 

medium-gray, high-K2o, aphanitic clasts
medium-gray, ~1% K2o, aphanitic clasts·

very dark, high-Tio2, low-K2o, aphanitic

dark gray, high-TiO2, low-K2O, aphanitic

light gray, low-K2o, relatively coarse-

14312 

14318 

15405 

0SX-- Bulk rock 
0SA-- Matrix (melt rock) 
0SB-- Category of coarse quartz monzodiorite clasts 

3.



45X-- Bulk rock 
45A-- Matrix 
45B-- Category 
45C-- Category 
45D-- Category 

of 
of 
of 

15445 

gray-and-white clast material 
pink spine1· - bearing white clast material 
pyroxene-bearing white clast material. 
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II. RELATION OF LUNAR HIGHLAND SAMPLE SITES TO IMBRIUM BASIN DEPOSITS

James W. Head1

1 

Mark Settlel, 2

Department of Geological Sciences 
Brown University 

Providence, Rhode Island 02 912

2AF Cambridge Research Laboratories 
Hanscom AFB, MA 017 31

INTRODUCTION 

Multi-ringed basins, the largest lunar impact structures, were 
produced by impact events which affected the entire moon. Basin ejecta 
was translated over a significant portion of the total lunar surface, 
mantling and reworking earlier surfac6 deQosits. Redistribution of 
massive volumes of material (e.g., 10 -107 km3/event) by basin-forming 
impacts produced regional topographic differences, concentric basin 
ring structures formed lunar mountain chains, and finally the focusing 
of seismic energy may have locally triggered mass-wasting processes 
affecting the morphology of surface deposits at great distances from 
the point of impact. Imbrium, the largest and most recent nearside 
basin-sized impact, produced pervasive changes in the physiography and 
morphology of the lunar frontside. The purpose of this paper is to 
relate the local geology at the Apollo landing sites to the process of 
basin formation in general, and to the Imbrium impact event in particu
lar. 

CRATER AND BASIN DEPOSITS 

The morphology of crater exterior deposits varies with radial

range from the crater rim crest. The low-sun photography of 
Timocharis (D= 35 km), a crater which has been produced on a relatively 
flat, uncratered mare surface, illustrates the variation in morphologi
cal types from an inner hummocky facies (average l.0R-1.SR), to an 
intermediate radial facies (average l.SR-3.0R), to an outer discon
tinuous facies produced by discrete crater clusters and chains (see 
Fig. II-1). The hummocky facies consists of a series of irregular 
ridges and furrows aligned in an approximately concentric manner. 
The discontinuous ridge segments within the hummocky facies have an 
overall dune-like appearance. The radial facies is well developed 
near the edge of the continuous ejecta deposit. The radial facies is 
characterized by a series of radial ridges and furrows. The innermost 
portion of this facies is composed of overlapping and intersecting 
v-shaped ridges pointing back toward the crater, giving the terrain
a herringbone or rhomboidal appearance. Further outward, individual

V's become more distinct and can be resolved into linear chains and
ridges. Within. the disc.ontinuous facies primary ejecta impacts as
discrete rays and clusters of material producing isolated secondary 
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_crater chains and clusters (Oberbeck, 1975, and references therein. 

These same generalized morphological types can be seen within 
the exterior deposits of multi-ringed basins. However, basin primary 
ejecta is deposited over large areas of intensely cratered terrain 
and different morphological types are regionally developed to widely 
varying degrees. Moore et al. (1974) have described the radial varia
tion of terrain types surrounding the Orientale basin, the youngest 
multi-ringed basin on the moon (Fig. II-2). The concentric facies of 
Moore et al. (1974) lies nearest the basin rim and is composed of a 
seriesofridges and valleys 10-80 km in length oriented in a sub
parallel manner with respect to the basin rim (i.e., the Cordillera 
Mountains). This terrain type generally corresponds to the hummocky 
facies seen in smaller craters (Fig. II-1). At ranges of 2 crater 
radii from the Outer Rook Mountains, the inferred crater cavity rim 
crest (Head, 1974a), the concentric facies is replaced by a radial 
facies consisting of a series of anastomosing ridges and valleys 
aligned radially with respect to the basin center (Moore et al., 1974). 
This radial facies developed around multi-ringed basins can produce 
pronounced regional grooving of the pre-existing surface; for example, 
the Imbrium radial facies has superimposed severe lineations on pre
existing highland terrain in the vicinity of Ptolemaeus (see Head, 
1975). This multi-ringed basin radial facies corresponds to the 
radial facies described at similar multiples of crater radius around 
Timocharis. Beyond ranges of 3 crater radii the Orientale ejecta 
deposit appears discontinuous in terms of its distinct surface tex
turing. Morphologically this area is mapped as smooth plains by 
Moore et al. (1974) although some isolated elongate features aligned 
radial!y wfth respect to the basin center also appear at these ranges. 
Within intensely cratered terrain it is difficult to identify the 
edge of the continuous basin ejecta deposit. Although large secondary 
craters and crater clusters can be identified around Orientale 
(Fig. II-2,3) it becomes increasingly difficult to distinguish secon
dary crater clusters from primary craters in older basins. 

In summary there is a general correspondence in the radial de
velopment of morphological units within the ejecta deposits of fresh 
craters and basins. By relating these morphological terrain types to 
variations in the ejecta deposition process it is possible to examine 
the relative amounts and states of preservation of primary ejecta 
from the Imbrium basin at the different Apollo sampling sites. 

PROCESS OF BASIN FORMATION 

Interior. Upon impact a major portion of the projectile kinetic 
energy is transferred into the target in the form of a stress wave 
which in turn distributes this energy throughout the target �aterial. 
Extrapolation of melt volume estimates for terrestrial impact struc
tures to basin-sized lunar craters suggest that large quantities of 
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impact melt (i.e., on the order of 10 5 km 3) should be mixed within 
·the basin interior and exterior deposits. Material is ejected from
the growing crater cavity initially at very high velocities; ejection
velocity generally decreases as the transient cavity expands. Material
exiting the cavity in the latter stages of excavation contains the
deepest material excavated and is translated at the lowest velocities
up and onto the rim area of the crater. In the terminal phases of
excavation the basin interior cavity extends into weakly shocked
material but contains an admixture of highly brecciated material
(which has experienced widely varying degrees of shock metamorphism)

and variable amounts of impact melt. The interior floor fill may also
contain an admixture of projectile material depending upon the initial
size and impact velocity of the projectile. The percent of the total
volume of excavated material which is deposited within the basin as
fallback is unknown; however, fallback of excavated material will be
come important in the terminal phases of excavation.

Exterior. A massive amount of primary basin ejecta impacts at succes
sively higher velocities with' increasing range from the rim of the
crater cavity. Increasing impact velocities permit the primary ejecta
to form secondary craters upon deposition and to mix local material
into the ejecta deposit. Near the crater rim the total ejecta de
posit is massive, amounting to more than a kilometer of material which
has eroded and mantled the pre-existing surface (see Fig. II-3,4).
At ranges near the edge of the continuous ejecta deposit (i.e., 2 cra
ter radii from the rim) the amount of primary ejecta impacting the
local surface is much less so that the outline of pre-existing craters
appears through the ejecta deposit. Numerous examples of material
flows which appear to have surged or slid over pre-existing topography
have been described at the edges of continuous basin ejecta deposits
(Moore et al., 1974; Howard et al., 1974).

At ranges beyond 2 crater radii from the crater rim ejecta de
posit is no longer continuous but the high density· of se�ondary cra
tering events produced by the deposition of primary basin ejecta 
erode large amounts of material from pre-existing topographically high 
areas into local and regional low area,s, partially filling and smoothing 
the floors of pre-existing craters. This high density bombardment 
superimposes a radially grooved texture (produced by closely-spaced 
secondary crater chains) on the pre-existing surface (Head, 1975 ; 
Oberbeck, 1975). 

Finally, at ranges of 3 -4 crater radii and beyond, the deposi
tibn of primary basin ejecta is extremely discontinuous producing iso
lated secondary crater chains and secondary crater clusters which 
locally redistribute material and/or trigger localized avalanches and 
landslides (e.g., impact into the wall of a pre-existing crater). In 
addition at large radial distances deposition of primary ejecta will 
be followed by·the passage of surface seismic waves generated by the 
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Figure II-1. Low sun illumination of the crater Timo
charis (34 km diameter). Note that crater exterior topo

graphy converges toward the pre-existing surface at a 
radial range of approximately l.4R (measured from cra
ter center) although secondary cratering effects clearly 
associated with the Timocharis event extend to ranges 
of at least 6R. (AS-15-0597) 
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impact (Schultz and Gault, 1975). Local focusing of seismic energy 
may also initiate mass wasting processes. 

Modification. In the terminal phases of cavity excavation and at a 
time approximately contemporaneous with fallback and ejecta deposi
tion at intermediate ranges, the rim of the transient crater cavity 
becomes structurally unstable and a large annular section of the cra
ter cavity rim collapses along a ring fault. The scarp produced by 
this structural readjustment of the transient crater cavity appears 
as the Cordillera Mountains around the Orientale basin and as the 
Apennine Mountains around the Imbrium basin. This circular feature is 
the basin diameter which is larger than the diameter of the initial 
crater cavity. This large scale slumping of the crater rim deforms 
the rim ejecta deposit and occurs prior to the final settling and 
cooling of melt and fallback material within the basin (Head, 1974a). 
The morphology of the rim ejecta deposits is significantly changed by 
this slumping event. Within the Orientale basin, between the Cordil
lera scarp and the Outer Rook Mountains, this deposit is characterized 
by small (1-5 km diameter) rounded domes which appear randomly distri
buted and are interpreted as jumbled sections of the initial crater 
rim deposit ( Head, 1974a). 

Relation of Highland Sites to Basin Deposits. The lunar highland sam
ple return si.tes all bear some relation to specific multi-ringed basins. 
Figure II-5 illustrates the various highland sites in relation to a 
composite hypothetical basin. The Apollo 17 site lies near the crater 
rim of the Serenit.atis basin. Apollo 15 lies at the base of the 
Imbrium basin rim, while Luna 20 returned samples from the ejecta de
posit of the Crisium basin. Apollo 14 is located near the outer mar
gin of the Imbrium textured ejecta unit, while Apollo 16 lies in the 
region of Imbrium chains, and plains units. In principle, a radial 
sampling of a composite lunar basin has been achieved. The challenge 
lies in interpreting tne returned samples in terms of basin deposits 
and processes. 

RELATION OF HIGHLAND SITES TO THE IMBRIUM BASIN 

Apollo 15. The Hadley-Apennine landing site lies at the base of the 
Apennine Mountains, one of a series of mountain ranges forming the 
outer scarp that defines the Imbrium basin (Fig. II-6a). The scarp is 

• formed of a series of massifs 10-30 km in diameter that are subdivided
into rectilinear blocks by boundaries radial and concentric to the
Imbrium basin. This ring corresponds to the Cordillera range sur
rounding the Orientale basin, both in terms of morphology and spacing.
The Apennines are interpreted to be the fault scarp that formed in
the terminal stage of the Imbrium cratering event as a megaterrace
about 150 km in width moved inward toward the newly excavated cavity.
At Orientale, t,he outer ring formed after the deposition of ejecta in
the rim region (Head, 1974a). Similar relations appear to hold at the
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Apollo 15 site. Thus, the Imbrium ejecta deposit should blanket the 
Apennines and the down-faulted megaterrace. Thickness estimates for 
Imbrium basin ejecta at this radial range are subject to large errors r
but may range between l00's of meters and several km (Eggleton, 1961; 
McGetchin et al., 1973). Ejecta units from the Serenitatis basin 
should underlie and should have been incorporated into the Imbrium de
posit. Additional fragmental deposits should underlie these layers. 
Offset on the megaterrace bounding fault was sufficient to produce 
mountains with 2-4 km local relief. This in turn is sufficient to 
bring to the surface deposits underlying the Imbrium ejecta. However, 
complications arise due to mass wasting and mixing of debris from the 
peaks and slopes (Carr et al., 1971) and due to mixing caused by sub
sequent cratering. Thus°';" although Imbrium deposits should dominate 
the surfaces around the site, downfaulting and mass wasting combine 
to make the determination of provenance of specific samples difficult. 

Apollo 15 astronauts Scott and Irwin traversed along the base of 
the 3.5 km high Hadley Delta, one of the major massifs of the Apennine 
range. The sampling area consisted primarily of material derived by 
mass wasting from the massif, and thus may include Imbrium and pre
Imbrium deposits. 

A diffuse, ray-like pattern has been noted on the mare unit near 
the landing site and appears to radiate from one of two Copernican-
age craters to the north, Aristillus or Autolycus (Swann et al., 1972). 
On the basis of their diameter (Aristillus, 55 km; Autolycus-,-39 km) 
and their location, Con the megaterrace between the basin and crater 
rim) they appear to have excavated through Imbrium deposits into under
lying material. Material ejected larged radial ranges to form secon
dary clusters and rays probably comes from the upper part of the target, 
and thus may be Imbrium ejecta from the crater rim. 

Apollo 14. The Apollo 14 site is located approximately 1230 km south 
of the center of the Imbrium basin, about 550 km south of the basin 
rim (Montes Carpatus), and about 750 km south of the estimated rim of 
the Imbrium transient crater (McGetchin et al., 1973) (Fig. II-5,6b). 
The geology of the region has been mappeabyEggleton (1964, 1965, 
1970), Wilhelms and McCauley (1971), and Offield (1970) and the local 
site geology is summarized in Swann et al. (1971). 

A major objective of the Apollo 14 mission to the Fra Mauro re
gion of the moon (Swann et al., 1971) was to sample material comprising 
the Fra Mauro Formation,a cITstinctive ridged and furrowed unit sur
rounding the Imbrium basin. The Fra Mauro Formation has been inter
preted as a portion of the ejecta blanket deposited during the impact-
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formation of the Imbrium basin (Eggleton, 1964; Wilhelms, 1970). The 
history of the Apollo 14 region can be subdivided into three time in
tervals:. Phase I (prior to the formation of the Imbrium basin; pre
Imbrian time); Phase II (the short period of time associated with the 
formation of the Imbrium basin; earliest Imbrian time); and Phase III 
(the time period subsequent to basin formation and ejecta deposition; 
post-Imbrium event; Imbrian, Eratosthenian, and Copernican time) ( Head 
and Hawke, 1975). 

Phase I. The Apollo 14 region is situated on an isolated upland re
gion and is surrounded by younger maria (Fig. II-6b). A series of 
major Phase I (pre-Imbrian) craters surrounds the region and low 
areas created by their formation are largely responsible for the re
latively higher "intercrater" area on which the site is located. Two 
of these major craters are seen in Fig. II-6b (Fra Mauro, 95 km diam.; 
unnamed (NW), 125 km diam.) and because of their size and proximity 
they must have been important contributors of highly brecciated and 
metamorphosed materials to the Apollo 14 area. Several additional 
large Phase I craters can be mapped from low-sun Earth-based tele
scopic photography. A crater about 32 km diameter is mapped to the 
NE of the landing site and the site is situated approximately on the 
eastern rim of a subdued 25 km diameter crater. In summary, the size 
and location of Phase I craters strongly suggest that the Fra Mauro 
region just prior to the Imbrium event consisted of a terrain with a 
relatively high proportion of breccias of high metamorphic grade. 

Phase II. The details of the deposits surrounding major lunar basins 
are more clearly illustrated by Orientale, the youngest and freshest 
of the major basins. At a distance from the center of Orientale 
analogous to the Apollo 14 landing site ( Fig. II-2) , the deposits are 
transitional in nature between the hummocky topography with abundant 
parallel major crater chains characteristic of the inner or proximal 
portion of the deposits, and the smoother distal deposits characterized 
by abundant plains deposits and discrete secondary craters and clusters. 
Detailed study of the topography and facies of this region of Orien
tale shows that the extensive development of secondary crater chains 
1) excavates considerable volumes of pre-existing local material, and
2) subdues pre-existing topography by a combination of erosion and re
deposition of dominantly local material. Therefore, evidence of secon
dary crater chains should be seen in the Apollo 14 region. Examina
tio.n of oblique Apollo and low sun Earth-based photography of this re
gion reveals a number of 0.5-12 km diameter crater chain-like depres
sions and associated ridges radial to the Imbrium basin (Head and
Hawke, 1975). The presence of these depressions here implies the same
style of local derivation and movement of ejecta materials as outlined
for Orientale. Studies of impact crater mechanics indicate that im
pact of primary ejecta at this range would be dominantly an erosional

10.



Figure II-4. Effect of multi-ringed basins on crater modification: 
the Imbrium basin-central highlands example. (a} Location map b-e. 
Apennine Mountain Front is about 150-200 km from the rim of the Imbrium 
crater. All geologic units and features are taken from Geologic Map 
of the Near Side of the Moon at a scale of 1:5 million (Wilhelms and 
McCauley, 1971}. 
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Figure II-4, cont'd. b) All pre-Imbrian craters 25 km. c) Craters formed subsequent
to the Imbrium event and the.ir ejecta blankets; dark area is maria de
posited after Imbrium event. Majority of non-mare material north of 0 °

is Imbrium ejecta blanket, including Fra Mauro Formation. d) Larger
linear crater chains (black) radial to Imbrium and of Imbrian age; 
Imbrium crater clusters are also mapped (enclosed by lines). e) Imbrian
plains (black}. Maps b to e are plotted on a Lambert azimuthal equal 
area projection (Riikl, 1972). 
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Idealized cross-sectional model of crater erosion showing the effects 
of a multi-ringed basin event and some specific examples for the 
Imbrium Basin. Cross-section covers approximately the area in Figures 
4a-e, extending north-south (not to scale). (From Head, 1975.) 
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Figure II-5. Apollo highland sample return sites in relation to a composite hypo
thetical basin. 



Figure II-6. Apollo landing sites associated with the 
Imbrium basin. (a) Apollo 15 Hadley-Apennine region. 
The landing is designated by an arrow in the center of 
the picture. The Apennine Mountains are seen in the 
right. Mt. Hadley is seen to the northeast of the site 
and Hadley Delta directly to the south. These peaks form 
part of the rim of the Imbrium basin. Hadley Rille is 
about 1-2 km wide. 
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Figure II-6b. Apollo 14 Fra Mauro site. View looking 
north toward the Imbrium basin (located on horizon). 
Large degraded crater in center is Fra Mauro (93 km 
diam.). Arrow indicates landing site. Large depres
sion to northwest of site is an old degraded crater 
(125 km diam.). These two craters predate the emplace
ment of the Fra Mauro Formation and along with numerous 
others, provided material to be incorporated into 
the Imbrium ejecta deposit. Apollo 16-1420. 



process {Morrison and Oberbeck, 1975; Oberbeck, 1975). Of particular 
significance to the Apollo 14 region and sample provenance is the fact 
that the. site lies near the edges of major crater chains. Phase II 
appears to be dominated by the relatively low-energy impact of secon
dary chains from the Imbrium basin which excavated considerable amounts 
of local background Phase I material. 

The detailed identification of secondary crater chains in the im
mediate vicinity of the landing site is complicated by Phase III cra
tering activity. A number of ridges, troughs, and crater chains are 
present in the landing site area. Several elongate depressions are 
present to the east of Cone Crater. 

Phase II history in the Apollo 14 region involved the impact of 
filaments of Imbrium primary ejecta, the excavation and mixing of 
large volumes of local Phase I crater materials, and the incorporation 
of these two components into an ejecta deposit, the Fra Mauro Formation. 
Crater chains and subdued depressions mapped in the area of the 
Apollo 14 site {Eggleton, 1970; Head and Hawke, 1975) indicate that 
the regional Phase II history is also typical of that local area. 

Subsequent to the formation of the Imbrium basin and the em
placement of the Fra Mauro Formation, the surface deposits continued 
to undergo bombardment and additional small primary and secondary cra
ters were formed although the major pre-existing topographic features 
were not destroyed. Although PhaseIII craters did not drastically 
alter the radial ridge pattern, they did locally modify the surface 
and often obscure the effects of Imbrium secondary chains and ridges. 
Therefore, although the major surface expression of the Fra Mauro 
Formation is not radically modified, Phase III craters have served to 
excavate and locally redistribute material. 

A summary of the characteristics of Phase III events in the land
ing region and their relation to the sampling sites is presented in 
Head and Hawke {1975). 

Apollo 16. The Descartes landing region is located approximately 
1650 km SSE of the center of the Imbrium basin, over 2 radii from the 
Imbrium crater rim. The landing region is characterized by regionally 
rugged topography and intervening light plains units. The rugged 
topography surrounding the site is formed of pre-Imbrian craters and 
a distinctively textured hilly and furrowed unit which was interpreted 
to be of volcanic origin. The flat plains areas {Cayley) {Fig. II-6c) 
were also generally considered to be of volcanic origin prior to the 
Apollo 16 mission {see Hodges et al., 1973, for a review of the landing 
region and pre�mission interpretations). Exploration of the Apollo 16 
region by astronauts Young and Duke showed that the materials forming 
the terrain were derived from impact cratering processes {Muehlberger 
et al., 1973). 
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Three types of theories have been proposed to account for the im
pact origin of the deposits in the Apollo 16 region. One class pro
poses that the plains deposits and sometimes the adjacent uplands are 
dominated by primary ejecta from the multi-ringed basins, either 
Imbrium (Eggleton and Schaber, 1973) or Orientale (Chao et al., 1975). 
In these theories, surface materials collected at the ApoI'lol6 site 
would consist largely of primary ejecta from the Orientale or Imbrium 
basins. A second type of theory attributes the deposits and units at 
the Apollo 16 site to erosional processes produced by secondary cra
tering from craters and basins (Oberbeck, 1975 and references therein). 
In this model, secondary projectiles impact at velocites sufficient 
to excavate volumes of local material equivalent to many multiples 
of the mass of the incoming projectile. Thus plains deposits are 
built up over periods of time largely from local erosional products. 
A third type of theory concentrates on the regional geology of the 
Apollo 16 area and attributes sample genesis to a combination of a 
number of large local cratering events and regional basin events 
(Head, 1974b). 

Analysis of terrain in the Apollo 16 Descartes landing region 
shows a series of features that form a stratigraphic sequence which 
dominates the history and petrogenesis at the site (Fig. II-6c). An 
ancient 150 km diameter crater centered on the Apollo 16 site is one 
of the earliest recognizable major structures. A 60 km diameter cra
ter formed in the Descartes Mountain centered about 25 km to the west 
of the site. According to Head (1974b) this crater dominates the 
geology and petrogenetic history of the site. Stone and Smoky Moun
tains represent the degraded terraced crater walls, and the rocks 
derived from North and South Ray craters may represent wall material 
and floor fallback breccias from this cratering event. Subsequent 
major cratering occurred in the region (Dolland B, etc.) prior to the 
Imbrium and Orientale basin-forming events but had minor effect on 
the site. Based on this interpretation, contributions of primary 
ejecta from Imbrium at the Apollo 16 site are minor and those from 
Orientale negligible. 
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III. GEOLOGICAL SETTING OF THE APOLLO 14 SITE

Ursula B. Marvin 

Center for Astrophysics 
60 Garden Street, Cambridge, Massachusetts 02138 

The Fra Mauro region is a light-colored, topographically high 
area, some 450 km long and 50 to 150 km broad, surrounded by maria. 
The name derives from Fra Mauro, an ancient, eroded, and partially 
buried crater 70 km south of the landing site. The location of the 
Fra Mauro region with respect to the Imbrium Basin, the crater 
Copernicus, and other prominent lunar features is shown in Figure 
III-1, a telescopic view of the western half of the lunar disk. Fra
Mauro Base (Lat. 3.67 ° s, Long. 17.46 ° W) lies about 1100 km from the
center of the Imbrium Basin and 500 km south of the Carpathian
Mountains, which rim Mare Imbrium. Opinions differ on the dimensions
of the initial crater that was excavated by the Imbrium impact and on
the origin and structure of the concentric rings. Sutton et al. (1971)
refer to a central feature called Crater Imbrium, nearly 500 km in
diameter, and to the Carpathian-Apennine Mountains as a block-faulted
outer ring. They state that the Apollo 14 landing site lies about 1.6
crater diameters outside the rim of the initial crater. A contrary
view is taken by Baldwin (1974), who regards the Carpathians and
Apennines as the true rim of the Imbrium Basin and the "so-called inner
crater" as a ring peak structure formed by tsunami waves in fluidized
target rock. In Baldwin's view the landing site lies only 0.8 crater
diameters from the basin rim.

A closer view of the Fra Mauro region and a simplified geologic 
map are shown in Figures III-2 and 3.* Following U.S. Geological 
Survey usage, the formations shown on the map are subdivided into four 
age groups: pre-Imbrian (oldest), Imbrian, Eratosthenian, and 
Copernican (youngest). Imbrian formations predominate in the Fra Mauro 
region. The largest exposure of pre-Imbrian materials, covering more 
than 3000 km2, begins about 30 km to the east of Fra Mauro Base. Most 
of the large craters of this highland region, including Fra Mauro, 
Parry, and Bonpland, are of pre-Imbrian age. Portions of their rims 
protrude through deposits of younger materials. 

Fra Mauro and Alpes Formations. Although the Fra Mauro region is a 
light-colored highland, the main stratigraphic unit of the area, the 
Fra Mauro Formation, has traditionally been interpreted not as indi
genous terra material but as fragmental ejecta from the Imbrium Basin. 
That idea, which was first proposed in 1893 by G.K. Gilbert, has been 

*The geological information in this report is taken mainly from Wilhelms
and McCauley (1971); Swann et al. (1971); and Sutton et al. (1971).
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Figure III-1. A telescopic view of the western half of the lunar disk. 
(Photograph L-6, Lick Observatory, 1932.) 



challenged in recent years by investigators at the Ames Research 
Center and others (e.g., Oberbeck et al., 1974), who believe that much 
local material excavated by secondary craters is admixed with the basin 
ejecta. 

The Fra Mauro formation includes blocky or hummocky facies, but 
much of it consists of ridges 1 to 4 km wide, 5 to 20 km long, and 10 
to 90 m high, oriented radially or subradially to the Imbrium Basin. 
These ridges are smoothly sculptured, as though the ejected basin 
materials had flowed outward along the lunar surface in a gigantic base 
surge. Whether it consists mainly of basin ejecta or of mixed basin 
and local materials, the Fra Mauro Formation blankets more than 
26,000 km2 in the region of the landing site. Estimates of the thick
ness of the formation at Fra Mauro Base vary by approximately an order 
of magnitude, from between 100-200 meters, as deduced from its relation 
to the local topography (Offield, 1970), to between 20-70 meters, based 
on results of the active seismic experiment by the Apollo 14 astronauts 
(Kovach, 1972). In any case, the Fra Mauro Formation feathers to a thin 

edge in the vicinity of the Crater Bonpland some 150 km to the south. 

Numerous instances have been mapped where the Fra Mauro Formation 
grades laterally into deposits of light-colored, blocky or knobby mater
ials having no definite lineation. These deposits were included with 
the Fra Mauro Formation by Eggleton (1965) and others but were desig
nated by Wilhelms and McCauley (1971) as the Alpes Formation. In places 
this formation merges imperceptibly with older pre-Imbrium terra 
materials. The closest deposit of Alpes Formation lies 70 km northeast 
of Fra Mauro Base. 

Cayley Formation. Smooth plains-forming materials of pre-Imbrian to 
Imbrian age overlap the Fra Mauro Formation 10 km east of the landing 
site and extend over large areas farther south, where they flood the 
craters Parry, Bonpland, and Guerike, and the eastern half of the crater 
Fra Mauro. These plains-forming materials, called the Cayley Formation, 
are brighter than the mare basalts but darker than most terra formations. 
Although they show considerable range in age, they are for the most part 
less cratered and therefore younger than the Fra Mauro Formation, but 
more densely cratered and hence older than the mare basalts. The 
smoothness of the Cayley Formation as it laps crater rims and fills 
hollows in the highlands suggests that it was fluid when it spread over 
the surface. For this reason it was tentatively interpreted by the 
astrogeologists of the U.S. Geological Survey as a volcanic ash or 
lava, until the samples taken on the Apollo 16 mission proved to be 

• impact breccias. As an immediate response to that discovery Chao et al.
(1973) proposed that the Cayley Formation consists of far-flung ejecta
from the Orientale Basin. The integrity of the Cayley Formation as a
single deposit from a point source is now in doubt as a result of
cratering experiments that have led to an awareness of the importance,
at any given site along a ray system, of local debris from secondary
craters.
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Figure III-2. The Fra Mauro region. (Lunar Orbiter photograph IV-12)H3.) 
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Figure III-4. View of Fra Mauro Base showing traverses and sources 
of consortium samples. (Enlargement from Lunar Orbiter 
photograph in Fig. III-2.) 



Figure III-5. 

Figure II!-6. 

The LM at Fra Mauro Base. View looking SE from Station H 
with Triplet Crater in background. (NASA photograph 
68-9486.)

The rim of Cone Crater. View looking south from Station C'. 
(NASA photograph 64-9117.) 



Mare and Crater Materials. Dark-colored mare basalt flows of late
Irnbrian age border the Fra Mauro region within 50 km to the east and 

.west of the landing site. They also flood a large depression, some 
480 km2 in area, in the center of Fra Mauro Crater. 

Mare basalt flows that are only sparsely cratered and therefore 
assigned a post-Irnbrian (Eratosthenian) age occur in Oceanus Procel
larum and elsewhere in the surrounding maria. 

Units designated on the lunar maps as crater materials are dated 
according to the state of preservation of the crater from which they 
are derived. The rock units sampled by these craters, however, may 
be of any older age. Crater materials, excavated during Irnbrian times, 
are rare in the region except for the rim of the crater Garnbart, 250 
km to the northeast of Fra Mauro Base. 

Young, sharp-rimmed craters of post-Imbrian (Copernican) age 
occur sporadically in this region. The most important one at Fra 
Mauro Base is Cone Crater, 340 m in diameter, which lies about 1.5 km 
east of the landing site. A field investigation of Cone Crater was 
one of the main objectives of the Apollo 14 mission because the crater's 
size and youth promised "freshly" excavated samples of sub-regolith Fra 
Mauro bedrock. 

TOPOGRAPHY OF THE APOLLO 14 LANDING SITE 

The character of the surface in the vicinity of Fra Mauro Base is 
shown in Figure III-4, which indicates the traverses made by the astro
nauts, and the collection sites (Stations Cl and H) of the Consortium 
samples: 14064, 14082, 14312, and 14318. 

Three types of terrain, labeled Is (Imbrian Smooth), Ifr (Imbrian 
Fra Mauro ridge), and Cc4 (Cone Crater ejecta) have developed on the 
Fra Mauro Formation in this area. Fra Mauro Base is situated on a 
smooth, gently undulating surface, Is (Irnbrian smooth), where the only 
relief is due to shallow, overlapping, degraded craters up to 200 m in 
diameter. The absence of angular blocks on the rims of small, young 
craters at the site led Swann et al. (1971) to conclude that the rego
lith at Fra Mauro Base is at least 5 m thick. This estimate is in good 
agreement with the 8.5 m thickness indicated by the active seismic 
experiment carried out with a thumper and geophones (Kovach, 1972). 
The smoothness of the surface is shown in Figure III-5, a view of the 
LM taken by one of the astronauts, who was standing in the North Boulder 
Field at Station H. 

Station Cl. About 600 m east of the landing site the smooth terrain 
gives way to a northwest-trending ridge, radial to the Imbrium Basin, 
in the Fra Mauro Formation. At the crest of the ridge is Cone Crater 
(340 m in diameter, 70-80 m deep}, surrounded by a continuous ejecta 
blanket with a.radius of about 600 m. The rough terrain in the vicinity 
of the crater is illustrated in Figure III-6. Since the ridge rises 
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Figure III-7. The white rocks on the south rim of Cone Crater. Saddle Rock 
is in the background. White Rock has the hammer and sample bag 
resting on its surface. Sample 14082 was chipped from the site 
indicated. The white specimen on the ground is believed to be 
14082. (NASA photograph 68-9452.) 



90 m above the valley where the LM landed, and Cone Crater is only 
70-80 m deep, the impact probably did not puncture through the Fra
Mauro Formation to pre-Imbrian bedrock. The date of the impact is
bracketed by the cosmic-ray exposure ages reported by Turner et al.
(1971) who show that the surface of the Cone Crater ejecta blanket
has been in place for only 26-40 m.y.

The south rim of Cone Crater is strewn with huge white rocks, 
up to 15 m in diameter, that are believed to be representative samples 
of the Fra Mauro Formation. Four of the prominent boulders, White 
Rock, Saddle Rock, Contact Rock, and Layered Rock, exhibit planar 
features that were interpreted by Swann et al. (1971) as layering. 
Sample 14082 was chipped from the top of White Rock as shown in Figure 
III-7. Samples 14064 and 14063 were picked up from the ground in this
general vicinity without documentary photographs.

Station H. About 90 meters north of the LM is a blocky area called 
the North Boulder Field, which was visited by Astronaut Mitchell in 
the last few minutes of the second EVA and subsequently designated 
Station H. The most striking feature at Station His a rounded 
boulder about 1.5 x 0.75 x 0.75 m with an evocative turtle-like relief 
on its top surface (Fig. III-8). Turtle Rock and the other boulders 
of North Boulder Field are described by Sutton et al. (1972) as lying 
on a ray of Cone Crater ejecta that extends westward past the landing 
site. However, neither of our Consortium samples from Station H 
resembles the.white rocks that are supposedly typical of the Fra 
Mauro Formation. Sample 14312 was a loose cobble of vesicular, re
crystallized material taken from the top of Turtle Rock, and sample 
14318 is a lithified soil breccia picked up from the ground nearby 
(Fig. III-9). 
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a) 

b) 

Figure III--8. 

0 50 100cm 
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a) Turtle Rock, a breccia boulder at Station H, the
North Boulder Field. (NASA photograph 68-9474.)

b) Sketch map of Turtle Rock and its immediate vicinity
showing the "turtle eggs" 14312 and 14319. (From Swann
�t al., 1971, p.46.)
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IV. SAMPLE 14064

HAND SPECIMEN DESCRIPTIONS AND PROCESSING (Ursula B. Marvin) 

Specimen 14064 (107.5 g) was picked up from the ground in the field 
of white rocks at Station C-1. by Cdr. Shepard, who took no in situ photo
graphs of it •. At the site Shepard stated that he was " •.• just going 
around pickinq up hand-size qrab samples ... I have a couple that are going 
in Bag 16" (Bailey and Ulrich, 1975). When Bag 16-N was opened at the 
Lunar Receiving Laboratory it contained two hand specimens and some 
residue. The hand specimens were numbered 14063 and 14064; the residue 
is 14065. Despite Shepard's reference to "a couple," there was a 
strong tide of opinion at the LRL that 14063 and 14064 were two parts of 
the same specimen. The samples look much alike, and 14064 had a pro
truding 1-cm clast, while 14063 had a 1-cm clast mold. However, nobody 
found a satisfactory way of fitting the two together. Before the Imbrium 
Consortium was formed, 14063 was subdivided and distributed for study; 
14064 was stored intact at the SSPL. 

14064 is light gray and so very friable that the gentlest handling 
causes shedding of small clasts. The surface is smoothly rounded and 
pocked with clast molds ranging in size from 1 to 10 mm ( see photo
graphs and maps, Figures IV-1 and IV-2). A thin patina that origin
ally covered most of the specimen has largely flaked off, but traces 
of it still adhere, especially around glass-lined zap pits. 

In June 1975, three pieces of interior matrix, free of all 
patina and zap pits, were pried from the specimen and distributed to 
Reed (,7), Anders (,8), and the thin section laboratory (,9). Nine 
thin sections (,12-,20) were made from 14064,9. No photographs are 
available of the chipping procedure. 

A collection of 1-10 mm fragmental debris (,2) (Fig. IV-3) 
yielded the array of samples shown in Figure IV-4a. The largest 
(1-cm) clast of coherent gray aphanitic-looking material had 

loosened from the N1 surface of 14064 during mapping. This clast
was picked from ,2, designated as ,22, and subdivided for distribution 
as follows: ,25 was sent to the thin section lab and made into 
sections ,35 ,36 and ,37; ,26 to Tatsumoto; ,27 was subdivided to 
samples ,44 and ,45 and ,45 was made into thin section ,47; ,28 to 
Anders; ,29 to Reed; and ,30 to Walker. The undistributed crumbs 
were returned to storage. 

The second largest clast (,23), also of coherent gray aphanitic
looking material, was split into 2 pieces: ,31, which was sent to 
Walker and ,23, part of which was made into thin section ,46. 

Nine clasts (,32) with a total weight of 0.22 g were picked from 
,2 for Wood and sent to Cambridge for preliminary surface analysis 
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Figure IV-1. Orthogonal views of 14064,0. 
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Figure IV-2. Surface maps of 14064,0. A small piece of matrix, 
14064,1, broke off during handling at the site indicated 
in N1 and s1• The prominent 1-cm gray clast in the N1
face fell out and was added to the coarse fines of 14064,2. 
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Figure IV-3. A post-mapping view of 14064,0 and three sub-samples. 
14064,1 is a piece of matrix from the site shown in 
Fig. III-2. 14064,2 are coarse clasts including the large 
clast from surface N1 (Figures III-1 and III-2). 14064,3 
are fines (<lmm)shed from the main mass. 
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Figure IV-4. 1he clasts selected for consortium study and a diagram 
of their parentage and distribution. Clast ,22 in the 
photograph is the final remnant of the original large 
clast that is labeled ,2 in Figure IV-2 and was renumbered 
,22. 
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14064,12 

,13 

,14 

,15 

,16 

,17 

,18 

,19 

,20 

,35 

, 36 
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Table IV-1. Thin sections used in this study. 

SAO no. Parentage and lineage 

242 

288 

289 

290 

291 ,9 -+ ,o 

292 

293 

294 

295 

285 

286 , 25 . -+ ,22 -+ , 2 -+ ;O 

287 

1202 ,43 -+ ,23 -+ , 2 -+ ,o 

1203 ,45 -+ ,27 -+ , 22 -+,2+ ,0 
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by SEM energy-dispersive x-ray analysis (SEM-PET} and subsequent 
distribution. Two of the clasts (14064,9001, and ,9002) were sent 
to Hubbard and the remaining five remain in Cambridge. A schematic 
diagram of the sub-samples is shown in Figure IV-4b. 

PETROLOGY . (Graham Ryder and Janice F. Bower) 

To date, three portions of 14064 have been studied petrographic
ally and with the microprobe. The first is the large gray clast 
14064,22, the largest clast observed macroscopically in 14064. 
Splits of the clast, designated Lithology 64B, have been distributed 
to the Consortium. The second portion is a single thin section of 
Lithology 64C, the second largest clast from 14064,2 and the third 
portion is 14064,9 a l.2Sg chip of undifferentiated matrix, all of 
which is designated Lithology 64A. Splits of this particular chip of 
matrix were not allocated to other members of the Consortium. 
Although the largest clast, Lithology 64B, is identical with a lithic 
type observed in the matrix 64A (described below), it is described 
separately because of its specific distribution to the Consortium 
and because we analyzed it in more detail. The thin sections used 
in this study are listed in Table IV-1. 

Lithology 64B 

The large gray cla�t 14064,22 is a coherent melt breccia 
(fragment-laden melt) (Fig. IV-S). All thin sections of it (Table IV-1) 
are similar. The xenolithic fragments are dominantly plagioclase and, 
much less commonly, olivine. Lithic fragments are rare, and pyroxene 
xenocrysts have not been observed. The obviously xenocrystic/xeno
lithic material comprises about 2S% of the rock; the precise figure 
is in doubt (and may be substantially higher) because of the seriate 
size distribution of the fragments and the overgrowth of ground-
mass melt onto small xenocrysts, which masks their presence. The 
melt groundmass consists of pyroxene oikocrysts (enclosing plagioclase 
chadacrysts) separated by areas dominated by plagioclase and inter
stitial glass (Figs. IV-Sc, IV-Sd). The groundmass, excluding the 
large xenocrysts, has an aluminous high-K Fra Mauro composition 
(Table IV-2): the whole rock is presumably somewhat more aluminous. 
Compositions of individual mineral phases are shown in Figs. IV-6a, 
b,c. The clast is a coarse-grained member of a series of melt 
breccia clasts in 14064, other members occurring in Lithology 64A. 

Fragment population. The largest and most abundant enclosed frag
ments are xenocrysts of plagioclase up to 700u in diameter, with 
squared and angular shapes (Fig. IV-Sa). For the most part they 
are unzoned; their compositions have modes at An9s and An92, and
range down to An93 (Fig. IV-6a, Table IV-3). Sometimes the plagio
clases are partly (Fig. IV-7a) to wholly polygonalized. Frequently 
the xenocrysts have distinct overgrowth rims (An88) about 20µ wide 
(Fig. IV-7o). While most xenocrysts are clear, several contain 
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� Plagioclase

� Olivine

PO QP � Devitrified maskelynite

Oo � � Cataclastic plagioclase

� Anorthosite breccia

� Spherules of plagioclase

5mm and glass 

Figure IV-5. Lithology 64B: a) thin section 14064,37; photograph and map. 
b) 14064,37 groundmass; pyroxene oikocrysts (light gray, O)
separated by zones of plagioclase laths (dark gray, P); X,
xenocrysts (reflected light). c) 14064,37 groundmass; over
laps area of Figure IV-Sb. O, pyroxene oikocrysts; P, 
plagioclase laths; X, xenocrysts (crossed polarizers). 
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Figure IV-6. Compositions of xenolithic and groundmass mineral 
phases in Lithology 64B: 

a) Plagioclase histograms and ternary diagrams.

b) Pyroxene quadrilateral (there are no pyroxene
xenoliths).

c) Olivine histograms (no olivine is present in
the groundmass). Left, three xenocrysts (dif
ferent tones); right, olivine in lithic clast 
in Figure IV-7f. 



Figure IV-7. 



Figure IV-7. Photomicrographs of xenocrysts in Lithology 64B: 

a) 14064,36: typical plagioclase xenocryst. Slight 
polygonalization and minor included phases are 
common. Crossed polarizers. 

b) 14064,36: rim of plagioclase on plagioclase xeno
cryst. Note bubble chains and tiny pipe-like features 
in the xenocryst. Rims are more albitic than the 
unzoned cores. Groundmass (right) contains prominent 
pyroxene oikocrysts. Crossed polarizers. 

c) 14064,36: sodic plagioclase ( Ans3) containing
ellipsoidal inclusions of silica glass, K-feldspar,
and a mafic phase. The vague dark vertical lines in 
the host are twins. Crossed polarizers. 

d) 14064,35: fractured olivine xenocryst ( Fo64) with
rim (R). of zoned orthopyroxene. Crossed polarizers. 

e) 14064,35: close-up of Figure IV-7d. Unzoned oli
vine xenocryst (light gray, 01) mantled by ortho
pyroxene (slightly darker gray, OPx), which is zoned, 
becoming more Fe-rich outwards. Contact of rim and 
xenocryst has blebs of Fe-metal (very bright) and 
ilmenite (bright). Pl, plagioclase. Reflected light. 

f) 14064,35: olivine-plagioclase (-orthopyroxene)
lithic clast. Note plagioclase is granulated/poly
gonalized. Compositions of the olivine and plagio
clase fall in the same restricted compositional fields
as the xenocrysts.

23.



Table IV-2. DBAs of materials in 14064. 

1 2 3 4 5 6 7 8 
Si02 49.46 80.58 51.39 50.83 50.49 50.20 46.63 46.19 
Ti02 Q.85 0.55 1. 37 0.78 0.60 0.53 o.91
Al203 22.99 8.12 24.88 20.30 22.14 21.90 21.96 23.50 
Cr203 0.06 0.05 0.06 0.06 Q.06 0.07 o.os
FeO 5.36 3.91 6.08 4.95 5.34 5.17 5.63
MnO 0.01 0.06 0.08 0.06 0.07 0.08 0.09
MgO 5.82 4.52 5.39 5.87 7.90 7.91 8.55
cao 12.39 1.49 12.51 11.70 12.13 11. 78 12.26 12.62 

Na20 0.89 0.83 0.95 0.87 1.05 1.13 1.09 L34 

K20 LOO 7.37 L 74 L55 L41 0.83 0.55 0.15 
Bao 1.55 0.21 0.21 0.09 0.17 0.08 0.02 

P205 0.23 0.03 0.02 0.42 0.23 0.14 0.16 0.26 
NiO 0.03 0.00 0.00 0.00 0.00 

Total 99.09 99.97 100.79 98.86 99.29 100.12 96.49 99.31 

# points 
42 1 6 17 15 15 15 3 

(100 µ) 

MgO/ 

(MgO+FeO) .52 .54 .47 .54 .60 .60 .60 

wt.% 

norm 
Fo 

Fa 

En 

Fs 

Wo 

Or 

Ab 

An 

Ilm 

Cr 
Qz 

Ap 

3.6 8.2 

L 7 3.7 

14.6 IL 2 13.6 14.7 19.7 15.3 9.8 

8.5 6.3 9.1 7.8 8.7 6.7 4.1 

L8 3.0 1.5 3.6 3.1 2.2 2.8 L4 

6.0 44.3 10.2 9.3 8.4 4.9 3.4 0.9 

7.6 0.7 8.0 7.5 9.0 9.5 9.6 1L4 
56.3 58.1 47.6 5L9 52.2 55.4 58.0 

L6 LO 2.6 L5 1.1 

0.1 0.1 0.1 O.l 0.1 
2.9 5Ll 3.5 5.7 2.9 1.0 

0.5 0.1 0.0 LO 0.5 0.3 

1. Groundmass of melt breccia Lithology 64B; 14064,35.

2. Interstitial, residual glass; 14064,35.

3,4. Melt breccias in 14063,17. 

1.0 

0.1 

0.4 

5. Medium-grained melt breccia (clast in Fig. 6c); 14064,16.

6. Fine-grained melt breccia (clast in Fig. 6f); 14064,16.

7. Fine-grained melt breccia (clast similar to Fig. 6e); 14064,16

8. Red-brown glass shards; 14064,16.

Beam diameter 100µ except where noted. 

--- = not analyzed (in DBA) or not present (in norm). 
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Table IV-3. Plagioclase xenocrysts, rims, chadacrysts, 

Si02
Al203
cao 
Na20
K20 
Bao 

Total 

Mol.% An 

Si02 
Al203
cao 
Na20 
K20 
BaO 

Total 

Mol.% An 

and laths in Lithology 64B.* 

1 2 3 4 5 
42.13 43.06 46.08 43.91 47.37 
35.89 36.32 35.04 35.14 34.05 
19.79 19.60 18.85 18.74 12.52 

0.26 0.47 0.84 0.95 1.24 
0.03 0.03 0.03 0.06 0.10 
0.06 0.08 0.08 0.15 0.14 

98.11 99.56 100.92 98.95 100.42 

97 96 92 91 88 

7 8 9 10 11 
46.39 44.30 45.93 44.21 46.57 
32.49 33.93 35.31 35.22 34.35 
17.14 18.29 18.55 19.31 17.82 

1.58 0.95 1.45 0.76 1. 37
0.22 0.05 0.12 0.04 0.13
0.10 0.04 0.09 0.04 0.01

97.92 97.56 101.55 99.64 100.26 

85 91 87 93 87 

1-4. Xenocrysts.
5,6. Overgrowth rims on xenocrysts. 

6 
46.41 
35.25 
18.44 

1.24 
0.08 
0.13 

101.55 

89 

12 
46.63 
34.43 
18.03 

1.26 
0.10 
0.01 

100.46 

88 

7. Xenocryst contains Si-glass and K-spar
inclusions.

8. Plagioclase in olivine-plag(-opx)
lithic clast

9,10. 
11,12. 

Chadacrysts.
Laths.

*All in 14064,35.

25.



inclusions of minor phases, including tiny spherical olivines, 
and/or bubble chains. Others contain regularly oriented, tiny, 
pipelike features; limited data suggest that the latter xenocrysts 
are restricted to plagioclase in the An91_93 mode. An unusual
variety of feldspar is more s.odic (An84) and contains ellipsoidal
inclusions of silica-glass and K-feldspar as well as mafic phases 
(Fig. IV-3c). One otherwise clear plagioclase contains a red spinel. 
Several xenolithic clasts have textures indicating devitrification 
of a plagioclase glass (devitrified maskelynite). None of these 
has been analyzed. 

Olivine xenocrysts are an order of magnitude less abundant 
than plagioclase. They are unzoned and have similar compositions: 

the three analyzed grains have means of Fo62, Fo6s, and Fo66, with
a limited range in each grain (Fig. IV-6c, Table IV-4). The olivine 
xenocrysts, usually very small but occasionally up to 600µ in 
dimension, are equant, and are always mantled with a distinct rim 
of low-Ca pyroxene (Figs. IV-7d, IV-7e). The rims are slightly more 
magnesian than the groundmass pyroxenes (Fig. IV-6b, Table IV-4), 
but are zoned, becoming more Fe-rich outwards, converging to the 
groundmass compositions. The mantles are generally about 50µ thick, 
but in one extreme case a mantle 100µ thick surrounds a 50µ olivine. 
At the junction between the olivine and the pyroxene rim there is 
typically a zone of opaque minerals mainly ilmenite and Fe�metal 
(Fig. IV-7e); it is mo'st likely that these were exsolved from the 
olivine, but possibly they were the first phase to crystallize 
from the melt. 

Lithic fragments are rare. One fragment, 1 mm x 300µ (Fig. IV-7f), 
is dominantly an olivine-plagioclase rock in which the plagioclase 
has been polygonalized. Olivine (Fo63) falls into the same narrow
compositional range as the xenolithic olivines (Fig. IV-6c, Table IV-4). 
A narrow rim of orthopyroxene (En70wo4), similar to the xenolith
rims, borders the olivine at its contact with both the melt ground
mass and with the lithic plagioclase; no explanation for this is 
offered. The olivine also contains blebs (exsolved?) of Fe-metal, 
troilite, and ilmenite which are not confined to the olivine�· 
pyroxene contact. The plagioclase, An92 (Table IV-3), coincides with
one of the two compositional modes of the xenolithic plagioclase; 
it seems reasonable to assume that this olivine-plagioclase lithic 
type is an important contributor to the xenolithic population and 
presumably to the bulk composition of the clast. Small anorthosite 
breccia clasts are observed rarely (Fig. IV-Sa) and consist of a 
pore-free plagioclase rock, crushed and recrystallized, with textures 
distinct from those of devitrified maskelynite or polygonalized 
plagioclase. Their origin probably involves several stages of 
deformation. No analyses of them have yet been made. 

Groundmass. Characteristically, the groundmass is melt-textured and 
consists of zones of plagioclase laths separating pyroxene oikocrysts 
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which contain plagioclase chadacrysts (Fig. IV-5b,c; IV-8a,b). 
Very rarely the groundmass consists of a spherulitic mass of 
plagioclase (Fig. IV-8c). Although superficially resembling 
devitrified maskelynite, the spherulites consist of plagioclase 
laths separated by interstitial glass, and resulted from the 
crystallization of a liquid, not the devitrification of a glass. 
A point count of the normal groundmass, avoiding large xenocrysts, 
provided a mode of 45% pyroxene oikocryst zones, 46% plagioclase 
zones (.interoikocryst areas) and 9% obvious xenocrystal material. 
Given that the oikocrysts contain plagioclase, the bulk mode of 
the groundmass provides about 30 vol. % pyroxene in the groundmass, 
consistent with the DBA norm of 25 wt.% (Table IV-2). 

The pyroxene oikocrysts, up to about 200µ but mainly about 
100µ in dimension, are dominantly low-Ca pyroxene, but augite is 
also present (Fig. IV-6b, Table IV-4). Individual oikocrysts 
are only very slightly (and normally) zoned, though occasionally 
both low-Ca and high-Ca pyroxenes occur as irregular patches in 
the same oikocryst. The plagioclase chadacrysts, which are un
oriented with respect to each other, are generally stubby, and 
have compositions similar to the lathy plagioclases outside of 
the oikocrysts (Fig. IV-6a, Table IV-3), with a sli�ht tendency 
for the chadacrysts to be more calcic (Fig. IV-6a). Both chada
crysts and lathy plagioclases are normally-zoned. The inter
oikocryst areas are fairly free of pyroxenes, but laths of ilmenite, 
typically about 200 x 25µ in size, are present in such zones; they 
comprise about 1-2% of the total groundmass. Ilmenite ana-lyses are 
given in Table IV-5. The ilmenites are embayed and contain rounded 
inclusions of a high-silica phase (Fig. IV-8d,e). Associated with 
the ilmenite are baddeleyite and zircon, identified with the 
microprobe. Baddeleyite forms cores and patches in some ilmenites 
(Fig. IV-8d), while zircon is less common and forms rims (Fig.IV-Se). 
Both baddeleyite, which is red where translucent, and zircon are 
found very rarely as discrete grains. [Baddeleyite associated with 
ilmenite has been reported from 14310 (El Goresy et al. 1972), but 
zircon was not reported.] A phosphate (whitlockite?) is a prominent 
interoikocryst phase but has not been analyzed. Other phases 
present are tiny grains of Fe-metal, less commonly troilite, and 
occasional grains of a silica mineral. The angular interstices 
between the plagioclase laths (Fig. IV-8a) consist of a colorless 
Si-K-Ba-rich glass (Table IV-2) that represents the liquid residual 
after crystallization of the groundmass melt. The texture of the 
groundmass is similar to that of the Type 2 (micronorite hornfels) 
of Chao et al. (1972) and the D2 (light-colored metaclastic rock) 
of Wilshire and Jackson (1972), though with a greater development of 
oikocrysts. In addition, the composition is very similar to that 
given for a Type 2 clast in 14063 by Chao et al. (1972), with the 
exception of K2o, which in the case of 14064 Lithology 64B is greater.
However, we have analyzed texturally similar fragments from 14063 and 
find them to be· even higher in K20. Our analyses from 14063, and
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Figure IV-8. 



Figure IV-8. Photomicrographs of groundmass in Lithology 64B: 

a) 14064,35: typical groundmass. Pyroxene oikocrysts 
(light gray) and a zone of plagioclase laths (dark 
gray) separated by patches of a colorless Si-K-rich 
glass (very dark gray). See also Figure IV-l0a. 
Reflected light. 

b) 14064,35: pyroxene oikocryst. Crossed polarizers. 

c) 14064,37: spherulitic portion of groundmass, con
sisting of plagioclase and glass. More normal ground
mass surrounds spherulites and contains lathy plagio
·clase (upper right) and more stubby varieties of
plagio�lase (left). Transmitted light.

d) 14064,35: ilmenite lath (i) and baddeleyite (b).
Other phases are pyroxene (light gray), plagioclase
(dark gray), and glass (very dark gray). Reflected

light.

e) 14064,35: ilmenite (i) and partial zircon rim (z).
P, phosphate. Other phases as in Figure IV-8d.
Reflected light.
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Table rv-4. Mafic xenocrysts, rims, and oikocrysts in Lithology 64B.* 

Si02
Ti02
Al203
Cr203
FeO 

MgO 

cao 
NiO 

Total 

Mal. % 

Com . 

1 

36.89 

0.02 

o.oo

0.08 

30.18 

31.76 

0.08 

0.02 

99.03 

Fo65

1, 2. 
3. 

4, 5. 
6-8.

2 3 4 5 6 7 

36.85 36.6l 55.17 53.98 53.00 53.00 

0.06 0.07 0.78 0.78 1.25 0.88 

o.oo 0.00 1. 31 0.90 1.49 1.65 

0.06 0.06 0.54 0.33 0.41 0.18 

33.19 31.87 16.54 17.92 18.30 18.78 

30.01 31.12 24.16 23.41 22.61 22.59 

0.08 0.04 2.14 2.21 2.05 2.13 

0.03 0.02 0.02 0.00 

100.28 99.79 100.66 99.54 99.11 99.21 

F062 Fo64 En69Wo4 En67Wo4 En66Wo4 En65Wo4 

Olivine xenocrysts 

Olivine in olivine-plag(-opx) lithic clast. 
Orthopyroxene overgrowth rims on olivine xenocrysts. 
Oikocrysts in groundmass. 

*All in 14064 1 35.

Table IV-5. Ilmenite laths in groundmass of Lithology 64B. 

1 2 3 4 

Ti02 56.38 57.21 57.00 56.69 

Al203 0.11 0.04 0.14 0.07 

Cr203 0.81 0.47 0.75 0.43 

FeO 38.37 38.67 38.23 40.42 

MgO 5.20 5.35 5.43 5.04 

Total 100.87 101. 74 101.55 102.65 

29. 

8 
51.29 

1.38 

1.51 

0.45 

11.35 

15.45 

17.61 

99.03 

En45Wo37 



from the related series of melt breccias in 14064, Lithology 64A, 
are given in Table IV-2. Clearly, a considerable variation in K2o
content occurs. Equally clearly, the texture is dominantly that 
created by the crystallization of a silicate liquid which contained 
xenocrystal material. Such a situation could arise from a} impact 
melting or b} a volcanic extrusion that picked up unconsolidated 
regolith. Impact melting is much more likely, and the textural 
relationships have analogies with the Station .6 Boulder (Apollo 17} 
(see especially Simonds, 1975), which clearly consists of impact 
melts. In any case, the bulk composition of Lithology 64B reflects 
a mixture of different lunar materials. The development of the 
poikilitic texture is not clearly understood. Possibly it represents 
in part the behavior of a melt containing abundant nucleation sites 
(the melt being seeded with tiny plagioclase fragments) as an alterna
tive to the 2-stage cooling model suggested for poikilitic rocks by 
Simonds et al. (1973) and Simonds (1975). 

Summary. Lithology 64B is a mixed rock with a melt groundmass; 
it is probably of impact origin- One important contributor to its 
bulk composition is an olivine (Fo65)-plagioclase (An92) rock. A
second, perhaps dominant contributor is a KREEP component, probably 
of an alurninous basaltic composition. This KREEP component may be 
the source of the sodic plagioclases which contain inclusions of 
silica glass and K-feldspar. The plagioclase xenocrysts more calcic 
than An92 (including devitrified maskelynites which may have these 
compositions) demand a separate, third component, since such composi
tions are not typical of KREEP materials. It seems clear .that the 
xenolithic plagioclases and olivines are in general more refractory 
than the bulk groundmass, perhaps accounting for their preservation; 
rapid mantling of o1ivines and plagioclase helped to prevent their 
reaction with the melt. Following the evidence and model presented 
by Grieve (1975) for the Mistastin Lake impact melt, it is probable 
that the olivine-plagioclase rock is not a component of the melt 
phase of Lithology 64B, but was picked up by the melt-phase as it 
moved outwards from the impact point. The melt phase itself may be 
largely derived from the KREEP-rich source, and its composition may 
match closely that of a lunar rock type of non-polymict origin, such 
as a (KREEP) basalt. The low siderophile element contents of 
Lithology 64B (Gros et al., this report) points to such a non-polymict 
origin. 

Lithology 64C. The one thin section (14064,46) from Lithology 64C, 
the second largest clast (,23) is very similar in mineralogy, texture; 
and grain-size to the sections of Lithology 64B (above). Therefore 
Lithology 64C is presumed to be derived either from the same or a 
very similar source rock as Lithology 64B. 

14064 Matrix (Lithology 64A). Thus far our only petrographic sampling 
of the matrix of 14064 consists of 9 serial thin sections (,12-,20} 
cut from a simgle 1.25 g chip (,9) of the main rock. Therefore we 
cannot adequately assess the internal variability and constitution 
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of 14064. 14064,9 was not distributed to other members of the 
Consortium; however, other portions of the matrix were distributed. 

The serial thin sections are similar and demonstrate that 14064,9 
is a low-grade fragmental breccia, consistent with the macroscopic 
observations concerning the friable nature of 14064 as a whole. 
Although it is polymict and crushed, the matrix is not well-mixed, 
but consists of clasts and monomict crushed debris in distinct to 
moderately-distinct zones (Fig. IV-9). None of these zones can be 
said to represent the pervasive breccia matrix. The component rock 
types all seem to have been involved in high-temperature metamorphic 
and/or melt events of various kinds. The low-grade fragmental nature 
of the breccia was apparently superimposed on the rock as a whole, 
either at the time of formation or at some later date. Distinct 
fractures enclose and cut many clasts and clast boundaries (Fig. IV-9}, 
but whether these are a product of lunar processes or a consequence 
pf cutting and grinding the friable sample is unknown; we note that 
Lithology 64B escaped internal fragmentation. 

Lithic clast types and clast zones. 

a} Melt breccias. The dominant lithic type (Fig. IV-9} consists
of a series of fine-grained, coherent, dark-colored melt breccias, 
rather uniform in color and grain-size within any given zone, but 
varying in both color and grain-size between zones. Lithology 64B 
(see section above} is a coarse-grained end-member of this series. 
A correlation between grain-size and color exists, the finer-grained 
varieties being darker. The minor recognizable clast population 
consists of small monomineralic fragments, mainly plagioclase and 
olivine. Bulk DBAs of melt breccias are given in Table IV-2; the 
compositions are similar to that of Lithology 64B, although K2o is
rather variable. 

A complete gradation of textures exists from the coarse-grained 
to the fine-grained melt breccias. The series is illustrated in 
Figs. IV-10,a-f. The coarser•varieties are identical to Lithology 64B, 
i.e., are partially poikilitic. With decreasing grain·size the
pyroxene becomes less poikolitic, and the ilmenite becomes equant
rather than lath-like. Although plagioclase exists as laths even
in the finest textures, in the latter case the laths occur as an
all-encompassing framework rather than as the zones of laths prevalent
in the coarser, partially poikilitic varieties. Angular patches of
interstitial glass are present throughout the series. Preliminary
analytical data indicate that the general mineralogy is similar
throughout the series, but that low-calcium pyroxene is slightly
more magnesian and pigeonitic in the finer-grained breccias.
Discrete augite crystals are also present throughout the seties.
In the finer-grained varieties, zircon exists only as small free
euhedral grains, rather than rimming ilmenite as in the coarser
varieties; and baddeleyite has not been observed.
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shards ( b) 

a 

� Coarser melt breccias (a) 

a Finer melt breccias (a) 
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� Shocked granulitic 
� Troctolitic anorthosite (c) 

D Plag-ol-opx breccia (d) 

l�\::�J Granulitic breccia (e)

(Lower case letters refer to text subsection.) 

Figure IV-9. 14064,16: a} Whole thin section. b} Map of thin section.



Figure IV-lOa-f. Sequence of melt breccia textures in 14064. 
For all figures in ·the sequence: 

Top half. Reflected light. Pyroxene, light gray; 
plagioclase, dark gray; glass, very dark gray; 
ilmenite, bright; Fe-metal, white. Arrow points 

w to zircon. 
I\J 

Bottom half. Crossed polarizers. The field is 
the same as that in the top half 

a) 14064,37: Lithology 64B. See also Figure IV-8a. 

b) 14064,16: components of Lithology 64A.
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Figure IV-10 cont•a. c) 14064,16: component of Lithology 64A.

d) 14064,16: component of Lithology 64A.
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Figure IV-10 cont'd. e) 14064,16: component of Lithology 64A.

f) 14064,16: component of Lithology 64A.
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An important observation is that the breccias with the coarsest 
groundmass texture also contain the largest xenocrysts and the largest 
proportion of xenocrysts, at least at the thin section scale. This 
is not a characteristic to be expected if the variation in grain 
size is due merely to different rates of cooling of similar materials, 
in which case one would expect all the varieties to have a similar 
fragment-size distribution. This characteristic is exactly opposite 
to the relationship of clast abundance to groundmass grain-size 
observed by Grieve (1975) at Mistastin Lake, and in the Station 6, 
Apollo 17 boulder (Simonds, 1975) and demands an alternative explana
tion. Despite the chemical similarity of all members of the sequence, 
it is likely that the finer-grained varieties were in some way differ
ent to the coarser varieties prior to the onset of cooling. If the 
only difference is that the coarser-grained varieties contain more 
clasts, then it follows that the clasts themselves are responsible 
for the decreased cooling rate of the coarser breccias. This also 
is exactly the opposite of the conclusion reached by Simonds (1975) 
for impact melts, i.e., that clasts absorb heat and thus increase the 
cooling rate of impact melts. Perhaps other differences are more 
important (e.g., stratigraphic position in the melt), and the observed 
clast content/grain-size relationships are merely secondary or even 
chance occurrences. 

b) Red-Brown Glass. Angular red-brown shards of glass up to 
300µ in size occur within the zones of crushed melt breccia 
(Figs. IV-9, IV-lla) described above. The glass is optically and 
chemically homogeneous, and is undevitrified. An analysis is given 
in Table IV-2; the composition is unusual, being high in sodium but 
olivine normative. The glass may be of impact origin, but was proba
bly not created in the event which formed 14064. 

c) Shocked Granulitic Troctolitic Anorthosite. Zones of 
shocked and crushed granulitic rock consisting of plagioclase (85%) 
and olivine (10-15%) are present in the matrix (Fig. IV-llb}. 
The plagioclase, of rather constant composition (An94-96.5), has the 
texture of a devitrified maskelynite, and original grain boundaries 
have not been preserved. Olivine, also of a uniform composition 
(Foso-s2), exists as rounded crystals 100µ in diameter (Fig. IV-llc)

and is also shocked. Augite occurs rarely as an overgrowth on the 
olivine. Chromite (Fig. IV-llc) is an accessory phase; needles of 
an opaque phase with a higher reflectivity growing in the border 
regions of the chromite are probably ilmenite. The chromite is 
enclosed by both olivine and plagioclase. Minor Fe-metal in tiny 
blebs is present in the granulite. The rock type is a high-grade 
metamorphic; whether the precursor was a polymict breccia or an 
igneous rock cannot be determined from the thin sections. 

d) Plagioclase-Olivine-Orthopyroxene Breccias. Several zones
(Fig. IV-lld) appear to be monomict breccia regions, mineralogically 
conforming to anorthositic troctolite or troctolitid anorthosite. 
The regions are porous and fragmental, with little trace of the 
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original texture. In a few places, where the present fragments 
include large grains of both olivine and plagioclase, the boundary 
between the two minerals is a smooth curve, suggesting a metamorphic 
recrystallization. The existing fragments are mainly ~100µ 
in size, but occasionally as long as 500µ; the original grain-size 
was probably somewhat coarser than the latter figure. In the one 
zone so far analyzed, phases are of a uniform composition, consistent 
with a high-grade metamorphic origin. Plagioclase, unshocked to 
lightly shocked, has a mode at An93 and olivine shows little composi
tional variation around a mean of Fo79. Orthopyroxene is much less 
abundant than olivine. A red-pink spinel is present in small amounts 
in some zones, but has not been analyzed. It has not been established 
whether any significant differences exist between spinel-bearing 
and spinel-free zones, or whether they are random samples of the 
same lithology. 

e) Granulitic Breccias. A minor component is a recrystallized
breccia which is a plagioclase-rich norite (e.g., Fig. IV-lle). The 
enclosed fragment size varies, and the groundmass has been recrystallized 
into a high-grade texture with triple junctions. Many zones are now 
intensely fragmented. Such rock types are fairly common in lunar 
breccias (Phinney et al., 1975). 

Summary and Conclusions. The present limited evidence indicates that 
14064 consists of an aggregate of lithic clasts, most of which are 
fragmented. The clasts are not randomly mixed, but instead retain 
much of their integrity as monomict zones. An important component in 
the thin sections investigated is a series of coherent KREEP-rich 
melt breccias, of which Lithology 64B, the largest clast observed 
in 14064, and Lithology 64C, are coarse-grained members. The other 
lithic types, with the exception of the red-brown glass, are 
(probably) of metamorphic origin; at least some are recrystallized 

ANT breccias, but others may have an igneous progenitor. We note 
that the sample of matrix analyzed by Gros et al. (this volume) is 
broadly similar in both indigenous and meteoritic trace elements, 
including Rb and U, to Lithology 64B. This suggests to us that the 
analyzed portion of matrix contained a large proportion of the 
KREEP-rich melt breccias (of which Lithology 64B is an example) 
because these breccias are the only source of elements such as Rb 
which we have observed petrographically. 

14064, as so far observed, is different from either 14063 or 
14082/14083, which have polymict, well-mixed matrices, although all 
the rocks in question are very friable and superficially similar to 
each other. The series of KREEP-rich melt breccias is common to 
them all, and is therefore evidently an important component of the 
substrate from which all the white rocks are assumed to be derived 
(Sutton et al., 1972). This KREEP-rich melt breccia series pre-dates 

not only the Cone Crater impact, but also the event or events which 
formed the substrate. 
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Figure IV-11. Textures of lithic clast types in Lithology 
64A: 

a) Red-brown glass shards in crushed melt
breccia zone; 14064,16 (transmitted light).

b) Shocked granulitic troctolitic anortho-
.site; 14064,16 (crossed polarizers).

c) Shocked granulitic troctolitic anorthosite;
14064,16. o, olivine; Pl, plagiociase; C,
chromite (reflected light).

d) Porous, fragmental troctolitic breccia;
14064,16 (crossed polarizers).

e) Granulitic breccia; 14064,16 (crossed
polarizers).
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SIDEROPHILE AND VOLATILE ELEMENTS (Jacques Gros, Hiroshi Takahashi,
John W. Morgan, and Edward Anders) 

' ' - . . . -
. . . .  t ( ¢ • 4 

Siderophile and volatile elements were analyzed in 14064,8 
(Lithology 64X, undifferentiated bulk rock) and 14064,28 (Lithology 
64B, the largest clast) using radiochemical neutron activation 
analysis. The samples are rather deficient in the siderophile 
elements (Gros et al., Table XI-1, this volume), which are diagnostic 
of meteoritic materials. The Ir content is 1.6 3 ppb in Lithology 64X 
and 1. 39 ppb in Lithology 64B, compared with the 5-10 ppb typical of 
highlands breccias. The samples are grouped into an Au-poor Group 7 
on an AuReir ternary plot, along with 15418, 67602, and a clast in 
14063. This group is closer to the estimated bulk composition of the 
moon than are other lunar samples (Gros et al., this volume, Fig. XI-1). 

Both samples of 14064 are chemically dissimilar to the 14063

samples analyzed earlier, being much richer in Rb. If 14064 and 
14063 are pieces of the same rock, then this original rock must be 
heterogeneous. Details of the analyses and a discussion are given 
in Gros et al., (this volume). 

HALOGENS, URANIUM, AND PHOSPHORUS ( Stanka Jovanovic, K. Jensen, 
George w. Reed, Jr.) 

Ci, Br, I, and U were analyzed by neutron activation,. and P2O5
by colorimetry, in 14064,7, a .25 gm chip of undifferentiated 
bulk rock (Lithology 64X). The data are presented below: 

C,Q, (ppm) 

r R, 

17 4.5 

Br (ppb)

r 

73 86 

I(ppb) U (ppm) 

16 2.3 0.17 

(r = residue after leaching, i = leach solution. Iodine 
detected in leach solution only. Counting statistical errors 
are.� 10% except. � 25% for Br) . 

The sample has a Cir/P2o5 ratio in the 0.009 group, like other
Consortium samples analyzed in this study except for 14312 
(Jovanovic et al. , 1976) • 
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Figure V-1. Diagram showing the pre-consortium distribution of 14082 
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V. SAMPLE 14082

HAND SPECIMEN DESCRIPTIONS ANB DOCUMENTATION (Ursula B. Marvin) 

Specimen 14082 was chipped from the top of White Rock, a 1-m 
breccia boulder with conspicuous 1-cm dark and light clasts in a 
very light gray matrix. The transcript (Bailey and Ulrich, 1975) 
reads: 

Mitchell: "I'm right in the midst of a whole pile 
of very large boulders here ... They're awful darn 
big, but there's haidly anything that I can find. 
Let's see if I can chip one. [34 seconds later] I've 
chipped off one of the white rocks. I put it in 
Bag 13-N." 

Figure III-7, a photograph of the white rocks on the South rim 
of Cone Crater, shows "what is believed to be the piece chipped off 
and the indentation left by the sampling" (Swann et al., 1971). 
By the time the piece arrived at the LRL it had been broken into two 
fragments numbered 14082 (62.6 g) and 14083 (13.4 g). 

At the LRL 14082 was described by PET members Wilshire and 
Trask as a blocky angular rock with a slightly slabby appearance. 
At that .time a few chips were taken for the biopool (,2) and thin 
sections (,4-,16), and the remainder of the main mass (59 g) was 
placed in storage (Figure V-1). When 14082,0 was reexamined for 
this consortium study its appearance was so altered as to raise 
questions of mistaken identity. While mapping its surface in 
December 1974 (in a cabinet with no dust nozzle), Marvin described 
it as oval in shape, smoothly rounded, and almost featureless. The 
change obviously resulted from the rock's friability: even the 
gentlest handling caused the rounding of edges and shedding of clasts. 
Only one or two zap pits were visible because of the continual crumbling 
of the surface, which kept the specimen coated with white dust. All 
surfaces were pitted with clast molds 1-3 mm in diameter. 

In June 1975 the specimen was examined in a cabinet where it was 
dusted twice before photographs were taken and new maps drawn 
(Figures V-2 and V-3). 

The hand specimen appeared to consist of about 90% fine-grained 
matrix and 10% clasts >l mm. The matrix is feldspar-rich and mainly 
grayish white with some irregular darker gray zones. It contains 
visible fragments of cinnamon pyroxene, green olivine, and black 
opaques ranging in size from 0.1 to 1 mm. About 60% of the lithic 
clasts are of coherent gray aphanitic material: the remaining 40% 
are of friable white anorthositic material. 
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14082, 0 

Figure V-2. Three views of 14082 after the specimen was dusted twice. 
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Figure V-3. Surface maps of 14082 showing sites where numbered clasts 
and matrix samples were removed. 
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Ten clasts (,24-,33) were removed from the surface of the 
specimen at the sites shown in Figure V-3 and sent to Walker. A 
large chip of matrix (,34) was taken from the east end of the specimen 
and made into large-area thin sections (,47 ,48 ,49). Other matrix 
chips (,35 ,36 ,37) were taken from the same area for Anders, 
Tatsumoto, and Hubbard. Two matrix chips (,38 ,40) from the T1 face
were sent to Reed and Haskin. Two interior clasts (,41 ,42) for 
Walker and Wood respectively were pried from the area where the 
matrix chip (,34) was removed ( Fig. V-4a). In addition, an unsepa
rated bulk sample of clasts and fines (,43), was sent to Walker. 
All of the documented clasts removed from 14082 appear in Figure V-4b. 

A collection of undocumented clasts and fines (14082,1) was 
separated by sieving through 0.5 mm mesh. The finer fraction (,22) 
was sent to Adams and the coarser portion (,23) was sent to Wood for 
SEM-PET (Fig. V-4c). Wood picked 16 clasts from ,23 and, after 
making SEM analyses, numbered them 9001 to 9016 and distributed them 
as follows: 9001 to Walker; 9002-9007 to Hubbard; 9008-9016 to 
Haskin. 

In November 1975 a groove was made in 14082 at the location 
indicated in the maps of Figure V-3 and the sample was carefully 
broken along the groove. The break proved to be slightly concave 
toward the center of the specimen. The west end of the specimen was 
designated ,50. After -removal of ,50, a piece of interior matrix 
was pried from the broken surface of ,0, numbered ,51, and sent to 
the thin section lab where sections ,58 ,59 and ,60 were made from 
it. Other samples created at the same time included: ,52, a small 
surface chip that spalled off during the grooving; ,53, the undocu
mented chips and fines that resulted from grooving; ,55, several 
clasts larger than 0.5 mm that were pried from the broken surface 
of ,0 for Wood; and ,56, the less than 0.5 mm sieve fraction from 
,56. Samples ,50 ,52 ,53 and ,56 are in storage. 

PETROLOGY (Graham Ryder and Janice F. Bower) 

Preliminary brief petrographic descriptions of 14082 have been 
given by Warner (1972), Wilshire and Jackson (1972), Chao et al., 
(1972) and von Englehardt et al., (1972). These descriptions do not 
discriminate between 14082 (and 14083, a part of the same rock) and 
14063. Limited chemistry has been discussed by Rose et al., (1972). 
14082/14083, 14063, and 14064 are white and friable� and are believed 
to have been ejected from a dark-light stratified bedrock unit at the 
C-1 site by the Cone Crater impact (Sutton et al., 1972).

We have studied three portions of 14082: two samples designated 
Lithology 82A (matrix) and one sample designated Lithology 82X (bulk 
rock). Thin sections 14082,47-49 were cut from a 1.08 g chip (,34) 
and 14082,8 and ,9 were cut from ,o and represent Lithology 82A. 
14082,58-60 were cut from ,51 and represent Lithology 82X. The chip 
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14082,34 is from one end of the rock and the chip 14082,51 is from 
near the opposite end, allowing us some insight into the variability 
of 14082. 

The rock is a polymict aggregate of angular fragments of plagio
clase, pyroxene, olivine, other mineral fragments, and lithic clasts 
(Fig. V-5). The matrix is low-grade, friable, and fragmental, with 
abundant pore space (Fig. V-6a), similar to that of 14064. A few 
distinctly more homogeneous zones appear to be crushed monomict 
lithic clasts, much as in 14064, but in general the matrix appears to 
be well-mixed. The three matrix portions studied are not identical: 
thin sections ,8 and ,9 contain a greater proportion of lithic clasts, 
particularly melt breccias and dark-colored very fine-grained coherent 
breccias, and the matrices of the thin sections from ,34 and ,51 
appear to be more homogeneous. 14082,51 contains only minor lithic · 
clasts. However, the sections ,8 and ,9 were cut for the original 
Apollo 14 studies and the rationale for their selection is not known-
they may have been cut to include an atypical abundance of clasts. 

Matrix minerals. Compositions of the major matrix minerals are given 
in Figures V-7a and V-7b. While the analyses from 14082,8 are repre
sentative of the whole thin section, those from 14082,47 are from a 
single fairly homogeneous-appearing zone. Plagioclase grains comprise 
60-70% of the monomineralic fragments, and are rarely shocked. Most
are smaller than 300µ in diameter, but some are larger than 500µ.
Pyroxene, of similar dimensions, is of variable composition, reflect
ing variable sources. Exsolution of pyroxene, mainly in �he form of
simple parallel lamellae, is common. Sometimes exsolution is specta
cular (Fig. V-6b). The exsolved pyroxenes have not been specifically
analyzed, but Papike and Bence (1972) studied inversion and exsolution
in pyroxenes from 14082. Olivine, slightly less abundant than pyroxene,
is also variable in composition in 14082,8, but is more uniform
(Fo74-77) in the zone analyzed from 14082,47. Apparently this zone is 
almost monomict, derived from a coarse (>lmm?) olivine-rich noritic 
anorthosite, though no polymineralic fragments of the parent survive. 
No analyses have been made on the thin sections from ,51, which 
appears to be a fragmental, near monomict plagioclase-olivine-pyroxene 
aggregate containing few lithic clasts. 

Other ubiquitous, though minor, monomineralic phases recognized 
are silica, ilmenite, Mg-spinel (pleonaste) and zirconolite (analyses, 
Table V-1). The latter occur as grains up to 150µ diameter; they 
have not been identified in multimineralic fragments. Rare Fe-metal 
is also present in the matrix, but has not been analyzed. 
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Figure V-6. a) Friable porous matrix of 14082,8 (reflected
light).

b) Complex exsolved pyroxene in 14082,47 matrix
(crossed polarizers).

c) Melt breccia in 14082,9. Poikilitic pyroxenes
(light gray), zones of feldspar laths (dark gray),
interstitial glass (very dark gray), and ilmenite
(white). Very bright small points are Fe-metal
(reflected light).

d) Melt breccia in 14082,8. Mineral identifications 
as in c. Note Fe-metal in interstitial glass 
(reflected light). 
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Figure V-6. 
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Figure V-9. 

a) Large plagioclase (.white) in
DFBC in 14082,8; transmitted light

c) Cataclastic anorthosite in
14082,47. s, red spinel; crossed 
polarizers. 

b) Matrix of DFBC in 14082,8.
Most mineral clasts are plagioclase
(dark gray); others are silica (very
dark gray) and pyroxene (light gray).
Note fine-grained opaques (very light
gray); reflected light.

d) Mare-like(?) fragment (center) in
14082,8. I, ilmenite; crossed
polarizers.



TiO2
Cr2O3
Al2O3
FeO 

MgO 
cao 
zr2O3
Nd 
Nb 
y 

Total 

Table V-1. Analyses of matrix zirconolite, and red 
spinel in cataclastic anorthosite. 

1 2 3 4 5 6 

39.21 35.79 38.52 38.44 0.26 0.22 
15.79 15.88 

0.86 0.93 0.94 0.92 51.38 51.20 

3.33 3.50 3.21 3.24 18.71 18.03 

0.51 0.70 0.61 0.52 12.10 11.97 
11.54 10.93 10.60 11.21 0.00 0.01 
38.81 34.54 37.15 38.43 

0.92 1.15 1.00 1.09 

1.18 1.20 1. 31 1.24 
1.98 1.90 2.00 2.22 

98.33 90.65 95.34 97.31 98.24 97.31 

1-4. 4 points on a 150µ zirconolite grain in the
1408?,4 matrix. 

5-7. 3 points on a 100µ red spine! grain in cata
clastic anorthosite in 14082,47. 

7 

0.40 
16.14 
51.07 
18.79 
12.32 

0.08 

98.80 

Lithic clasts. Several different kinds of lithic clasts are present 
in 14082: 

a) Melt breccias. Clasts of fragment-laden melt up to 1.5 mm 
in diameter are fairly common, especially in 14082,8 and 14082,9, 
where they comprise about 5-10% of the rock. They are similar to 
those observed in 14064 in both texture (Figs. V-6c,d) and composi
tion (Table V-2). They are quartz-normative, K-rich, and partially 
poikilitic. Obvious fragmental material, mainly plagioclase, is 
rare in many but prominent in others. They are interpreted, as in 
14064, as impact-produced melts. Few mineralogical analyses have 
been made, but those grains analyzed (Fig. V-8a) fall into composi
tional fields similar to those in melt breccias in 14064, and some 
ilmenites similarly contain patches of a lower reflecting mineral, 
presumably baddeleyite and/or zircon. 

b) Dark-colored very fine-grained coherent breccias (DFCB).
14082,8, and to a lesser extent 14082,9, contain fragments of a 
fine-grained breccia (Figs. V-9a,b) containing large clasts of 
plagioclase and minor pyroxene. A few small fragments are also 
present in ,47 ,48 ,49. The matrix consists largely of small 
plagioclase fragments set in a high-grade metamorphosed base of fine
grained material containing abundant tiny opaques. Little pore 
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space is present. A DBA of the DFCB groundmass in 14082,9 is given 
in Table V-2. It is an anorthositic troctolite, unusually rich in 
sodium (Na2O > 1.5 wt.%) and titanium (TiO2 > 2.5 wt.%}. Analyses
from 14082,8 are similar. The analyses are not similar to those of 
the dark clasts from 14082,2 (Rose et al., 1972}, which are more mafic. 

Enclosed within the groundmass are large crushed clasts of 
plagioclase (An89-94) (Fig. V-9a) up to 1 mm in diameter, and lesser
amounts of pyroxene. The latter (Fig. V-8b) consists of a low-Ca 
variety and a high-Ca variety with a distinct compositional hiatus, 
though separation is not as advanced as in some other lunar coexisting 
pyroxenes, perhaps suggesting a higher temperature origin. The matrix 
of the DFCB is evidently not a finely comminuted variety of the plagio
clase-pyroxene rock from which the large mineral fragments are derived, 
and is difficult to model from known lunar compositions because of the 
distinct and high sodium contents (Fig. V-10). The enclosed fragment 
size distribution is bimodal (Figs. V-9a,b), not seriate, and there
fore the fine-grained matrix may contain none of the rock from which 
the larger plagioclases and pyroxenes are derived. The petrogenesis 
and components of the DFCB are unknown at present. 

c) Cataclastic anorthosite. A large (4 mm square) clast in
14082,47, ,48 and ,49 is a partly recrystallized cataclastic rock 
(Fig. V-9c). The most.abundant mineral phase (>90%) is plagioclase 
(An90-93). Pyroxene is minor, and contains exsolution lamellae of 
unanalyzed augite in a host of orthopyroxene (En50Wo4). �xsolution is
of simple parallel lamellae, similar to many pyroxenes in the 14082 
matrix. Single grains of augite (En50Wo31) also occur. A red spinel
is present, and contains lamellae of an unidentified, highly reflective 
phase (ilmenite?). Analyses of the spinel are given in Table V-1. 
Ilmenite is a rare separate phase. In places where original grain 
boundaries have survived the cataclasis and recrystallization the 
boundaries are curved, suggesting that the pre-cataclasis rock type 
was a high-grade metamorphosed anorthosite with triple junctions. 

d) High-alumina mare basalts. Three small ( < 600�) fragments 
of a mare-like basalt have been observed in sections 14082,47,48 and 
,49. The most unequivocally mare-like (from 14082,47) is shown in 
Figures V-lla and V-llb. A DBA analysis is given in Table V-2. 
Modally, the clast consists of 60% pyroxenes, 30% plagioclase, 8% 
ilmenite, and 2% silica. No olivine or mesostasis is present. 
Pyroxene, the major phase, is mainly augitic (Fig. V-llc, Table V-3). 
Plagioclase, existing mainly as laths, but including some stubby 
varieties, (Figs. V-lla, llb) is mainly An87_78, but analyses range
down to An65 (Table V-4). Ilmenite occurs as bladed, embayed crystals.
The ilmenite is unzoned and is magnesian (MgO usually more than 6%); 
typical analyses are given in Table V-3. One analyzed area contains 
3.8% Cr2O3, but no optical evidence of a separate phase exists.

The basalt fragment is chemically somewhat like the high-alumina 
mare basalt described from 14063 (Ridley, 1975), but is slightly more 
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Table V-2. DBAs of lithic materials in 14082. 

1 2 3 4 5 6 7 
Si02 49.87 48.55 47.15 48.36 45.59 45. 72 44.32 
Ti02 1.04 1.34 3.60 0.81 1.37 2.61 6.02 
Al203 19.59 19.96 15.75 20.86 22.35 25.73 11.36 
Cr203 0.10 0.05 0.09 0.05 0.02 0.10 0.16 
FeO 5.09 6.54 9.26 6.20 6.47 5.00 11.78 
MnO 0.09 0.09 0.15 0.07 0.05 0.08 0.20 
MgO 4.94 6.32 8.42 6.96 6.32 3.28 8.22 
Cao 11.67 11. 72 9.68 11.68 13.67 14.89 13.24 
Na20 0.87 0.97 0.69 0.89 0.87 1.50 0.73 
K20 1.53 1.16 1.54 1.22 0.55 0.23 0.07 
BaO 0.16 0.17 0.23 0.17 0.07 0.05 0.11 
P205 0.41 0.40 0.37 0.27 0.29 0.30 0.01 

Total 95.36 97.27 96.93 97.54 97.62 99.49 96.22 

# points (lOOµ) 6 11 7 9 1 19* 19** 
MgO/(MgO+FeO) .49 .49 .48 .53 .49 .40 .41 

wt.% norm 
Fo 2.6 0.3 
Fa 1.8 0.2 
En 12.9 16.2 21.7 17.8 12.4 7.8 21. 3
Fs 8.1 10.2 11.7 10.4 7.6 4.7 12.4
wo 4.5 3.9 4.5 2.9 4.5 3.8 16.6
Or 9.5 7.1 9.4 7.4 3.3 1.4 0.5 
Ab 7.7 8.5 6.1 7.7 7.5 12.8 6.4 
An 47.3 48.0 36.5 50.7 76.9 63.2 28.6 
Ilm 2.1 2.6 7.1 1.6 2.7 5.0 11.9 
Cr 0.1 0.1 0.1 0.1 0.1 0.3 
Qz 6.8 2.5 2.1 0.8 2.0 
Ap 1.0 0.9 0.9 0.6 0.7 0.7 0.0 

1-5. 14082,8; melt breccias, clasts 4, 5, 25, 28, 31 (respectively).
6. 14082,9; dark-colored fine-grained breccia.
7. 14082,47; high-alumina mare basalt, clast 1.

* beam diameter 30µ.
**beam diameter 80µ.
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Table V-3. Pyroxenes and ilmenite in high-alumina mare basalt in 

1 
Si02 51. 71
Ti02 1.23
Al2o3 1.10
Cr203 0.32
FeO 18.20 
MgO 16.04 
cao 7.99 

Total 96.59 

En50Wo19

14082,47. 

2 3 4 5 
50.05 50.90 51.67 50.39 

2.24 1.57 1.74 1.87 
2.46 1.31 1.87 1.09 
0.37 0.35 0.40 0.31 

16.33 19.88 15.32 22.28 
12.24 11.89 12.70 9.84 
15.31 12.10 15.49 11. 75 

99.00 98.00 98.80 97.52 

En39Wo34 En37wo27 En39Wo34 En32Wo27

1. Subcalcic augite
2-4. Augite

5. Ferroaugi te
6-8. Ilmenite

6 

55.39 
0.13 
0.55 

38.69 
6.23 

100.99 

Table V-4. Plagioclases in high-alumina mare basalt in 

1 2 3 4 
Si02 46.94 47.27 46.83 51.51 
Al203 34.91 32.57 33.92 29.70 
cao 17.58 16.23 16.97 13. 07
Na2o 1.49 1.71 2.49 3.63
K20 0.10 0.16 0.15 0.27
BaO 0.13 0.13 0.15 0.19

Total 100.15 98.06 100.51 98.37 

Mol An % 86 83 78 65 
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7 

54.05 
0.88 
3.81 

36.42 
5.07 

100.23 

14082,47. 

8 

54.50 
0.35 
0.58 

38.18 
5.89 

99.50 
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Figure V-11. High-alumina mare basalt in 14082,47: 

a) Whole clast; note abundance of ilmenite
(black) and feldspar (clear). Remainder
mainly pyroxene (transmitted light).

b) Ilmenite (white), pyroxene (light gray),
plagioclase laths (dark gray), and minor
silica (center, very dark gray). Note lack
of mesostasis (reflected light).

c) Pyroxene quadrilateral. Note lack of 
strong iron-enrichment in the pyroxenes. 

d) Plagioclase compositions on partial
ternary diagram.
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Fe-rich and Al-poor. Some differences also exist in mineralogy: the 
pyroxenes in the 14063 basalt are much richer in the minor elements Al, 
Ti, and Cr, and presumably more of the Ti in the 14082,47 basalt is 
contained in ilmenite, since the bulk Tio2 of the two basalts is similar.
The 14063 basalt has a narrower range of plagioclase compositions 
(An81_67) and contains a mesostasis glass; silica was not reported
(Ridley, 1975). The 14082,47 basalt is therefore a similar but distinct 
type of high-alumina mare basalt. 

e) Other lithic fragments. Coarse poikilitic norites, con
sisting of stubby plagioclases enclosed in orthopyroxene oikocrysts, 
similar to those described from Boulder 1, Station 2, Apollo 17 (Ryder 
et al., 1975) and other lunar rocks, are ubiquitous but always small. 
The texture of this rock type is equivocal, and the term poikilitic is 
used in a non-genetic sense; the texture may be either igneous adcurnulate 
or poikiloblastic. A single poikilitic pyroxene-plagioclase-ilmenite 
clast is somewhat different in texture (Fig. V-9d) and may be mineral
ogically related to the high-alumina mare basalts (Fig. V-8c), but the 
clast is too small for a categoric definition. Rarely, coarse granu
litic norite-anorthosite fragments are observed; none of these has been 
analyzed. They are probably high-grade metamorphic rocks. Rare, small 
felsic fragments, consisting of silica and K-feldspar, with or without 
plagioclase, pyroxenes, and opaques, are present. One 10µ devitrified 
glass sphere has been observed, and minor tiny (>10µ) glass shards are 
present in the matrix.· 

Conclusions. 14082 is a polyrnict, friable, porous rock consisting mainly 
of mineral fragments and small lithic clasts; interpretations of the 
chemistry of the bulk matrix must acknowledge this polymict origin. The 
rock appears to be fairly homogeneous. Unfortunately, because of the 
friable nature of the matrix, DBAs cannot be utilized to estimate the 
composition (and therefore the components) of the matrix. The zircono
lite grains have not been observed in a lithic clast type, and it is 
not certain that all of the red spinels are identical and derived from 
materials similar to the cataclastic anorthosite. Therefore, some of 
the olivines, pyroxenes, and plagioclases must be acknowledged to be 
from lithic clast types that are not preserved. The most abundant 
important contributors to the matrix, although not well-preserved as 
clast types, appear to be coarse olivine-rich anorthositic norites 
(which probably originally had polygonal granulitic textures) and coarse 

poikilitic norites. A third important contributor may be the KREEPy 
impact-produced melt breccias. 

14082 is not a regolith breccia; it is not shocked, nor does 
it contain abundant glass spheres. Unlike 14064, it appears that the 
matrix of the thin sections investigated is well-mixed, only partly 
consisting of monomict zones. 14082 components have diverse origins, 
and the final assembly appears to have been at a low temperature. 
Possibly, as postulated for 14064, part of the fragmentation of the 
matrix occurred after assembly. 
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14082 is obviously similar in many respects to 14064 and 14063. 
All are light-colored, porous, and friable, and contain a number of 
lithic clast types in common -- e.g., the melt breccias, poikilitic 
norites, and some dark-colored fine-grained breccia clasts. Although 
each rock appears to be assembled from somewhat different materials, 
we note that our sampling is as yet limited. Therefore, we cannot 
accurately assess the internal variability of these rocks, and without 
such knowledge, gross statements about the individuality of each rock 
are necessarily tentative. 

RESULTS OF ANALYSES OF THREE CLASTS FROM 14082 (Douglas P. Blanchard, 
Jeffrey W. Jacobs, Randall L. Korotev, and Larry A. Haskin) 

We have analyzed three clasts from lunar breccia 14082 by instru
mental neutron activation analysis (INAA). Results are shown in 
Table V-5. Uncertainties are estimated from observed variance in 
replicate analyses of USGS standard rocks. 

The analyzed chips represent lithic types 82C, 82D, and 82F. Dif
ferences detected by SEM (SAO analyses, Table V-6) in Fe0 and Na2o are
qualitatively reflected in the INAA analyses, although there are large 
systematic biases. Trace element profiles of the types 83C and 82D 
are roughly similar as are their SEM elemental profiles. Type 82F has 
a different SEM elemental profile and also has a distinct trace element 
signature. 

On the basis of these very limited tests we conclude that the SEM 
procedures used in this consortium to qualitatively characterize clasts 
are effective in detecting differences but apparently have large system
atic biases. 

We defer geochemical discussion of the consortium breccias until we 
have had an opportunity to examine a larger population of clasts. 

SIDEROPHILE AND VOLATILE ELEMENTS 

John W. Morgan, and Edward Anders 
(Jacques Gros, Hiroshi Takahashi, 

Siderophile and volatile trace elements were analyzed, using 
radiochemical neutron activation analysis, in 14082,35 (Lithology 82X). 
This chip was taken from the same area from which the thin sections 
14082, 47 -, 49 were made, and therefore this chip is probably polymict 
material, as are the thin sections. As with the 14064 samples, the 
sample is rather deficient in the first 6 (Gros et al., this volume, 
Table XI-1) siderophile, meteoritic elements: Ir content is 0.834 ppb, 
compared with the 5-10 ppb typical of highlands breccias. In its 
indigenous elements, 14082 is a passable match for either 14063 or 
14064, but the meteoritic component is decidedly different insofar as 
the Au in 14082 is Sx the Au in the 14063 or 14064 samples analyzed. 
This is further discussed in Gros et al. (this volume). 
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Table V-5. INAA Analyses of Clasts from 14082. 

Sample# 

Lithic Type 
Weight 
Major Elements 

Fe0 
Na

2
0 

Trace Elements 
Sc 
Cr 
Co 
Ni 
Hf 
Ta 
Th 
La 
Ce 
Sm 
Eu 
Tb 
Yb 
Lu 

14082,23,8 
(9008) 

82C 
0.97 mg 

(wt.%) 

6,41 
1.10 

(µg/g) 
12.1 

740 
12 

21 
3.6 

14.3 
58.0 

149 
24.8 

1.52 
5.9 

22.0 
3.06 

14082,23,2 
(9012) 

82D 
9.87 mg 

6.39 
1.39 

14.8 
690 

13 
120 

19 
2.9 
9.1 

45.6 
124 

20.4 
3.49 
4.5 

16.5 
2.36 

14082,23,17 
(9016) 

82F 
1.08 mg 

12.0 
0.59 

38.9 
1950 

19 

6.1 
0.8 
2.4 

25.2 
63 
12.3 

1. 40
2.6
8.5
1.22

Uncertainties 
lo 

( % ) 

3 

3 

3 

4 

3 

10 
7 

11 
4 

3 

3 

4 
3 

9 

4 
4 

Table V-6. SAO-SEM Analyses of Clasts from 14082. 

14082,23,8 14082,23,2 14082,23,17 
(9008) (9012) (9016) 

82C 82D 82F 

Na20 1.8 2.0 1.5 
Mg0 3.5 8.3 6.2 
Al20 3 20.5 19.6 15.1 
Si02 52.2 46.5 46.6 
K20 1.1 0.5 o.o

Ca0 10.5 12.3 12.7 
Ti02 1.2 1.8 3.3 
Cr20 3 0.0 0.4 o.o

MnO o.o 0.0 0.0 
Fe0 9.3 8.6 14.6 

• 
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HALOGENS AND URANIUM {Stanka Jovanovic, K. Jensen, and George Reed, Jr.) 

ct, Br, I, and U were analyzed, by neutron activation analysis, 
in 14082,38, a 0.20 g chip of undifferentiated breccia. The data are 
presented below: 

C.ll{ppm) 
r 1 

20 10 

Br(ppb) 
r 1 

123 267 

I{ppb) U{ppm) 

23 2 

{r=residue after leaching, l=leach solution. I detected in leach solution 
only. The counting statistical errors are ;<l.0% except J�5% for Br.) 

P 2 0 5 data for 14082 {taken from the literature) provides a C.llr/P 2 0 5 ratio 
in the 0.009 group of KREEPy samples {Jovanovic et al., 1976) as is the 
case for the 14064 samples. 

U-Th-Pb SYSTEMATICS {M. Tatsumoto and N. Unruh) 

14082,36, a 0.05g chip of undifferentiated breccia was analyzed 
for U, Th, Pb, and their isotopes. The analytical methods are briefly 
described and the results tabulated and discussed by Tatsumoto ��g u�0ih 
{this volume). Both the high Pb concentration {55ppm) and the U/ Pb 
ratio (12) indicate pre-analysis contamination of the sample; acid leach
ing of the sample is planned in order to reveal the actual Pb contamin
ation level. See Tatsurnoto and Unruh {this volume) for a more detailed 
discussion. 
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VI. SAMPLE 14312

HAND SPECIMEN DESCRIPTIONS AND DOCUMENTATION (Ursula B. Marvin) 

Specimen 14312 is a documented 299-gram cobble collected from the 
top of Turtle Rock, the largest of several boulders at Station H. The 
turtle itself is attached to the boulder, but two loose specimens 
(turtle eggs} were sitting beside it (Fig. III-Sb}. The two specimens 
(14312 and 14319) are generally believed to have broken from the boul
der. However, 14312 has glass-lined zap pits on all surfaces, indi-
cating that it has either tumbled about in situ or was projected to the 
top of the boulder from elsewhere. The astrogeologists favor the 
tumbling-in-place explanation because of a textural similarity between 
14312, 14319, a sample of the fillet, and the photographs of Turtle 
Rock. 

At the Lunar Receiving Laboratory the specimen was described by 
PET members P. Butler Jr. and M.N. Bass as a tough, fine-grained, poly
mict, fragmental rock with a homogeneous texture and inhomogeneous 
mineralogy. Lithic fragments were estimated to make up 80%, and 
mineral fragments 10%, of the rock. The fragments were both darker and 
lighter than the matrix; which was described as light-colored and of a 
grain size less than 0.1 mm. The most unusual feature of the specimen 
was three sets of fractures filled with veinlets of dark b�own vesicu
lar glass. Where similar glass occurred on the surface of the specimen, 
it was interpreted not as splashed glass but as vein-filling exposed 
along fractures, and gave the specimen a somewhat blocky shape (Fig. 
VI-1).

In 1971 the rock was subdivided for distribution as shown in Figure 
VI-2. In 1974 the main mass (14312,0, weighing 230.35 g} was stored in
Building 16. Thus, when mapping began in December 1974, the only
sizeable fragment available for study by the Consortium was 14312,5
(41 g}. The orthogonal photographs and maps of 14312,5 are shown in
Figures VI-3 and VI-4. This fragment of the rock has two clearly de-
lineated sets of imposed planar features. One set, exposed on the T1 
surface, appears as minute corregations; the other (best shown on the 
E1 surface} consists of subparallel cracks healed with veinlets of dark 
glass. The matrix is very fine-grained and appears to be recrystallized 
to a relatively high metamorphic grade. It is dominantly medium gray 
in color but shades into darker and lighter zones. The two commonest 
types of lithic clasts over 1 mm in size are medium- to dark-gray 
aphanitic materials and gray-white feldspathic clasts. A small percent
age of yellow or brown basaltic clasts are visible on the Tl surface. 
Mineral fragments are abundant in the 1-2 mm size range. 

Consortium Sub-samples. Specimen 14312,5 has not been subdivided for 
study. The work done to date has been on chips originally taken from 
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Figure VI-1. Two views of Rock 14312. All surfaces were coated with 
patina and pitted with microcraters. No soil line was 
visible. The rock apparently tumbled about in situ on the 
top of Turtle Rock. (LRL photos 71-21403 and71-21408.) 
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Figure VI-2. The subdivision and distribution of 14312 before 
consortium work began. 
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Figure VI-3. Orthogonal photographs of 14312,5. 
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Figure VI-4. Surface maps of 14312,5. The small sketch at lower left 
shows the location of 14312,5 on the original specimen. 



14312 

a) 

b) 

14312, 6 

c) 

Figure VI-5. a) Sample 14312,6 and subsample 14312,25, which was made
into thin sections ,33 and ,34.

b} The subsamples of 14312,6 after ,25 was removed and the
remainder was chipped to produce patina-free pieces for Reed
(, 26) and Iiaskin (, 27).

c} 14312,24, Which was selected from ,1 {a 2.67-gram collection
of chips and fines} and made into thin section ,30.



14312;0. In June 1975, 14312,6 was retrieved from storage in the 
SSPL and subdivided (Fig. VI-5) into samples 14312,25 ,26 and ,27 
for distribution to the thin-section lab, Reed, and Haskin, respec
tively. Chip 14312,24 was selected from ,1 (a collection of chips 
and fines), sent to the thin-section lab, and made into section ,30. 

At the same time, chip 14312,3 (a 2 x 0.8 x 0.25-cm piece 
weighing 1.29 g) was taken from the RSPL and made into thin sections 
,35 and ,36. In addition, 14312,8, a friable sample weighing 0.88 g, 
and 14312,9, an irregular chunk weighing 0.68 g, were sent from the 
RSPL to Adams and Walker, respectively. 

PETROLOGY (Graham Ryder and Janice F. Bower) 

14312 is a high-grade metamorphic breccia, classified by Warner 
(1972) as a high-grade Group 7 (euhedral matrix) breccia, and by 

Chao et al. (1972) as a strongly annealed (thermally metamorphosed) 
shocked breccia. It is coherent, gray, clast-rich, and polyrnict. 

No discrete clasts have yet been separated from 14312 because 
its coherent nature makes such separation difficult. We have studied 
sixe thin sections of undifferentiated bulk rock (i.e., Lithology 
12X) from splits 14312,1 ,2 ,3 and ,6, which are all direct splits 
from the main rock. Our samples are spaced to provide a fairly repre
sentative sample of the whole rock. Each thin section shows a multi
generation and heterogeneous assemblage of lithic and mineral clasts, 
but no gross dissimilarities between thin sections exist. Therefore 
the following descriptions apply to the rock as a whole, with specific 
documentation of the splits and thin sections as appropriate. 

Study of thin sections 14312,14 ,30 ,33 ,34 ,35 and ,36 confirms 
that 14312 consists of abundant mineral fragments and lithic clasts 
set in a fine-grained (�10-30µ) coherent matrix. The general features 
of 14312,14, which is typical, are shown in Figure VI-6. The largest 
distinct clast in the thin sections is of about 6-rnrn diameter, and 
most are much smaller. 

Matrix characteristics. Darker and lighter zones attest to the hetero
genel.ty of the matrix (Fig. VI-6). In many places the boundar-ies 
between the matrix and various breccia clasts with a texture similar 
to the matrix is "blurred," and therefore a clear distinction between 
variable matrix zones and incorporated breccia clasts is not always 
possible. The matrix texture (F-igs. VI-7a,b) in general conforms to 
Warner's (1972) high-grade "equant to euhedral" texture (compare Fig. 
VI-7a with Warner's Fig. 2d). The average matrix grain size varies
between zones, ranging from a maximum of �30µ to less than 5µ.
Opaque minerals., z:nainly ilmenite, are always conspicuous. In many
cases the matrix texture is similar to that observed in the competent
breccia clasts in Boulder 1, Station 2, Apollo 17 (Stoeser et al.,
1974) and in sample 73215 (James et al., 1975). Porosity is usualiy
very low (Figs. VI-7a,b), and many mineral clasts, particularly oli
vine, have overgrowth or reaction rims (Fig. VI-7c).
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The matrix and the breccia clasts have similar, though variable, 
chemical compositions (Table VI-1). Note that a detailed study has 

• not been made, and most of the analyses are based on a few defocussed
beam areas; however, given the fine grain sizes of both the breccia
matrix and the breccia clasts, the analyses probably provide good
indications of the real compositions. The analyses are mainly of
olivine-normative Fra Mauro basalt compositions; K2O is rather variable.

In some places, the matrix is injected or intruded (Fig. VI-6) 
by a separate lithology whose texture is different from the general 
matrix. On intrusive (Figs. VI-7d,e) variety has a partially ophitic 
texture (Fig. VI-d) and contains large (300µ) euhedral olivines, pre
sumably phenocrysts (Fig. IV-7e), as well as irregularly shaped clasts. 
A melt phase is implied. A second intrusive variety is more clearly 
of melt origin (Fig. VI-7f). An example is the "intrusive melt-textured 
matrix" identified in Figure VI-6. The texture is identicalto the 
sheath-like texture described by Warner (1972) (compare Fig. VI-7f with 
Warner's Fig. 2f) that is characteristic of 14068 (Helz, 1972). It 
differs from 14068 in that it does not contain skeletal olivine pheno
crysts. An analysis of the sheath-like matrix in 14312,14 is given 
in Table VI-1; like the matrix of 14068, it is magnesian with a 
primitive MgO/MgO+FeO ratio (0.66). Patches of brown silicic glass 
(�200µ) occur in parts of this intrusive melt material. The chemistry 
of the intrusive phase makes it unlikely that its petrogenesis involves 
anatexis in 14312, but rather indicates that the intrusive melt is 
exotic, possibly from an independent melt forced into 14312 while the 
latter was still hot. However, some of these sheath-like textured 
regions are approximately circular in thin section, possibly indicating 
that they were incorporated as molten globules during breccia assembly. 
Some of these globules may subsequently have been injected into other 
breccia zones as a result of movement during the consolidation of 
14312. The matrix characteristics demonstrate the 14312 was assembled 
at high temperatures involving melt phases, rather than metamorphosed 
to its present state after assembly. Textural characters are not 
compatible with metamorphism of a soil breccia or of other low-tempera
ture breccias. Presumably the high temperature assembly was the result 
of an impact . .  

elastic material in 14312. elastic materials are abundant in 14312 and 
are summarized in Table VI-2. 

Table VI-2. 14312: Clast types and relative abundances (see text). 

Clast type 

a) Monomineralic fragments

b) Fine-grained, dark, coherent breccias

c) Melt-matrix breccias

d) Coarse (polygonal) granulitic ANT

e) Poikilitic norites

f) High-alumina mare-like basalts

g) Others
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Abundance 

very abundant 

40-50% of lithic clasts

common 

common-sparse 

common-sparse 

1 large fragment, others sparse 

sparse 



Table VI-1. DBAs of materials in 14312. 

Sio
2 

Ti02
Al2o3
Cr2o3
FeO 

MnO 

MgO 

cao 

Na2o

K20 

Bao 

P205

Total 

# points 
(100µ) 

MgO/ 

. MgO+FeO 

Fo 

Fa 

En 

Fs 

Wo 

Or 
Ab 

An 

Ilm 

Cr 

Qz 

Ap 

1 2 3 4 5 

46.94 48.58 46.43 45. 77 44.17 

1.66 1.28 2.01 2.34 1.67 

16.50 18.49 17.98 17.59 14.58 

0.07 0.08 0.08 0.22 0.14 

9.61 7.23 9.65 10.73 8.70 

0.13 0.11 0.13 0.14 0.08 

10.54 8.80 11.36 13.88 16.64 

10.60 11.57 9.98 9.17 8.59 

0.82 0.89 0.96 0.88 0.87 

0.34 0.89 0.26 0.19 0.23 

0.07 0.15 0.11 0.09 0.12 

0.65 0.42 0.70 0.74 0.50 

97.63 98.49 99.65 102.28 96.29 

5 5 7 5 2 

.52 .55 .64 .56 .66 

1.6 5.0 11. 5 16.7 

1.0 2. 8 5.8 5.9 

24.6 22.3 21. 3 17.5 19.3 

14.1 11.5 10.9 8.0 6.1 

3.4 4.6 0.4 o.o 1.7 

2.1 5.3 1.5 1.1 1.4 

7.1 7.7 8.2 7.3 7.2 

41.3 44.6 44.2 42.4 36.9 

3.2 2.5 3.8 4.3 3.3 

0.1 0.1 0.3 0.3 0.2 

0.4 

1.5 1.0 1.6 1.7 1.2 

All analyses are from 14312,14. 

Column 1. Youngest breccia matrix. 

2. Dark breccia clast.

3. Dark breccia clast.

4. Very dark breccia clast within

breccia clast.

5. Melt-textured intrusive matrix

6 

67.85 

1.57 

13.97 

0.09 

1.33 
0.05 

0.97 

1.20 

0.82 

9.27 

0.48 

0.42 

98.02 

1 

.54 

2.5 

56.2 

7.1 

3.3 

2.9 

0.1 

25.4 

1.4 

6. Granitic glass enclosed in breccia

clast.
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0 Pyroxene, granulated and twinned 
breccia clasts 

Figure VI-6. 



Figure VI-6. Thin section 14312,14; photograph and map. 
Note variable color of matrix, and presence 
of numerous distinct to indistinct dark 
breccia clasts. PSTB is a true-spinel
bearing feldspathic basalt fragment. 



Figure VI-7. Matrix textures in 14312. In a,b,c,d, and e, 
dark gray is plagioclase, light gray is 
pyroxene, and bright particles are mainly 
ilmenite and some Fe-metal. White area in the 
center of d is Fe-metal. 

a) Typical euhedral matrix in 14312,36
(reflected light).

b) Typical euhedral matrix in 14312,22
(reflected light).

c) Olivine clast and reaction rim with
matrix in 14312,34 (crossed polarizers).

d) Ophitic texture of intrusive zone in
14312,34 (reflected light).

e) Large euhedral olivine phenocrysts in
intrusive zone in 14312,34; groundmass
shown in d, above (crossed polarizers).

f) Sheath-like texture of intrusive zone
in 14312,14 (reflected light).
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Figure VI-7. 



a) Mineral fragments. Single-phase fragments are abundant (Fig.
·VI-6) and include plagioclase, pyroxene, olivine, red spinel, ilmenite,
rare silica, and Fe-metal. Most mineral fragments have "fuzzy" bound
aries as a result of partial equilibrium with the breccia matrix (Fig.
VI-7c). Plagioclase grains are frequently shocked and partly cata
clasized; devitrified maskelynite is common. Maskelynite devitrifi
cation evidently took place in some cases after the assembly of 14312,
as devitrification has proceeded from the borders of clasts; in other
cases devitrification occurred prior to assembly. Some of the devitri
fied maskelynite grains are more than 1 mm in diameter (Fig. VI-6).
Some of the plagioclase clasts are polygonalized. Pyroxene and olivine
are less abundant than plagioclase. Both low- and high- calcium pyrox
enes are present, and some have coarse exsolution lamellae and/or
twin lamellae. One large pyroxene (Fig. VI-6) is a twinned pigeonite
(En55Wo9) which has been partially granulated; other mafic grains up 
to 700µ have been noted. No comprehensive analytical survey of the 
mineralogy has yet been made. 

b) Fine-grained dark, coherent breccias. Breccias are the most
common lithic clast type in 14312 (Table VI-2). As noted above, clasts 
are frequently difficult to distinguish from variable matrix zones, 
but in most cases clast identity is fairly clear (Fig. VI-6). Most 
of the breccias are fine-grained, dark-colored breccias whose matrix
textures indicate a high-grade metamorphic origin. The dark breccia 
clasts are not as fine-grained as those discussed under 14082 (this 
volume), to which they bear little textural or chemical resemblance 
(Table VI-1). Rather, the 14312 breccia clasts are similar-to the 

youngest matrix of 14312 in both texture and composition, i.e., high-K 
to low-K Fra Mauro basalt, though again we note that few analyses have 
been made. There is frequently strong evidence for crystallization 
from a melt, although glassy mesostases are rare. elastic fragments 
within the breccia clasts are mainly from even older microbreccias and 
mineral clasts, particularly plagioclase. Plagiciclases thus far ana
lyzed (including possible melt-crystallized groundmass plagioclases) 
ran�from Ang5 to Anao• Many of the breccia clasts are multi-genera
tional, i.e., the final assembly of 14312 was evidently predated by a 
long series of destructional-constructional events visited upon its 
present components. The situation is not unlike that demonstrated for 
14321 (Grieve et al., 1975), but the final assembly of 14312 occurred 
at a higher temperature. A granitic glass patch exists in one multi
generational breccia clast in 14321,14, and consists of a brown glass 
containing crystallites of feldspar. Possibly the glass is an anatectic 
product rather than a granitic glass clast, although its MgO content 
(Table VI-1) is rather high for such an origin. The textural evidence 

bearing on the origin of the granite glass is equivocal. 

c) Melt-matrix breccias. Distinctly different from the dark coher
ent breccias are lighter-colored, coarser-grained clasts of material 
similar to the KREEP-rich melt breccias of 14064 and 14082 (this volume). 
They contain interstitial glass and partially poikilitic pyroxenes; an 
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example is shown in Figure VI-8a. Some of these are particularly clast
•rich (Fig. VI-8b). Only one (clast-poor) fragment has been analyzed 

(Table VI-1). This is very rich in K20 (>2%) and is quartz-normative. 
Four plagioclase grains in this fragment have been analyzed; two xeno
crysts are An94, and two groundmass plagioclases are An00 and An70.
Five groundmass pyroxenes from different localities are pigeonites 
(En60Wo10)- Thus the chemistry of these clasts, as well as their tex
ture and mineralogy, demonstrates their similarity to the melt breccias 
in 14063, 14064, and 14082/14083 (this volume). Presumably their 
origins can also be attributed to impact-produced melts. 

d) Coarse Granulitic ANT. This group of clasts may well be hetero
geneous and of diverse origins. Essentially the fragments consist of 
plagioclase and mafic minerals which have coarse grain sizes (>lmm?) 
and curved mutual boundaries. In general the mafic phase is pyroxene, 
sometimes exsolved. The parent rocks were evidently equigranular poly
gonal metamorphic rocks. The fragments are all small, consisting of 
only a few grains, and no mineral analyses have yet been made. 

e) Poikilitic norites. Fragments consisting of stubby plagioclase
crystals embedded in large crystals of orthopyroxene are fairly common 
(Table VI-2) .• The textures include varieties which are quite clearly 
poikiloblastic; however, most of the varieties are more equivocal (Fig. 
VI-8c,d) and the term poikilitic is used non-genetically. In the one
poikilitic clast in which mineral analyses were made, the oikocrysts
are bronzites (En73Wo4), and the chadacrysts are anorthite (An91-93).

f) High-alumina mare basalts. Several basalt clasts are present
in 14312; these appear to be similar to each other and to high-alumina 
mare basalts described in 14321 (Grieve et al., 1975), although a 
detailed study has not yet been made. The 5 mm clast in 14312,14 is 
the largest and appears to be typical. The texture (Figs. VI-9a,b) 
is ophitic and fine-grained, similar to some of the basalt clasts in 
14321 (compare Fig VI-9a with Grieve et al., 1975, Fig. la). Phases 
present are olivine (�20%), clinopyroxene (�40%), plagioclase (35-40%), 
ilmenite, titanian chromite, and Fe-metal (2-3%). Rare patches of 
mesostasis glass are present. Olivine was the first phase to crystal
lize. Olivine grains up to 400µ in diameter are subhedral and occasion
ally enclose plagioclase. They are slightly zoned. The compositional 
range for fourteen olivines is Fo67_61 (Fig. VI-9e): typical analyses
are given in Table VI-3. Zoned clinopyroxenes have compositions (Fig. 
VI-9c, Table VI-3) similar to those from mare basalts rather than from
mon-mare basalts, though,.a distinct compositional hiatus exists. Pyrox
ene crystals, up to 700p completely surround some of the olivines (Fig.
VI-9b) and ophitically enclose laths of plagioclase (An03-09). The 
latter are normally-zoned and are usually less than 200µ long in thin 
section (Fig. VI-9a). Ilmenite is variable in magnesia content, from 
3% to about 8%, but usually contains about 4% (Table VI-4). (Note that 
our present analyses are of poor quality.) The ilmenites are small 
(50µ or less ) and rarely euhedral; ilmenite appears to be a late 
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Figure VI-8. Clasts in 14312: 

a) Matrix textures of melt breccia clast in 14312,30.
pyroxene {light gray); plagioclase {dark gray); il
menite {bright); Fe-metal {very bright); interstitial
glass is present but not easily visible in the photo
graph {reflected light).

b) Clast-rich melt breccia in 14312,36. Most clasts
are plagioclase. Note olivine with pyroxene over
growth rim and opaques at right-hand side {transmitted
light)�

c) Poikilitic norite in 14312,30. Optically con
tinuous orthopyroxene encloses plagioclase ·{crossed
polarizers).

d) Poikilitic norite in 14312,36 {crossed polarizers).
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Figure VI-8. 



·Table. VI-3. Representative analyses of olivines and pyroxenes

in 14312,14 high-alumina mare basalt. 

1 2 3 4 5 6 7 8 

Sio2 36.64 37.75 35.76 36.28 52.99 52.19 50.20 50.32 
Tio2 0.12 0.09 0.09 0.12 0.76 1.48 1.40 1.53 
Al2O3 0.12 0.05 0.00 0.00 1.89 2.11 1.38 0.32 
Cr2O3 0.04 0.10 0.08 0.07 0.73 0.64 0.37 1.23 
FeO 27.83 30.72 32.82 32.61 16.68 17.64 14.86 20.09 

MgO 31.95 31.96 29.42 29.13 22.99 15.65 12.41 10.74 
cao 0.62 0.16 0.19 0.17 4.13 11.56 18.31 15.93 

Total 97.32 100.83 98.36 98.38 100.17 101.27 98.93 100.16 

Mol. % Fo67 Fo62 Come. 
Fo65 Fo61 En65Wo9 En54Wo15 En37Wo

39 
En32Wo34

Table VI-4. Representative analyses of ilmenites and a chromite 

in 14312,14 high-alumina mare basalt. 

1 2 3 4 5 

TiO2 55.06 55.48 53.62 54.54 18.15 
Al2O3 0.07 0.01 0.04 0.07 5.74 

Cr2O3 Q.35 0.37 0.55 0.36 25.85 

FeO 36.44 31.83 37.23 37.65 39.78 

MnO 0.41 0.46 0.38 0.41 0.25 
MgO 4.42 7. 77 3.33 2.87 3.27" 

Total 96.75 95.92 95.15 95.90 93.04 

1-4. Ilmenites.
5. Titanian chromite.

Table VI-5. Ni, Co, Cr, + s contents of Fe-metal grains 
in 14312,14 high-alumina mare basalt. 

Analysis ft 1 2 3 4 5 6 
Ni 2.32 .29 .87 .91 .76 .87 

Co .61 • 35 .45 • 48 .43 .44 
Cr • 04 .03 .04 • 05 .02 .04 
s .oo • 00 • 00 .01 .00 .00 

Analysis # 7 8 9 10 11 12 

Ni .00 .00 .01 • 02 .01 .01 
Co .00 .20 • 33 • 38 .11 . 36 
Cr .02 • 02 • 00 .06 .04 .03 

s .00 . 00 • 00 .01 .00 . 00 
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Figure VI-9. High-alumina mare basalt in 14312,14. a) General tex
ture: plagioclase laths are ophitically enclosed by 
clinopyroxene1 olivine is also present (crossed polari
zers). b) Clinopyroxene (Px) ophitically encloses 
plagioclase (F) and completely surrounds an olivine 
crystal (0). Note that olivine does not enclose plagio
clase (crossed polarizers). c) Pyroxene and olivine
compositional diagrams. 



Figure VI-10. Clasts in 14312: 

a} Devitrified plagioclase glass (upper left} and
plagioclase-olivine-spinel (lower right} melt clast
in 14312,36 (see text}; transmitted light.

b} Plagioclase-olivine-spinel melt clast groundmass
in clast depicted in a, above. Plagioclase laths
(dark gray)are embedded in a groundmass of olivine
(light gray} and plagioclase. The bright mineral is

mainly ilmenite. Occasional colorless, transparent
spinels (lighter gray than olivine} are present;
reflected light.

c} Clast depicted in a and b, above. Border of melt
(lower right} and devitrified plagioclase glass
(dark gray}. Colorless transparent spinel (e.g.,
S} is·common; reflected light.

d} Spinel troctolitic basalt clast in 14312,14;
crossed polarizers.

e} Olivine .. porphyritic basal ts in 14 312, 36. Note the 
presence of ilmenite (black}; transmitted light. 

f} Groundmass of olivine-porphyritic basalt depicted
in Figure III-Se. Plagioclase laths (dark gray} are
ophitically enclosed in a mafic phase (pyroxene?,
light gray}. Note ilmenite at the left.
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crystallizing phase. Only one grain of chromite has been analyzed 
(Table VI-4): this is a small (20µ) titanian chromite. Fe-metal is 

_dispersed as small blebs, some as large as 70µ� most are less than 
15µ. The Ni content of Fe-metal is low, but variable (Table VI-5): 
Co is also low, and less variable. The rare mesostasis glass patches 
have not been analyzed. 

The basalt in 14312,14 is mineralogically and texturally similar 
to some of the basalt clasts described from 14321 (Grieve et al., 1975) 
and may be related to that basalt type. One difference is the spinel 
mineralogy, which is a Ti-poor variety in 14321 and a Ti-rich variety 
in 14312. A detailed petrographic study of the 14312 basalts is planned. 

g) Others. Other types of lithic clast are rare. One unusual
fragment (Figs. VI-l0a,b,c) consists of two parts; a curvilinear boun
dary separates a zone of devitrified plagioclase glass from a zone of 
plagioclase laths embedded in a groundmass of plagioclase, olivine, 
and ilmenite. Transparent, colorless spinel is abundant in the latter 
zone, and is more commonly embedded in plagioclase than in olivine. 
At the.contact of the two zones, the polymineralic phase is finer
grained (Fig. VI-l0a) and contains more spinel (Fig. VI-l0c). The 
plagioclase laths are clearly growing from the contact with the devitri
fied plagioclase. Although both zones may be devitrified thetomorphic 
glasses, we prefer to interpret the polymineralic phase as the product 
of melt crystallization on the grounds that spinel is an unlikely 
product of devitrification. The devitrified plagioclase glass is prob
ably devitrified maskelynite, perhaps a clast in the melt phase. Pos
sibly both were produced in a single impact, the melt being completely 
liquified target material, and the maskelynite having originated by 
shock further from the point of impact. Other interpretations are 
possible. 

A second small fragment (PSTB, Figure VI-6) is also spinel-bearing, 
but is otherwise dissimilar to the fragment described above. It is 
similar to spinel-bearing basalts observed elsewhere (e.g., Weiblen 
et al., 1974). Plagioclase laths (Fig. VI-l0d) form a network sub
ophitically enclosed in olivine. The spinel·is colorless to pale green. 
No mesostasis has been observed; tiny particles of ilmenite and Fe
metal are rare. 

An olivine porphyritic basalt occurs in 14312,36 (Figs. VI-l0e,f). 
The clast is fine-grained and contains ilmenite, as well as olivine, pheno 
phenocrysts. The groundmass (Fig. VI-l0f) consists of plagioclase 
ophitically embedded in pyroxene (?). Tiny grains are common, but a 
mesostasis is lacking. 

Summary. 14312 is a coherent high-grade metamorphic rock containing 
abundant mineral and lithic clasts. Many of the lithic clasts consist 
of dark breccias rather similar chemically and texturally to the 
youngest breccia matrix in 14312. Other lithic clast include melt 
breccias, coarse polygonal plagioclase-pyroxene rocks, and a high
alumina mare basalt type. 14312 contains zones of an intruded melt 
which differs chemically from the main breccia or from possible partial 
melts of the breccia. It is concluded that 14312 was assembled from 
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polymict multigenerational progenitors at a high temperature, rather 
than being the metamorphosed equivalent of a low-grade metamorphic 
rock. The melt phases, the (devitrified} maskelynite, and the shocked 
mineral phases indicate that the assembly took place in the ejecta 
blanket produced by a major meteorite impact. 

HALOGENS AND URANIUM (Stanka Jovanovic, K. Jensen, and George w. Reed Jr.} 
Jr.} 

F, Ct, Br, I, and U were analyzed by neutron activation in 14312,26, 
a 0.54 gm chip of undifferentiated bulk rock. The data are: 

F (ppm} Ct (ppm} Br (ppb} I (ppb} u (ppm}

r i r i 

225 18 3.6 48 40 63 3.2 

( r=residue after leaching, t=leach solution. Iodine 
detected in leach solution only. Counting statistical 
errors are 10% except 25% for Br.} 

P2O5 data for 14312 taken from the literature indicate a Clr/P2O5
ratio in the 0.004 group, unlike the other Imbrium Consortium samples 
analyzed in this study (Jovanovic et al., 1976). 

REFERENCES 

Chao, E.C.T., Minkin, J.A., and Best, J.B. (1972). Apollo 14 breccias: 
General characteristics and classification. Proc. Third Lunar 
Sci. Conf., vol. 1, pp. 645-659. 

Grieve, R.A.F., McKay, G.A., Smith, H.D., and Weill, D.F. (1975). 
Lunar polymict 14321: A petrographic study. Geochim. et Cosmochim. 
Acta, vol. 39, pp. 229-245. 

Helz, R.T. (1972). Rock 14068: An unusual lunar breccia. Proc. Third 
Lunar Sci. Conf., vol. 1, pp. 865-886. 

James, O.B. and others (1975). Consortium studies of matrix of light 
gray breccia 73215. Proc. Sixth Lunar Sci. Conf., vol. 1, pp. 547-
577. 

Jovanovic, s., Jensen, K., and Reed, G.W., Jr. (1976). Trace elements 
and the evolution of lunar rocks. Lunar Science VII, Lunar Science 
Institute (Houston). 

Stoeser, D.B., Marvin, U.B., Wood, J.A., Wolfe, R.W., and Bower, J.F. 
(1974). Petrology of a stratified boulder from South Massif, 
Taurus-Littrow. Proc. Fifth Lunar Sci. Conf., vol. 1, pp. 355-377. 

Warner, J.L. (1972). Metamorphism of Apollo 14 breccias. Proc. Third 
Lunar Sci. Conf., vol. 1, pp. 623-643. 

66.



' 



VII. SAMPLE 14318

HAND SPECIMEN DESCRIPTIONS AND PROCESSING (Ursula B. Marvin) 

14318 is a 600-gram specimen picked up from the regolith near the 
south end of the North Boulder Field at Station H (Fig. III-9). It 
was a smoothly rounded specimen (~11 x 8 x 5 cm) with patina and an 
abundance of zap pits on all surfaces. It proved to be a very coherent, 
polymict breccia with many types of inclusions -- lithic fragments 
(mainly pre-existing breccias), glass spheres, ellipsoids, and shards, 

and mineral clasts -- in a dark gray, fine-grained, recrystallized 
matrix. The rock has a clear history of repeated episodes of shatter
ing and reaccumulation by impact. 

Clasts larger than 1 mm make up at least 30% of the volume. The 
three most striking clast types are pure white or gray-white plagio
clase-rich fragments, apple-green olivine-rich spheres (chondrules), 
and light yellow-brown "basaltic" fragments. Sparse fragments of amber 
glass and grains of metal or sulfide are visible on many broken surfaces. 
In appearance the hand specimen, with its range of clast sizes, colors, 
and shapes, is reminiscent of the Allende meteorite. 

At the LRL, the specimen was subdivided and samples were distributed 
to 20 principal investigators. For our consortium study the largest 
remaining portion, 14318,0 (401 g), was photographed and mapped (Figures 
VII-1 and VII-2). The sawed surface (W 1 in Figure VII-1) shows where a
slab (,22) was removed for the purpose of making a complete set of
matched thin sections across the entire specimen. Fourteen samples of
undocumented chips, stored at the SSPL and RSPL, were also examined and
described. Chips ,120 and ,121 were selected for Walker and Reed,
respectively, from 14318,19 (Figure VII-3). At the same time, an ir
regular chunk (,36) was retrieved from the RSPL for Adams, and a series
of new thin sections was to be made from the potted butts of slab ,22
(Figure VII-4) .

PETROLOGY AND PREVIOUS STUDIES (G. Jeffrey Taylor) 

Rock 14318 has been studied extensively by Kurat et al. (1972, 1974) 
and included in the classifications of Warner (1972), Chao et al. (1972), 
and Wilshire and Jackson (1972). In spite of this rather thorough work
ing-over, 14318 was included among the samples to be studied by the 
Imbrium ��isortium because it contains fissionogenic xenon derived from
extinct Pu (Behrmann et al., 1973; Reynolds et al., 1974). Consortium 
members reasoned that the rock might contain important chronological 
clues that could help us unravel the early history of the moon. This 
report summarizes briefly what is known about the rock's petrography, 
chemistry, and chronology. 
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Orthogonal photographs of 14318,0 after extensive cutting 
and chipping that occurred before consortium work began. 
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Figure V!I-3. Chips selected from undocumented collection 14318,19 
for Walker (,120) and Reed (,121). 
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Figure VII ""' l.

b) A diagram showing the locations and numbers of thin
sections made from potted butts ,22 ,SO ,5 1 and ,52.
Sections ,43 to ,49 were pre-consortium; sections ,11 0
to ,1 1 6 were made for the consortium.



Texture. Rock 14318 is a very coherent, low porosity, polymict breccia. 
It is partly coated with a grayish-green (in thin sections) glass that 
contains numerous micron-sized metal droplets; the same glass fills some 
cracks in the rock. 14318 is composed of lithic fragments, glass and 
mineral clasts, and devitrified or partly crystallized glass spheres. 
The grain size ranges from. < 1µ (the limit of resolution of an optical 
microscope) continuously up to at least 7 mm. Clasts larger than 1 mm 
account for 30% (Wilshire and Jackson, 1972) to SO% (Warner, 1972) of 
individual thin sections. As noted by Warner (1972) and Chao et al. 
(1972), the large clasts exhibit a faint alignment (Fig. VII-SA). The 
matrix (consisting of crystal, rock, and glass fragments less than an 
arbitrary 100µ in dimension) is tightly welded together, but not 
recrystallized to any significant extent (Fig. VII-SB). Glass fragments 
as small as a few microns are not devitrified and some glass and crystal 
fragments are angular. However, many other grain boundaries are diffuse, 
and there is a small amount of glass that appears to help cement the rock 
together. Some of this cementing glass is amoeboid in shape (see Kurat 
et al., 1974, their Fig. lC), and some is petrographically identical to 
the brown glass in glass-welded aggregates, or agglutinates (Fig. VII
SC). The matrix texture places the rock in Warner's (1972) group 3. 

Kurat et al. (1974) attached special importance to the presence of 
rapidly crystallized spherules, or chondrules, and to the overall 
textural similarities between 14318 and polymict, brecciated chondritic 
meteorites. A typical chondrule is shown in Fig. VII-SD. Although they 
recognized that chondrites and lunar rocks differ markedly in composi
tion, Kurat et al. argued that impact processes played central roles in 
producing both 14318 and the chondrites. Chao et al. (1972) also con
sidered the presence of spherules of glass, devitrified glass, and 
chondrules to be significant. They classified 14318 as a "spherule
rich, transported microbreccia". 

Lithologies present. To fully understand the histories of complex 
breccias, we must know what they are made of. Kurat et al. (1972, 
1974) measured the chemical compositions of lithic fragments, glasses, 
and chondrules in 14318, but did not ascertain their relative abundances. 
To obtain abundance data, we made a modal analysis of one thin section, 
took a census of all fragments larger than 1 mm in two sections, and 
compiled another census of particles between 0.2 and 1.0 mm diam., in 
randomly selected regions of one section. 

Lithic fragments are of the same varieties as found in the Apollo 
14 soils (e.g., Taylor et al., 1972) and other breccias (e.g., Chao 
et al., 1972). Most have KREEP chemistry and are breccias, recrystal
lized to varying degrees. Some are clearly polymict (Fig. VII-SE). 
Lithic fragments were classified as follows: recrystallized noritic 
breccias, in which the matrix is fine-grained and unmelted; partially 
melted noritic breccias, characterized by igneous-textured matrices; 
granulitic noritic breccias, with coarsely-crystalline, equant matrices; 
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nonmare basalts, some of which could be total impact melts mare-like 
basalts, which are distinguished from nonmare basalts by higher con
tents of mafic silicates and ilmenite; anorthositic (or ANT) rocks; and 
others, (ultramafic rocks, graphic intergrowths of quartz and alkali
feldspar, and coarse-grained,- unbrecciated noritic fragments). All but 
the last three categories are chemically equivalent to KREEP. 

Glasses are also of the same types as found in soils. They were 
classified into the following groups: homogeneous glass, almost all of 
which were pale yellow to bright yellow;�, or suevite-like glass that 
contains crystallites and mineral fragments (Fig. VII-SF); brown, swirly, 
agglutinitic-like glass (Fig. VII-SC); and devitrified glass� Chondrules 
(Fig. VII-SD) were placed in a separate category, as were mineral frag-
ments. 

The modal analysis, incorporating both clasts and matrix, was done 
on section 14318,48, using a magnification of 80x. An area of about 6 cm 2

was scanned and 4,847 points were counted. Results are as follows: 

Lithic fragments 
Mineral fragments 
Homogeneous glass 
Suevite-like glass 
Brown, swirly glass 
Devitrified glass 
Chondrules 

59.6% 
14.7% 

3.0% 
5.9% 

10.2% 
2.5% 
4.1% 

100.0% 

Compared to Apollo 14 breccias that are obvious soil breccias, such 
as 14047 and 14055, rock 14318 is much richer in lithic fragments (60% 
vs. �10%) and poorer in brown, swirly matrix glass (10% vs. 50%). Never
theless, the same constituents normally found in lunar soils are present. 
Perhaps 14318 was made from a relatively immature soil. 

Results of the (clast) population studies in two size ranges, >l mm 
and 0.2-1.0 mm. are given in Table VII-1. As one would expect, there is 
a greater abundance of lithic fragments in the >l mm size range. 
Chondrules are confined to the <l mm fraction. These results are con
sistent with those reported by Wilshire and Jackson (1972). Table VII-2 
shows the relative abundances of types of KREEP lithic fragments in the 
two size ranges. Essentially the same proportions of types are found in· 
each. Curiously, the relative abundances of types of KREEP lithic frag
ments in 14318 is quite similar to those in the freshest (least mature) 
soils from Apollo 14: 14142 from Cone Crater and 14151 from the bottom 
of a 30 cm deep trench (Taylor et al., 1972). As noted above, it is 
possible that 14318 was formed from an immature soil. 
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Figure VII-5. Photomicrographs of rock 14318 (transmitted light).. 
A) Thin section 14318,43. Note the fine left-to-right 
alignment of large clasts. Field is 2 cm wide. 
B) Typical matrix area in section 14318,48. Lithic, 
mineral, and glass fragments are packed closely to
gether. Field is 0.9 mm wide. C) Brown, swirly glass 
(center of photograph) in matrix of 14318,48. Field 
is 190µ wide. This is the same type of glass that 
cements agglutinates. D) Typical chondrule in 14318,48.
Field is 470µ wide. E) Polymict breccia in 14318,48.
The igneous-textured lithic fragment on the right is 
contained within the breccia. Field is 2.5 mm wide. 
F) Typical ropy glass (suevite) in 14318,48. Field is
0.9 mm wide.
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Figure VII-5. 



Table VII-1. Relative proportions of fragment types in 14318. 

All {78) fragments >l mm in sections 14318,43 and 14318,48 
were classified, and a random sampling of 0.2-1.0 mm fragments 
was made in s,ection 14318,48 ·{318 fragments).

Lithic Fragments 

Recrystallized noritic breccias 
Partially melted noritic breccias 
Granulitic noritic breccias 
Nonmare basalts 
Mare-like basalts 
ANT 

Other* 

Glassy Fragments 

Homogeneous glass 
Suevite-like glass 
Devitrified glass 
Chondrules 

Mineral Fragments 

Plagioclase 
Ilmenite 
Pyroxene 
Olivine 

>l mm 

52.6% 
16.6 

3.8 
3.8 
0.0 
3.8 
0.0 

3.8 
5.1 
7.7 
o.o

1.3 

0.0 
0.0 

o.o

0.2-1.0 

30.6% 
9.7 
3.8 
4.1 
0.6 
4.4 
1.2 

5.7 
6.3 

15.1 
12.9 

2.8 
0.3 
1.9 
0.6 

mm 

*Ultramafic rocks; coarse-grained, igneous norite; graphically inter
grown quartz and alkali-feldspar.

Table VII-2. Relative proportions of types of KREEP lithic 
fragments in 14318. 

Each entry is percent of the total number of noritic breccia and 
basalt fragments present. 

Recrystallized noritic breccias 
Partially melted noritic breccias 
Granulitic rioritic breccias 
Nonmare basalts 

71. 

>l mm 

68.3 
21.6 

5.0 
5.0 

0.2-1.0 mm 

63.4 
20.3 

7.8 
8.5 



Chemistry. The chemistry of lithic fragments, glasses, and chondrules 
has been reported by Kurat et al. (1972, 1974) and need not be discussed 
here. The bulk composition was analyzed by Rose et al. (1972), who 
noted it was similar to Apollo 14 soils. However, abundances of Ti0 2, 

Fe0 and Mg0 are slightly outside of the total range of values exhibited 
by six soils analyzed by Rose et al. (1972); see Table VII-3. It may be 
that 14318 i� not simply a breccia manufactured from the local regolith. 

Table VII-3. Bulk chemical composition of 14318, and 
the range exhibited by Apollo 14 soils. 

Data from Rose et al. (1972). 

14318 A-14 Soils

SiO2 47.97 47.8-48.2 
TiO2 1.48 1. 67-1. 79

Al2O3 17.80 17. 40-17.99

FeO 9.62 10.02-10.48
MgO 9.79 9.08-9.47 
cao 11.16 11.12-11. 25 
Na2O 0.79 0.61-0.75 
K2O 0.60 0.49-0.58 
P2O5 0.56 0.44-0.58 
MnO 0.13 0.14

Cr2O3 · 0.19 0.22-0.27 
Total 100.09 

Rare gas chronology. Behrmann et al. (1973) and Reynolds et al. (1974) 
concluded that the plutonogenic xenon in 14318 was not produced in situ, 
but was instead re-implanted or otherwise trapped in the rock. The main 
evidence for this conclusion is that the natural fission gas is released 
at relatively low temperatures during step-wise heating experiments, 
whereas artificially-produced fission-xenon from uranium in the rock is 
released at higher temperatures. Furthermore, trapped xenon of solar 
composition is also released at low temperatures, implying that the 
parentless, 244pu-fission xenon and the solar xenon have similar sites 
in the rock. (They do not necessarily have the same site, however. The 
precise nature(s) of the location(s) is currently under investigation.) 

Reynolds et al. (1974) determined a whole-rock 40Ar-39Ar age of
3.69 ± 0.09 b.y. for 14318. Because of a high content of trapped Ar, 
a conventional plot of 40Ar/39Ar vs. fraction of gas released could not
be used. Instead, to derive the age they made an isochron plot ( 40Ar/
36Ar vs. 39Ar/36Ar) from the data generated in a step-wise heating
experiment. The age cited is 100-200 m.y. younger than other Apollo 14

breccias that have been dated. 
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Reynolds et al. also determined the composition of the trapped 
argon. Surprisingly, the 40Ar/36Ar in the trapped component is 13.68 + 
.25, which is much higher than that found in Apollo 14 soils ( �3 ; Pepin 
et al., 1972). It appears that there is a large component of parentless 
radiogenic 40Ar, as well as parentless fission xenon.

Summary. Rock 14318 is petrologically similar to lunar regolith 
breccias. It is a polymict mixture of lithic fragments, glass, and 
mineral clasts, and has characteristic brown glass in the matrix. 
However, it contains substantially more lithic fragments and signifi
cantly less b+own matrix glass than most regolith breccias. Available 
evidence suggests it might be a shock-lithified, immature soil. Its 
40Ar-39Ar age implies that the hypothetical soil was exposed at the 
lunar surface prior to 3.7 b.y. ago. 
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VIII. GEOLOGIC SETTING OF THE APOLLO 15 MISSION

Ursula B. Marvin 
Center for Astrophysics 

60 Garden Street, Cambridge, Massachusetts 02138 

The Apollo 15 mission was of special interest. to geologists 
because it gave the astronauts their first opportunity to explore a 
varied terrain. The Lunar Module (LM) descended upon a smooth plain 
of young mare basalt between two spectacular structures: the abrupt 
scarp of the Apennine Mountain Range to the east, and the sinuous 
Hadley Rille to the west. 

The Apennine Mountains form part of the outermost ring of the 
Imbrium Basin. They are generally interpreted as an arcuate series of 
block-faulted massifs broken by fracture-sets that are concentric and 
radial to the basin. The steepest scarp, called the Apennine Front, 
faces inward toward the center of the basin, which lies about 650 km 
NW of the Apollo 15 landing site. Mt. Hadley, one of the loftiest 
peaks of the range, rises to a height of 4.5 km above the mare surface 
immediately northeast of the landing site, and Hadley Delta (which, 
despite its name, is a mountain 3.5 km high) bounds the area on the 
south� The two Apollo 15 rocks studied by this consortium.were collec
ted from the steep north-facing scarp of Hadley Delta. 

Hadley Rille, one of the freshest and most sharply delineated of 
the lunar rilles is a V-shaped valley with gently terraced walls. 
It is a striking feature at least 100 km long and 1500 m wide, with a 
maximum depth of about 400 m� It rises near the Apennine Front, south 
of the landing site, and follows a sinuous course_across the mare 
surface close to the mountain front until it dwindles to nothing at the 
base of a hilly region to the north. At the landing site, where it 
bends sharply from NE to NW, the rille is about 350 m deep. The rille 
dissects the mare surface, but its floor and walls are covered with 
talus, making it impossible to determine with certainty whether the 
terracing reflects flow units of the bedrock or slumping of the talus. 
Inasmuch as the opposite walls are not surnrnetrical as it rounds sharp 
corners along its sinuous course, the rille is interpreted as a basalt 
flow channel or a collapsed lava tube rather than a yawning tension 
crack. 

The broad geological setting of the Apollo 15 site is illustrated 
in the photograph and geologic map of Figures VIII-1 and VIII-2. Some 
of the geologic units are the same as those mapped at the Apollo 14 
site and were described in Section III. However, on the map of the 
Apollo 15 landing site by Wilhelms and McCauley (1971), the nearest 
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outcrops of the Fra Mauro Formation lie about 120 km to the south
east. Only two units are mapped in the immediate vicinity of the site. 
They are young mare basalt, and a formation designated by the non-

·committal title "Materials of mountains rimming the Imbrium Basin" in
Wilhelms and McCauley (1971).

It is precisely the nature and origin of these materials that 
constitutes one of the fundamental problems confronted by the consortium. 
If we can assume that the two Apollo 15 specimens we are examining repre
sent the bedrock of the Apennine Front, we must still consider whether 
the mountains themselves are built of pre-Imbrian terra material, of 
pre-Imbrian ejecta from the Serenitatis Basin, or of ejecta from the 
depths of the Imbrium Basin. The petrology of the samples, the easier 
of the two broad problems to solve, is described in the following 
pages. The theoretical aspects of cratering dynamics are discussed in 
the articles by Head et al. and Dence et al. in this volume. 

Figure VIII-3 shows the immediate vicinity of the site and the 
location of the traverses and sampling stations. A dramatic moonscape 
with the LM and the Apennine Front in the background is shown in Figure 
VIII-4.
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• 

Figur� VIII-1. A vertical photograph of the area surrounding the 
Apollo 15 landing site. (NASA photograph ASlS-0414.) 
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Figure VIII-3. 
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Lunar photomap of the Apollo 15 site showing traverses 
and sampling stations. The two Apollo 15 consortium rocks 
came from Station 6A (15445) and Station 7 (15405). 
{NASA photomap Edition 2, Sheet 41 B4S4{25)�) 



Figure VIII-4. View looking southeast from the ALSEP Station with 
Apennine Front in the background. (NASA photograph ASlS-82-11057.) 



IX. SAMPLE 15405

HAND SPECIMEN DESCRIPTIONS AND DOCUMENTATION (Ursula B. Marvin) 

This 531-g specimen was chipped from a prominent 3-m boulder at 
station GA, 130 m above the mare surface (the highest point reached on 
the Apennine Front; Figure IX-1). The astronauts described the boulder 
as a "big breccia" and a "green rock." The green color was due to a 
thin coating of soil rich in green glass spherules. Samples of such 
soil (15400 to 15404) were taken from a channel in the surface of the 
boulder. The rock itself is not green but is predominantly of dark 
gray matrix material with a few clasts up to 1 cm in size and several 
irregular zones of lighter gray color. These zones have no well-de
fined boundaries and do not appear to penetrate the interior. They 
are characterized by a "frosting" of white grains on fractured surfaces. 

The specimen is very rough and angular and appears to be a welded 
mass of small, blocky slablets (Figure IX-2). The surface irregular
ities give.it a deceptively fragile look, but it is actually so tough 
and coherent that a hammer and chisel are needed to remove chips. The 
rock resembles a block .of aa lava. Sparse zap pits occur on one area 
(see map of E1 in Figure IX-3), but are absent from most of the surface.

The matrix, which makes up about 95% of the rock, is fine-grained 
and vesicular. Small (1 mm) clasts of chalky plagioclase are fairly 
common. At least two large (1 cm) clasts of brown-and-white gabbroic 
anorthosite (?) are visible on surfaces Ti and S1 (Figure IX-3). A most
important clast type is the speckled black-and-white material of 
15405,6 and ,65 (Figures IX-4 and IX-Sb), which proved on thin-section
ing to be KREEP-rich quartz monzodiorite. At the_ LRL in 1971, seven 
chips (,1 and ,4-,9) were taken from 15405,0. Orthogonal thin sections 
(,2, ,3, ,11, ,13, ,14, ,15) and probe mounts (,10, ,12, ,16) were made 
from 15405,1, a 2.9 g piece. 

Work for the Imbrium Consortium began in April 1975, when six 
documented chips of matrix (,41-,46) were taken from 15405,0 at the 
sites indicated in Figure IX-3 for SEM analyses in Cambridge and cosmic 
ray track studies. At the same time two small chips of matrix (,50 and 
,53) and two of the black-and-white quartz monzodiorite (,51 and ,52), 
were picked from ,8, a collection of chips and fines (Figure IX-4).

Thin sections ,54 and ,55 were made from matrix chip ,50, and sections 
,56 and ,57 were made from quartz monzodiorite chip ,52. 

In June 1975, 15405,7 was subdivided to produce subsamples ,58-,64, 
which were sent to Walker, Anders, Reed, and the thin section laboratory. 
Sample 15405,61 was made into thin sections ,68, ,69, and ,70. At the 
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same time all the remaining black-and-white clasts were picked from ,8, 
designated as ,65, and stored for future distribution. Their total 
weight (676 mg} was too small to allow for the wide distribution and 
the mineral separations that were originally planned. 

In October 1975 the black-and-white clasts were retrieved from 
storage, arranged in groups, and renumbered as shown in Figure IX-Sb. 
Sample 15405,90 was made by combining the largest (310 mg) fragment, 
which consists in part of dark matrix, with the four smallest black
and-white clasts, and sent to Walker. 15405,85 was sent to Haskin; ,86 
to Anders; ,87 to Nyquist; ,88 to Tatsumoto; and ,89 to Reed. 

In November, a slab was cut from 15405,0 as shown in Figure IX-6. 
The slabbing revealed a prominent quartz monzodiorite clast in the E1
face of ,95 and the w1 face of ,91. During the sawing a large white
clast (,93) loosened from the edge of the slab. Other groups of chips 
and fines resulted from the sawing: 15405,94 consists of ten locatable 
chips; ,96 includes undocumented chips with and without sawed surfaces; 
,97 is a collection of fines from cabinet sweepings. The main mass, 
15405,0, now weighs 223.8 g. 

PETROLOGY (Graham Ryder and Janice F. Bower} 

Lunar sample 15405 is a homogenous black fine-grained rock con
taining small fragments•. Petrographic studies indicate that the rock 
contains a distinctive and limited lithic population: coarse-grained 
granite, KREEP-rich quartz monzodiorite, and Apollo 15-typ� KREEP basalt. 
The only other rock types observed in the thin sections are a single 
fragment of an unusual KREEPy olivine vitrophyre, and two tiny Fe-olivine/ 
Fe/metal/silica bearing clasts. ANT-suite and breccia fragments are 
conspicuously absent. The groundmass of 15405 is a fine-grained vesi
cu.lar igneous-textured rock, also of Apollo 15-type KREEP basalt com
position. · The thin sections used in this study are listed in Table IX-1. 

PETROGRAPHIC DESCRIPTIONS 

Granites. The granite fragments occur in Lithology 05A, the matrix, 
as xenoliths in the groundmass of the thin sections 15405,11, ,12, ,68, 
,69, and ,70. The two largest fragments (Figs. IX-7a,b} are somewhat 
crushed and have strung-out lltails," but have been rewelded without 
significant recrystallization; they are coarse-grained (>1 mm} rocks. 
The original grain size may have been much coarser, as crushed mono
mineralic zones of the feldspars and pyroxenes are 2-3 mm in dimension. 
Little or no reaction appears to have taken place at the contact between 
the xenoliths and the groundmass. The smaller recognizable granite 
fragments consist largely of silica-potash feldspar intergrowths, but 
fragments of the chemically and optically distinctive granitic pyroxene 
(see below} are easily recognizable in the groundmass and in some of 
the smaller fragments. One of the small fragments is an opaque-laden 
glass texturally similar to some clasts observed in Boulder 1, Station 2, 
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Apollo 17 (Ryder et al., 1975) • 
. 

The large granite fragments consist mainly of plagioclase, clino
pyroxene, a silica mineral (cristobalite?), and potassium feldspar in 
approximately equal amounts. Accessory phases are ilmenite, troilite, 
Fe-metal, chromite, and a phosphate. 

Plagioclase occurs as large crushed but rewelded grains that are 
irregularly zoned from An88or1 to An61or6 (Fig. IX-8). The more sodic
portions tend to be near silica-potassium feldspar intergrowths. Within 
grains the composition fluctuates over distances of a few tens of 
microns, with variations on the order of 2 or 3 mol percent An; this 
may be a result of crushing and rewelding. The plagioclase is rarely 
twinned. About 20% of the granite is ferroaugite that-is exsolved 
into parallel lamellae about 1-3µ wide (Fig. IX-9a). Microprobe 
analyses of the pyroxenes (Fig. IX-l0a, Table IX-2) cluster into two 
compositions corresponding to the two sets of lamellae. The ferro
augites are unzoned. They contain a little less than 1% Tio2 (Fig.
IX-lla) and have low chrome contents (Fig. IX-llb). Ti/Al ratios
scatter, but are mainly of the order of 1/2 (Fig. IX-llc); higher
values may suggest the local presence of Ti3+ and therefore of highly
reducing conditions during crystallization (Bence and Papike, 1972).
The grains are irregularly shaped as a consequence of crushing and
contain inclusions of opaques and irregular patches of silicic glass.
A separate, smaller, lath-like pyroxene of unknown composition occurs
in association with the ilmenite and Si-K-rich mesostasis.

The silica polymorph occurs as large, crushed, discrete, some
times platy grains with the characteristic fracture pattern of cristo
balite (Fig. IX-9b), as well as in fine-grained intergrowths with 
potash feldspar. Single grains are brownish and rarely free of minor 
inclusions of feldspar, pyroxene, and opaque phases. The intergrowths 
of potassium feldspar and silica are usually very fine, on the order 
of a few microns. More rarely, regions with lamellae up to 10µ wide 
are present (Fig. IX-9c). Optically these intergrowths consist of bars 
of silica, potassium feldspar, and a silica-rich glass. Defocussed
beam analyses indicate the presence of phosphorous in these regions, 
although discrete grains of phosphate are rare. The intergrowths are 
very porous (10-20%) making defocussed-beam analysis difficult. 

Ilmenite occurs in grains up to 200µ in dimension which are irre
gularly shaped, consisting of intergrowths of separate crystals with 
different o�ientations set in a mesostasis of fine-grained Si-K-rich 
material (Fig. IX-9d). Some of the ilmenites form chains in association 
with euhedral pyroxene, Si-K-rich glass, and phosphates. Troilite and 
Fe-metal occur as blebs, sometimes spherical, embedded in other mineral 
grains, particularly in pyroxenes (Fig. IX-9e). Nickel concentrations 
are very low (Ni< 0.01%) in the Fe-metal, and the Co/Ni ratios are high 
(�25), suggesting a non-meteoritic origin. Chromite is r.are and occurs 
in tiny laths or blebs. Some chromite is rimmed, but the difference in 
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Figure IX-1. 
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a) The 3-meter boulder from which 15405 was taken. The
view is downslope to the north from Station 6A, the highest
point reached on the Apennine Front. (NASA photograph 15-12188.) 

b) Sketch map of the scene in the photograph. Samples 400-
404 were of greenish soil that partially covered the boulder.
(From Swann et al., 1971, p. 153.)



Table IX-1. Thin sections used in this study. 

NASA No. SAO No. Lineage and Parentage Description 

15405,11 997 Lithology OSX; matrix and 

,12 996 
,1 .... ,o 

clasts, including granite 

and KREEP basalt 

,54 991 
,so ,8 +,O 

Lithology 05A; matrix and 
.... 

small clasts ,55 992 

,56 993 Lithology 05B; KREEP-rich 

,57 994 ,52 .... ,8 .... ,o quartz-monzodiorite 

,68 995 Lithology OSX; matrix and 

,69 1000 ,61 .... ,7 +,O clasts, including granite{?), 

,70 1001 KREEP basalts, and KREEP-rich 

quartz-monzodiorites 
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Figure IX-2. Orthogonal views of 15405,0. 
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Figure IX-3. Surface maps of 15405,0 showing sites of located matrix 
chips ,41 to ,46. 
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Figure IX-4. Photographs and maps of some of the main subdivisions of 
15405. 
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Figure IX-5. a) Close-up view of a quartz monzodiorite clast in the
T1 surface of 15405,6. {See Fig. IX-4 for photo and map 
of 15405,6. 

b) Small chips of quartz monzodiorite from sample 15405,8
{See Fig. IX-4) .



Table 

Si02
Tio2
Al2o3
Cr203
FeO 
MgO 
cao 

Total 

Mol. % 

Comp. 

IX-2. Microprobe analyses of mafic minerals in 15405 lithic 

1 2 3 4 5 6 7 8 

50.81 48.41 50.81 50.40 54.60 53.94 52.06 51.13 
0.74 0.69 1.01 1.31 0.61 0.72 1.05 1.32 
1.17 o. 77 1. 24 0.83 3.47 1.47 1.40 1.59 
0.21 0.21 0.41 0.24 1.05 0.65 0.90 0.43 

21.76 29.80 23.16 29.46 9.80 15.16 20.54 20.48 
8.03 8.50 7.93 10.26 30.92 26.48 19.41 13.06 

16.81 9.31 16.12 8.35 1.26 2.34 5.04 12.37 

99.53 97.69 100.68 100.85 101. 71 100.76 100.40 100.38 

En25 En27 En24 En31 En93 En72 En56 En39
Wo37 Wo21,

W036 Wol8 Wo2 Wo5 WolO Wo27 

1,2. Representative analyses of 2 lamellae sets in granite pyroxenes; 
15405,12. 

3,4. Representative analyses of 2 lamellae sets in KREEP-rich quartz
monzodiorite pyroxenes; 15405,56. 

5-8. Pyroxenes in KREEP basalt C-1; 15405,12.

9. Olivine in KREEP basalt C-1; 15405,68. High CaO is probably
due to plagioclase backscatter.
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39.83 
0.10 
0.16 
0.32 

18.06 
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0.33 
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Figure IX-6. The slabbing of 15405,0, showing views of all freshly 
sawed surfaces. 



chemistry between core and rim has not been ascertained because of the 
small size of the grains. Phosphate phases are small and rare, and are 
generally visible only in association with ilmenite grains, though de
focussed beam analyses show P to be present in the Si-, K-rich glassy 
phases of the granites. 

The coarse grain size, the overall fragment size, and the porosity 
of the silica - K-feldspar intergrowths make the composition given by 
defocussed-beam analysis an estimate at best. The analysis given in 
Table IX-3 probably underestimates the amount of potassium feldspar 
(and therefore of K2O and Al2o3) because of the porosity of this miner-
al. The amounts of iron, magnesium, and phosphorous are very high com
pared to other lunar granite fragments, and the MgO/(MgO+FeO) ratio is 
correspondingly high (cf. Drake et al., 1970; Brown et al., 1972; and 
Ryder et al. 1975). Wood et al. (1971) reported a similarly Fe- and 
P-rich fragment from Oceanus Procellarum.

KREEP-rich uartz monzodiorite - Litholo 05B. A few fragments (up 
to 1 cm in diameter in 15405 are black and white with an igneous tex
ture (Figure IX-Sb). Two thin sections ("-'3 mm dimension) were pre
pared from one of them. The fragment sectioned has a grain size and 
texture (Figure IX-12a) similar to coarse-grained basalt, but the pyr
oxenes are unzoned and exsolved, and the fragment lacks any mesostasis; 
it is evidently a plutonic rock. Mineralogically the fragment is sim
ilar to the granites, but contains more ilmenite and phosphate, and 
has less of the silica ·mineral (about 5 or 10%; Figure IX-12b). It is 
similar to the sodic ferrogabbros described from breccia 67915 (Roedder 
and Weiblen, 1974), though the ferrogabbros contain little phosphate 
and appear to be much finer grained. "Ferrogabbro" is an inappropriate 
term for the silica- and potassium feldspar-bearing rock type des
cribed here, which approximates quartz monzodiorite in the classifi
cation of Streckeisen (1973). Considerable uncertainty is attached 
to its bulk composition because of its coarse grain size and the small 
dimension of the thin sections. The fragment, unlike the granite, is 
not crushed. Apart from the specific fragment sectioned, small frag
ments of similar material are fairly abundant in the thin sections of 
the bulk rock (Lithology 0SX). However, we not e that distinctions 
between granites and quartz monzodiorites are not easily made in small 
fragments. 

The KREEP-rich quartz monzodiorites consist mainly of plagioclase 
(N30%), clinopyroxene (N40%), a silica mineral (cristobalite?) and 
potassium feldspar (together, N20%), ilmenite, and whitlockite. Minor 
phases are Fe-metal and zircon. Troilite has not been observed. 

Plagioclase occurs as laths and stubby grains with analyzed com
positions ranging from~An82or0 5 to NAn50or6 (Table IX-8b). Few
analyses have been made, however, and the full �ange may be wider and 
broadly similar to the granites. Coarse (1-2 mm) unzoned clinopyrox
ene is abundant and is very similar to that observed in the granites. 
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A microprobe trace for calcium, perpendicular to the larnellae (Figure 
IX-13), confirms that exsolution on a scale similar to that of the
granite pyroxenes and with similar compositions (Figure IX-l0b, Table
IX-2) is present, but with the apparent difference of a less-calcic
endmernber (however, this may be an artifact of the resolution of the
microprobe). The minor element chemistry is also similar to that of
the granite pyroxenes.

The manner of occurrence of silica and potassium feldspar re
sembles that of the granites, consisting of intergrowths of the two 
minerals and individual grains of silica. Small single grains of 
potassium feldspar are rare. Ilmenite occurs in large grains (Figure 
IX-12b) which are sometimes twinned and sometimes intergrown with a
Si-, K-rich "cement," as in the granites. Large (,..,500).i) grains of
REE-rich whitlockite (Nd2O3 ~3.0%, Ce2o3 ~2.5%) are common (Figure
IX-12b) and occasionally enclose small grains of pyroxene and potassium
feldspar. Such coarse phosphates are absent from the granites. 

Iron metal is scattered through the pyroxene as small blebs. 
The pyroxene exsolution boundaries are littered with extremely fine 
disseminations. Wormy Fe-metal intergrowths resembling those in the 
granites are contained in the ilmenites. The metal has not been an
alyzed, but the similarity of its occurrence suggests it has a com
position similar to metal in the granite, i.e., a low nickel content. 
Euhedral crystals of zircon (Figure IX-14a)are embedded in the silica -
potassium feldspar intergrowths; they are sometimes skeletal and are 
up to 100.fl long. One polycrystalline patch of zircons, 50)A. in diameter, 
appears on cursory inspection to be opaque; it was initially identified 
as chromite (Ryder, 1976, in press). 

A defocussed-beam analysis of this lithology has not been made, 
because the coarseness of the fragment studied makes it so poorly 
representative of its parent. Compared to the granite in 15405, Tio2
and P2O5 must be higher, and SiO2 and K2O must be lower, according to
the modal mineralogy. A similar black-and-white clast was analyzed by 
energy-dispersive x-ray techniques in an SEM (J. A. Wood); this very 
approximate method yields a composition of .-v60% Sio2, .-v3% K2o, and
�10% FeO, consistent with the observed mineral abundances. The other 
black-and-white clasts are presumably similar. 

KREEP Basalts. Alurninous basaltic-textured fragments are abundant in 
Lithology 05X. Examples are shown in Figures IX-15a and -b. The 
basalts are texturally and mineralogically similar to other Apollo 15 
KREEP basalts (feldspathic basalts of Dymek et al., 1974). Defocussed
beam analyses of this lithology are given in Table IX-3. (The original 
DBA's sum to less than 100%, probably because the fragments analyzed 
are generally fractured and plucked. Where analyses of individual 
areas were clearly affected by missing sample surface, they were re
calculated to 100%. The analyses in Table IX-3 are averages of a num
ber of analyzed areas, many corrected in this fashion, and should be 

82.



considered approximate.) The basalts all have quartz-normative 
Medium-K Fra Mauro Basalt compositions. No correlation of composition 
with texture or grain-size is readily apparent. 

The grain-size varies from clast to clast (Figures IX-15a-h). 
The coarsest-grained clasts contain pyroxene and plagioclase crystals 
up to 1 mm long (Figure IX-15a), whereas in the finest-grained varieties 
the crystals are less than 100),l long (Figure IX-15h). Nearly all of 
the basalts are subophitic, though some have a coarse variolitic 
texture (Figure IX-15d), in part similar to the "ladder-structure" 
of Dymek et al. (1974). All contain a glassy mesostasis, tending 
towards an intersertal texture, and in some varieties the plagioclase 
consists of zones of large laths and zones of small laths (Figure IX-15f). 

The basalts contain rJ50% plagioclase and �40% pyroxene, the re
maining 10% consisting mainly of interstitial ilmenite, a silica min
eral (cristobalite?), phosphate, glass, and (rarely) zircon. One 
olivine grain has been observed and analyzed. Plagioclase occurs 
mainly as a partial framework of laths (Figures IX-15a-h), but more 
blocky varieties are also present. Some of the laths are slightly 
curved; zoning is normal. The earliest plagioclase to crystallize 
in the coarsest basalts has a composition of An88_89, in contrast to
that in the finer-grained basalts, which is Ans5-86 (Figures IX-Be 
through -Bf). The most sodic plagioclase analyzed is An76• FeO con
tents (0.30 - 0.54 wt. %) and MgO contents (Q.20 - 0.27 wt. %) of the 
plagioclases are lower than for mare basalts. Pyroxene, which sub
ophitically encloses plagioclase laths, is zoned from En84wo2 through
pigeonites to late augites. Pyroxene compositions (Table IX-2, Figure 
IX-10) are similar in all the clast analyzed, regardless of differences
in texture and grain-size. The central cores of some of the pyroxenes
are optically identifiable as orthopyroxene. A distinct optical dis
continuity exists at the borders of pyroxenes in the coarse-grained
basalts (Figure IX-14b); the border is enriched in calcium relative to
the pigeonite cores, and in contrast to the smooth zoning in the cores,
the borders show erratic zoning patterns (Figure IX-l0f). A similar
occurrence was noted in the Apollo 17 KREEPy basalts (Stoeser et al.,
1974). The early pyroxenes have high Al2o3 contents (3.0 - 3.5 wt.%);
Al2o3 content decreases with progressive crystallization, but rises
again in the later stages as the pyroxene becomes augitic (Figure 
IX-16). Tio2 increases regularly with crystallization, whereas cr2o3
decreases (Figure IX-16). Minor element variations in the pyroxene are
much less erratic than in the Fra Mauro basalt 14310. A single grain 
(50).l) of early-crystallizing olivine is embedded in a plagioclase in 
a KREEP basalt clast of 15405,68 (Figure IX-14c). The olivine is Foao 
(Table IX-2), and is therefore similar to the olivine experimentally 
produced on the liquidus of a model KREEP basalt composition by Green 
et al. (1972). 

Cristobalite (?), ilmenite, and a phosphate mineral occur as inter
stitial phases; these have not yet been analyzed. They all crystallized 
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prior to the solidification of a residual honey-brown silicic glass 
(Table IX-3) in which evidence of immiscibility is lacking, with the 
exception of extremely rare occurrences of tiny globules of Fe-metal 
and troilite. Zircon has been optically identified as a crystalline 
phase in some of the glasses. 

The inferred paragenetic sequence for the 15405 KREEP basalts is: 

(01) ➔ Pl + low-Ca Px .,_., Pl + high-Ca Px ---:;.. Pl + Px + Cr + Ilm + Ph

-� Residual Si,K Glass + Zircon.

No systematic variations among the chemistries of the KREEP basalt 
fragments have yet been recognized, and it is not known whether the 
fragments are (a) related by differentiation from a common parent in a 
single cooling unit; (b) individual cooling units with similar parents, 
or (c) individual units with different parents. If (a) is the case, 
then the finest-grained varieties are expected to represent a chilled 
margin, and the coarser varieties to be partial cumulates. The low 
accuracy of the DBA's precludes any definitive statement as to the relat
ionships of the basalts at this time, but there is no obvious relation
ship to a single cooling unit. There is no particular reason to believe 
the basalts are impact melts, and we currently interpret them as the 
products of partial melting in the lunar interior, which crystallized 
either at shallow depth or on the lunar surface. 

Olivine vitrophyre. The serial thin sections 15405,11 -,12 contain a 
1.3 mm olivine vitrophyre fragment. The fragment (Figures IX-14d,e) 
consists of euhedral skeletal crystals of olivine, 100 - 200 in length, 
embedded in a groundmass of lathy olivines and plagioclases, and glass. 
Minor Fe-metal is also present. The olivine phenocrysts are zoned; 
compositions range from Fo91 to Fo85 in the larger phenocrysts, and
from Foa7 to Foa3 in the smaller ones. Groundmass olivines range from
Foa3 to Fo77• The larger groundrnass plagioclases are rather constant
in composition, about An81_82or1_2• The full range of 13 analyses is
Ana4 to An80• A DBA of the olivine vitrophyre is given in Table IX-3.
This lithology is very magnesian (MgO,...,22%), but it contains a sub
stantial KREEP component (K2O "-'0.35%, P2o5 ~0.35%), most of which is
in the glass phase. This combination of MgO with KREEP is unique 
among lunar rocks that have been described; the composition is diffi
cult to relate either to KREEP basalts or mare basalts. It may be a 
polymict impact melt rock (note the high level of Ni in its DBA) con
taining a substantial ()50%?) meteoritic component. However, a volcanic 
origin cannot be ruled out. 

Fayalite - Fe-metal - silica.bearing clasts. Two small (<700�) frag
ments in 154 05, 69 are distinctive. One ( 650,JA.) consists of a large 
fayalitic olivine with veinlike patches of intergrown Fe-metal and 
silica, and rare troilite. Olivine within 2Q,U..of the Fe-metal/silica 
intergrowth is Fo30 while further away it is Fo15, suggesting that the
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1 cm 

Figure IX-7. a) Thin section 15405,12 (transmitted light). Black, fine-grained

igneous groundmass containing fragments of granite (g), Apollo 15-

type KREEP basalt (k), and an olivine vitrophyre.

b) Composite of large granite clast in 15405,12 (transmitted light).

Major mineral phases visible are plagioclase (Pl), pyroxene (P), and

a silica mineral (S). Potassium feldspar, intergrown with some of

the silica, and Si-K glass are also present, but not clearly visible.

Note also the olivine vitrophyre fragment (0).
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Figure IX-9. Photomicrographs of phases in granite. a) Exsolved ferro
augite (transmitted light). b) Silica (dark gray with 
curved fractures), plagioclase (dark gray), and pyroxene 
(light gray) (reflected light). c) Silica-potash feldspar

intergrowth (crossed polarizers). d) Ilmenite (bright)
with Si-K fine-grained mesostasis (reflected light). 
e) Fe-metal and troilite (white) in pyroxene (reflected
light).
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Figure IX-11. 
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' 

Figure IX-12. Composite photomicrographs of thin sections of a black-and-white clast 

(KREEP-rich quartz-monzodiorite). a) 15405,56 (crossed polarizers), 

showing plagioclase laths (white), pyroxene (gray, lamellae structure), 

and ilmenite (black). Texture is essentially coarse basaltic, but 

pyroxene is unzoned. b) 15405,57 (reflected light), showing pyroxene 

(Px, light gray), plagioclase (Pl), a silica mineral, and potassium 

feldspar (Si-K, dark gray), whitlockite (W, medium gray), and ilmenite 

(white). 



Table IX-3. DBAs of materials in 15405. 

1 2 3 4* 5* 6* 7* 8 9* 10 11 12 

Si02 68.08 70.81 so.so 54.68 52,39 51.63 52.12 50.37 51.89 49.65 48.34 45.51 
Ti02 0.90 0.80 0.69 2.32 3.90 1.41 1.49 1. 77 1.61 1.61 2.21 0.84 
Al203 10.15 11.95 16.25 17.57 14.92 15.98 16.20 16.84 15.20 14.64 15.39 13.58 
Cr203 0.06 0.01 0.29 0.06 0.16 0.26 0.23 0.22 0.39 0.04 0.20 0.21 
FeO 6.99 3.60 8.48 6.67 9.46 8.23 .0.ss 7.58 9.30 10.67 11.18 9.34 
MnO 0.12 0.05 0.07 0.08 0.13 0.16 0.12 0.10 0.13 0.15 0.18 0.05 
MgO 1.53 0.12 10,54 4.13 6.39 10.39 8.70 7.74 9.39 8,27 7.00 21.88 

·cao 4.89 2. 71 9.44 11.77 10.34 10.01 10.77 10.06 10.17 11.08 11.16 7.06 
Na2O 0.79 0.72 0.72 1.06 0.74 0,84 0.92 0.89 0.80 0.84 1.07 0.74 
K20 3.39 5.13 0,53 0,52 0,68 0.51 0.59 0.76 0.55 0.67 0.65 0.34 
Bao 0.45 0.86 0.13 0.20 0.32 0.14 0,15 0.20 0,15 0,16 0,15 0.10 
P205 0.52 0.49 0.25 0.87 0,50 0,36 0.28 0.49 0.41 0.54 1.41 0.35 
Ni --- --- 0.10 0.01 0,01 0.01 0,01 o.oo 0.03 --- 0.00 0.09 
s --- --- 0.07 0,05 0,09 0.,04 0,07 0.07 0.05 --- 0.21 0.11 

Total 97.87 97.25 98.08 99,99 100,00 99.97 100.00 97.09 100.07 98.32 99.40 100.19 

It points 54 2 19 18 21 22 5 22 10 30 5 20 100µ beam 

MgO/Mgo+FeO .18 .03 .ss .38 .40 ,56 .so ,51 .so .44 .39 .71 
CX) 

wt.% Norm 
Fo --- --- --- --- --- --- --- --- --- --- --- 26.7 
Fa --- --- --- --- --- --- --- --- --- --- --- 8.3 
En 3.9 0.3 26.8 10.3 16.0 26.0 21.7 19.9 23.5 21.0 17.6 16.3 
Fs 11.8 5.6 14.5 8.3 10.7 12.7 13.0 11.1 14.1 17.5 16,4 4.6 
Wo 2.9 --- 2.4 4.6 5.3 3.8 5.5 3.0 4.8 7.3 4.6 0.0 
Or 20.6 31.5 3.2 3.1 4.0 3,0 3.5 4.7 3.3 4.0 3.9 2.0 
Ab 6.9 6.3 6.2 9.0 6.3 7.1 7.8 7.8 6.8 7.2 9.1 6.3 
An 14.5 10.6 40.4 41.8 35.6 38.5 38.4 41.0 36.4 34.9 35.7 32.7 
Ilm 1.8 1.6 1. 3 4.4 7.4 2.7 2.8 3.5 3.1 3.1 4.2 1.6 
Cr 0.1 --- 0.4 0.1 0.2 0.4 0.3 0.3 0.6 0.1 0.3 0.3 
Qz 36.4 41.5 3.9 16.2 13.1 5.0 6.1 7.4 6.5 3,5 4.3 

Ap 1.2 1.2 0.6 2.0 1.1 0.8 0.6 1.1 0.9 1.3 3.2 0.8 
Tr --- --- 0.2 0.1 0.2 0.1 0.2 0.2 0.1 --- 0.6 0.3 

1. Granite; 15405,12 7. KREEP basalt c-7; 15405,69
2. Mesostasis glass, ICREEP basalt C-1; 15405,12 8. KREEP basalt C-2; 15405,68

Norm includes 1.5% corundum 9. KREEP basalt c-5; 15405,68
3. KREEP basalt C-1; 15405,12 10. KREEP matrix; 15405,12
4. ICREEP basalt C-14; 1�405,69 11. KREEP matrix; 15405,69
5. ICREEP basalt C-12; 15405,69 12. Olivine vitrophyre; 15405,12
6. ICREEP basalt C-11; 15405,69

*Point normalized analysis (see text).



Fe-metal and silica are the products of reduction of the olivine 
(El Goresy et al., 1972), with magnesium being partitioned into the. 
olivine. The other clast (N500Jl) is finer-grained and more complex. 
It consists of N40Jl.crystals of iron-rich olivine (NF015,�35%), pyroxene 
(En23wo38,N25%), and silica (N25%), intergrown in an equigranular tex
ture. Fe-metal (5-10%) is intergrown with some of the silica; ilmenite, 
troilite, and (rarely) a phosphate mineral are minor phases. The tex
tures indicate that only a minor portion of the silica is the product 
of olivine reduction, and that most is primary. The mineral chemistry 
of these clasts is currently under detailed investigation, and will be 
discussed elsewhere (see Subsection on Immiscibility considerations, 
below). 

White clasts in 15405. White, apparently anorthositic, granular frag
ments are macroscopically visible in 15405, but ANT lithologies have 
not been observed in thin sections. Ganapathy et al. (1973) published 
trace element data from a white fragment; if we adopt the K/U data of 
Lovering and Wark (1975), the U content of this fragment points to a 
K2O content of at least 0.8% and possibly much more, demonstrating that
the fragment is KREEP-rich. Thus this particular fragment could be a 
KREEP anorthositic norite, a very coarse KREEP basalt, or even a granite. 
The present evidence suggests that all fragments in 15405 are either 
granites or other KREEP-rich rocks, rather than anorthositic gabbros or 
other ANT-suite rocks. 

KREEP groundmass - Lithology 05A. The 15405 groundmass consists of a 
fine-grained variolitic igneous rock (F-igure IX-14f) with a KREEP basalt 
composition (Table IX-3). The abundance pattern of trace elements 
(Ganapathy et al., 1973, and this volume) indicates the presence of an 
appreciable meteoritic component. Undevitrified glass has been observed 
in the matrix (Apollo 15 PET, 1972), which is vesicular. This is in
compatible with a high-grade metamorphic origin; on textural grounds, 
the groundmass is interpreted here as an impact melt rather than as a 
recrystallized breccia, as was originally proposed (Apollo 15 PET, 
1972). Older breccias and ANT-suite materials were absent from the 
target rock, which apparently consisted entirely of KREEP rocks. 

INTERPRETATIONS 

Petrogenetic relationships of the rock types in 15405: a KREEP pluton. 
It is possible that the granites and the KREEP-rich quartz monzodiorites 
in 15405 are merely non-representative fragments of the same parent 
rock. However, the abundances of whitlockite and ilmenite, the presence 
of zircon, and the absence of troilite in the KREEP-rich quartz monzo
diorites suggest that the two lithologies are not from an identical 
source, even though the pyroxenes in them are very similar in compos
ition. They certainly do not represent immiscible components of a 
residual liquid, since both are felsic. They are more likely to be 
closely related by a differentiation mechanism, the more silicic and 
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sulfur-bearing granite being the later phase. 

The close spatial and chemical association of the rock types in 
15405, and the absence of other familiar highlands rock types, suggests 
a genetic link, with the silicic rocks representing the residual liquid 
from the fractional crystallization of a magma of KREEP basalt compos
ition. The KREEP basalt fragments in 15405 do contain a granitic 
residual glass. Mineralogical data support this interpretation: the 
compositions of the pyroxenes in the granites and the KREEP-rich quartz 
monzodiorites form a continuation of the trend observed for the KREEP 
basalts (Figure IX-10), and their compositions overlap those of the 
basalts (though more albitic varieties are also present) (Figure IX-8). 
The granites are not compositionally identical to the mesostasis glass 
of the KREEP basalts, however. The granites contain more calcium and 
magnesium than the mesostasis, and are less fractionated (Table IX-3). 
This suggests that the granites were not simply a residual vein system 
that would have been similar to, or more silicic than, the KREEP basalt 
mesostasis glass, but which evolved under slower cooling conditions. 
The concept of a plutonic origin for the granites is strongly supported 
by the coarse grain sizes that were attained in a liquid as viscous as 
a dry lunar silicic melt would have been, the lack of zoning in the 
pyroxenes, and the exsolution of the pyroxenes. The present evidence 
suggests that the impact which created the 15405 boulder struck the 
upper part of a KREEP-magma pluton in which the KREEP basalts could be 
considered equivalent to the Upper Border Zone of the Skaergaard in
trusion; the granites and other KREEP-rich coarse-grained rocks were 
from deeper levels in the pluton. A better analogy than the Skaergaard 
might be the Dufek intrusion, Antarctica (Ford, 1970). The absence of 
contamination by breccias and ANT-suite rocks clearly indicates that 
the hypothetical pluton existed at very shallow depths in the lunar 
crust. Possibly the upper KREEP basalts were completely surficial and 
the pluton crystallized under its own cover of volcanic flows (Figure 
IX-17), much as the terrestrial Boulder Batholith did. While the
olivine vitrophyre fragment .is exotic in this model, the crystallization
of the proposed KREEP-magma pluton could have produced KREEP anortho
sites in addition to KREEP norites and granites. If fragments of KREEP
norites and anorthosites are found in further study of samples from
15405, they will tend to substantiate the proposed model.

Immiscibility considerations. A number of investigators who have ob
served immiscibility in lunar basaltic mesostases (Roedder and Weiblen, 
1970, 1972), or have produced such immiscibility experimentally 
(Rutherford and Hess, 1975), have proposed that lunar granites formed 

by the segregation of a silica-rich liquid from an iron-rich one. In 
the present case, if the granites did form as the residual liquid of 
a KREEP basalt magma, it is unlikely that immiscibility was involved: 
the silicic rocks represent a stage of differentiation earlier than 
that of the KREEP basalt residual glass, and no evidence of immiscibility 
has been found in the latter. Immiscibility is a very efficient pro
cess (Ryder et al., 1975), and the high contents of iron, magnesium, 
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and phosphorus in the granites and KREEP-rich quartz monzodiorites 
strongly argue against any efficient removal of these elements. Pre
sumably the partitioning of these elements into the iron-rich phase 
would have been even more efficient under plutonic conditions than it 
is in immiscible residues observed in basalts. 

In addition, no whitlockite-pyroxenite fragments, which would 
represent the complementary product of immiscibility, have been ob
served in the 15405 thin sections. (The two small iron metal-bearing 
fragments described above could represent such complementary products. 
However, the one clast is merely a partly-reduced olivine, and the 
other appears to be too rich in silica and too poor in phosphates to 
be such a product. Given the sizes of these fragments, a conclusion 
either that they do or that they do not represent immiscibility products 
is a long extrapolation. They could represent normal late-stage 
differentiation products.) 

A. J. Irving (personal communication) has suggested that the pro
duction of granitic residues without immiscibility may be a consequence 
of the high silica contents of Apollo 15 - type KREEP basalts; observ
ations and experimental studies of immiscibility have been restricted 
to rocks with lower silica content (�, mare basalts and 14310; 
Roedder and Weiblen, 1970, 1972; Rutlierford and Hess, 1975). 

Implications for lunar granite petrogenesis. An association between 
granitic fragments and other KREEPy rock types has frequently been 
reported (�., Sclar et al, 1974), and this evidence has led previous 
workers to suggest that lunar granite is a KREEP basalt differentiate 
(Brown et al, 1972, and Meyer, 1972). Co-existence of these rock types 

and the otherwise limited association in 15405 strongly suggest the 
existence of a KREEP basalt - granite differentiated pluton in the 
Imbrium region; presumably other such plutons also exist in the moon. 
Although the size of these plutons is unknown, they are probably re
stricted to the Imbrium-Procellarum region: KREEP compositions and 
granite are rare at the Apollo 16 and Luna 20 sitBs, but are not 
uncommon at the Apollo 12, 14, and 15 sites. Exsolved pyroxenes sim
ilar in composition to those described here have been reported in 
fragments of granite from the Apollo 12 soils and in the granitic 
breccia 12013 (Drake et al., 1970). The orbital gamma-ray experiment 
emphasizes this concentration of KREEP-rich rocks in the west-nearside 
quadrant of the moon. The granites and KREEPy basalts found in Boulder 
1, Station 2 at the Apollo 17 site seem to be an exception (Ryder et al.,· 
1975, 1976), but the soil studies and the orbital gamma-ray experiment 
indicate that these components are not abundant at that site. 

A severe problem in addressing this issue has been that lunar 
granite fragments are small, and in general probably non-representative 
of their parent granites because of their coarse grain-sizes, degree of 
mechanical degradation, and/or their degree of remelting. Thus they 
provide little direct evidence of their own petrogenesis. The mechani-
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cal fracturing of granitic rocks into fragments produces an effective 
bias towards silicic compostions, because the fragments that do not 
contain silica and/or potassium feldspar (which is frequently inter
grown with silica) are not recognized as granitic. Phosphates may 
also be systematically removed from granitic fragments during degrad
ation, since they are softer than the other components. For this 
reason evidence on the petrogenesis of lunar granites has generally 
been indirect. Because 15405 to a large degree alleviates the problems 
both of representative sampling and of genetic associations, and be
cause the evidence in this rock strongly supports a model previously 
proposed on more tenuous grounds (Brown et al., 1972; Meyer, 1972), 
this model of lunar granite production from plutonic KREEP basalt 
differentiation may be of general, rather than merely specific, appli
cability. 

Implications for KREEP basalt genesis. The target rock for the impact 
that created the boulder from which 15405 was collected, was a KREEP 
basalt pluton that had retained its integrity from the time of its 
crystallization until the time of the impact; gardening and mixing 
with other highlands rocks had not taken place. This has two important 
implications. 

First; a large amount of KREEP basalt magma existed at or very 
close to the surface of the moon at one time (the magma for the 15405 
pluton did not flow out in thin layers as did mare basalts). There are 
two possible ways to produce such a magma on the moon: by internal 
melting of the moon, or by impact melting of a large volume of crustal 
rock that already had the KREEP basalt composition. If it is assumed 
that the KREEP basalts associated with the granite pluton are related 
to other KREEP basalts at the Apollo 15 site, the impact melt origin 
seems unlikely because of the low siderophile element contents of the 
latter; the chilled finer-grained basalts should retain their upper
crustal meteoritic contamination signature even if the coarser-grained 
varieties cooled slowly enough to allow siderophile segregation. Such 
a signature has not been found to date (see, for example, Morgan et al., 
1973). Further, Apollo 15 - type KREEP basalt has a composition close 
to the peritectic in the system Fo-An-Si (Walker et al., 1973), indi
cating that it is a partial melt. Impact events tend to produce total 
melting rather than partial melting (Grieve et al., 1974), and it is 
unlikely that a large amount of the upper crust (the potential target 
rock) was coincidentally of a peritectic (KREEP basalt) composition 
rather than being similar to lunar soil compositions. Thus the preferred 
interpretation is that the necessarily large amount of KREEP basalt 
liquid was produced by internal melting of the moon. 

The second implication concerns the age of this KREEP internal 
melt: since the shallow-level pluton retained its integrity between 
crystallization and the 15405-producing impact, either the meteoritic 
flux must have been low or the time interval was very short. Nyquist 
et al. (1973, 1974) interpret the whole-rock Rb-Sr isochron age of 
Apollo 15 KREEP basalts of ~4.3 b.y. as the original age of extrusion 

89.



+-

C 

Q) 
(.) 

� 

Q) 

0. 

0 

E 

0 

3: 

Q) 
+-
C 

E 
)( 

0 
� 

0. 

0. 

<t 

40 

10 

Ca (Ka) trace 

15405, 56 

Pyroxene 

507-096

10 microns 

Figure IX-13. Calcium rnicroprobe trace perpendicular to larnellae in 
exsolved pyroxene of KREEP-rich quartz-rnonzodiorite. 



Figure IX-14. a} Euhedral zircons (_light gray) in Si-potassium 
feldspar intergrowth in KREEP-rich quartz-monzo
diorite (reflected light). 

b) Zoned pyroxene in KREEP basalt; 15405,68, Clast 1.
Pigeonite core (c) is surrounded by an augite rim (r)
with a distinct optical discontinuity (dashed line).
Plagioclase (pl). Crossed polarizers.

c) Olivine (o) enclosed in plagioclase (pl} in KREEP
basalt; 15405,68, Clast 1. Pyroxene (px). Bottom
right is KREEP groundmass of 15405. Reflected light. 

d) Olivine vitrophyre; 15405,12. Skeletal euhedral 
phenocrysts of olivine set in a groundmass of olivine, 
plagioclase, and glass. Crossed polarizers. 

e) Olivine vitropyre; 15405,12. Olivine phenocrysts
(o) set in a groundmass of olivine (light gray),

plagiocl_ase (dark gray) , and glass (very dark gray) •
Minor Fe-metal (white) is also present. Dark high
relief areas are holes. Reflected light.

f) Groundmass of 15405, showing variolitic igneous
texture with plagioclase laths (dark gray), pyroxene
laths (light gray), and ilmenite laths (white).. Tiny
interstitial angular patches of glass (very dark gray)
are common. Reflected light.
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Figure IX-14. 



Figure IX-15. KREEP basalt fragments in 15405 showing 
variations in texture and grain size. 
Most are subophitic. All to same scale 
(crossed polarizers). 

a) 15405,12, Clast l; subophitic.

b) 15405,70, Clast 9; subophitic.

c) 15405,70, Clast l; subophitic. Note 
curved plagioclase (center).

d) 15405,12, Clast 9; partially variolitic.
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Figure IX-15.



Figure IX-15, cont'd. e) 15405,69, Clast 4; ophitic-subophitic.

f) 15405,12, Clast 3; subophitic-intersertal.
Note variable grain size.

g) 15405,70, Clast 13; subophitic-intersertal.

h) 15405,70, Clast 2; subophitic.
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Figure IX-15, cont'd. 
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of the basalts, and the internal isochron and 40Ar- 39Ar ages of 
3.90 - 3.95 b.y. (Nyquist et al., 19 73, 19 74; Turner et al., 19 73) 
as a remelting or metamorphic age. It seems unlikely that a shallow
level pluton could retain its integrity if it crystallized as early 
as ~4.3 b.y. ago and the 15405 boulder was not created until the end 
of the high - meteorite flux period, around the time of the Imbrium 
event some 0.3 - 0.4 b.y. later. On the other hand, if the 15405 
boulder was created 4.3 b.y. ago by an impact into the newly crystall
ized pluton, it is unlikely that the boulder itself could have sur
vived the continuing meteoritic flux. While either of these events 
is possible, they are unlikely; it is more probable that the KREEP 
basalts were extruded at the time indicated by their internal Rb-Sr 
isochron and 40Ar-39Ar ages, i.e., ~3.90 - 3.95 b.y. ago, and the 
15405 boulder was created at some later time. A 40Ar - 39Ar age for 
the matrix of 15405, dating the time of its creation, is highly de
sirable, but not yet available. 

Further evidence that Apollo 15 KREEP is not an ancient highland 
volcanic rock is provided by the association of KREEP basalts and mare 
basalts, to the exclusion of lunar highland rock types, in soil breccia 
15205 (Dymek et al., 19 74); volcanic flows of 4.3 b.y. age could scarcely 
be expected to survive bombardment without mixing with highland rock 
types for 0.3 b.y., only to mix with mare basalt rock types later. 
Evidently a distinctive late KREEP basalt and KREEP plutonic geologic 
unit exists at or near .the Apollo 15 site, possibly underlying the 
thin mare basalt cover. This unit was extruded from the interior of 
the moon approximately contemporaneously with early mare-type volcanism 
as represented by the high-alumina mare basalts at the Apollo 14 site 
(Grieve et al., 19 75; Ridley, 19 75). If this interpretation is correct, 
then according to the arguments of Nyquist et al. (19 74), the KREEP 
basalts did riot result from the partial melting of materials similar 
to known anorthositic norites, but of materials with a higher Rb/Sr 
ratio (>0.06). 

SUMMARY 

15405 contains granites, KREEP-rich quartz monzodiorites, and 
KREEP basalt fragments as xenoliths in a vesicular impact melt of KREEP 
basalt composition. This limited lithic association provides strong 
support for a model of lunar granite production by the plutonic differ
entiation of a KREEP basalt_magma, and for the existence of such shallow
level plutons in the .Imbrium-Procellarum region. A single fragment of 
a KREEPy olivine vitrophyre in 15405 is considered to be exotic. The 
evidence suggests that immiscibility was not involved in the different
iation sequence. 

The large amount of melt required for the pluton, the retention of 
integrity by the pluton, and the presence of KREEP basalt with mare 
basalt (to the exclusion of highland rock types) in soil breccia 15205, 
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suggests that Apollo 15 KREEP basalts were produced by melting of the 
lunar interior at approximately 3.90 - 3.95 b.y., and are not meta
morphosed or remelted volcanic flows of a much greater (_ 4.3 b.y.) age. 
This in turn suggests that the source region has a higher Rb/Sr ratio 
than the anorthositic norites normally postulated as the source of 
KREEP basalts.

FURTHER PETROLOGICAL STUDIES OF THE KREEP-RICH QUARTZ MONZODIORITE 
(G. Jeffrey Taylor).· A thin section was cut from 15405,51, a black
and-white chip allocated to Walker. The overall texture and mineralogy 
conform with those of the KREEP-rich quartz monzodiorite described in 
the Petrology subsection (above) . 

The pyroxenes are exsolved into parallel lamellae, one a high-Ca 
and the other a low-Ca variety (Table IX-4). However, two discrete 
compositional varieties of pyroxene must have predated the exsolution 
of these•minerals, judging by the proportions of tne· two lamellar 
pyroxenes now present in various pyroxene macrocrystals. The macro
crystals were analyzed using a defocussed microprobe beam; their com
positions are given in Table IX-5. Compositions of the macrocrystals 
are of course intermediate to those of the lamellae. 

Table IX-4. Mineralogical compositions 
of pyroxene lamellae in 15405 quartz monzodiorite 

Wo 
En 
Fs 

Average low-Ca 
lamellae 

3.3 
30.9 
65.8 

Average high-ca· 
lamellae 

40.9 
26.3 
32.8 

Table IX-5. Compositions (OBA) of pyroxene macrocrystals 
in 15405 quartz monzodiorite 

SiO2
TiO2 
Al2O3 
FeO 
MgO 
cao 

Total 

Px comp., 
mol % 

Average (5 analyses) 
"pigeonite" 
macrocrystal 

49.31 
0.55 
0.78 

33.00 
9.79 
6.37 

99.80 

94. 

Average (.6 analyses) 
"augite" 

macrocrystal 

49.28 
0.93 
1.39 

23.47 
8.94 

14.86 

98.87 



Petrogenetically, it appears that two pyroxenes crystallized 
initially, and subsequently both exsolved into lamellae having ident
ical compositions� This feature is potentially useful in producing a 
thermal model for the cooling of the KREEP-rich quartz monzodiorites. 
In this respect, it is interesting to note that the two macrocrystal 
compositions fall onto the same pyroxene trends as those produced in 
the differentiation of the Red Hill Dolerite (Tasmania), which is about 
1000 ft thick (McDougall, 1962). 

A petrographic mode of the thin section was made by counting 2453 
points (Table IX-6). A bulk composition for the rock was estimated from 
the mode, using measured mineral compositions (except for silica and 
ilmenite, which were assumed to be pure SiO2 and FeTiO3 respectively) 
(Table IX-7).

Table·Ix-6. Modal analysis 
(2453 points) of 15405 

quartz monzodiorite, vol. % 

Pyroxenes 
Plagioclase 
K-feldspar
Quartz
Zircon
Whitlockite
Ilmenite
Metal

35.9 
34.8 
11. 0
15.0
. 0. 6
0.8 
1. 6
0.2 

Table IX-7. Estimated bulk 
composition of 15405 quartz 

monzodiorite, wt. % 

SiO2 
TiO2 
Al2O3 
FeO 
MgO 
cao 

Na2O 
K2O 
P2O5 
ZrO2 

57.4 
1.1 

13.2 
11. 2

3.4 
9.0 
1.0 
1. 9
0.4
0.4

SIDEROPHILE AND VOLATILE ELEMENTS (J. Gros, H. Takahashi, J. W. Morgan, 
and E. Anders). Two samples from 15405 were analyzed for twenty trace 
elements, using radiochemical neutron activation analysis. The results 
are given in Table IX-8. The analysis of 15405,86 is still in progress, 
and will be reported in full by Gros et al. (1976). 

Meteoritic elements 

Compared to other highland rocks, the samples are rather deficient 
in the first six siderophile elements, which are diagnostic of the 
presence of meteoritic material. Lithology 05B (sample 15405,86) 
shows no enhancement· of these elements over indigenous levels. Matrix 
lithology 05A (Sample 15405,63) contains only about 1 ppb Ir, compared 
with 5-10 ppb for typical highland breccias. For a comparison with 
other Imbrium Consortium samples, see Table XI-1. The samples are 
plotted on a ternary AuReir diagram in Figure XI-1. 
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Meteorite-free clasts 

The quartz monzodiorite clast 05B is distinct from other samples 
analyzed. Among the few meteorite-free KREEPy samples recognized thus 
far, it is highest in Rb, Cs, and U. Unlike other such samples, however, 
it occurs in a KREEP-rich, but rather siderophile-poor matrix {cf. 
05A in Table IX-8, and our earlier analyses of this rock; Ganapathy 
et al., 1973). 

Table IX-8. Twenty trace elements in 15405 lithologies 
(ppb except Ni, Zn, Rb ppm) 

Ir 
Os 
Re 
Au 
Pd 
Ni 
Sb 
Ge 
Se 
Te 

15405,63 15405,86 
05A 05B 

1. 28
1.16
0.121
0.525
1.7

83 
1.06 

62.6 
78 

0.007 
0.046 
0.051 

�o. 9

89 

15405,63 15405,86 
05A 05B 

Ag 2.2 2.2 
Br 129 

45.2*In 1.5 
Bi 0.25 
Zn 4.2 6.3 
Cd 17.7 18.9 
Tl 3.4 
Rb 27.4 39.0 
Cs 1120 1190 
u 4690 11500 

* The high In content of 15405,86 apparently reflects con
tamination from the notorious In gaskets on Apollo Sample

Return Containers. 

Table IX-9. Halogens and U 
in 15405,62 {bulk rock)* 

Ct{r) 
Ct { .Q,) 
Br{r) 
Br{i) 
I . (R,) 
u 

52 
1.3 
2.3 

10 
0.6 
3.1 

ppm 
ppm 
ppb 
ppb 
ppb 
ppm 

*Counting errors are �10%, except for Br{t),. �25%. R, = leach solution,
r = residue after leaching.
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HALOGENS AND URANIUM {S. Jovanovic and G.W. Reed, Jr.) 

Lunar sample 15405,62 {lithology 05X, bulk rock) has been analyzed 
for the halogens and U by neutron activation analysis. The sample was 
crushed and leached with hot water for 10 min. in order to extract soluble 
phases on exposed surfaces. ·Results appear in Table IX-9. For comparison 
with other Imbrium Consortium samples, see Sections IV, v, and VI. 15405 
is one of a series of Apollo 15 and Apollo 12 samples having Ct{t)/Br{t) 
ratios >100. Apparently these samples were exposed to an environment 
relatively depleted in Br at the time of brecciation. 

RB-SR ANALYSIS OF 15405,87 {L.E. Nyquist, B.M. Bansal, and H. Wiesmann) 

A �100 mg fragment of lunar sample 15405 was received for Rb-Sr 
study. This chip, 15405,87, is from a black-and-white igneous clast 
which has been labelled lithology 05B. It has been identified as KREEP
rich quartz monzodiorite, and its mineralogy has been described by Ryder 
(1976). The allocation was from chips selected by U. Marvin (1975). 

Sample Description and Preparation 

The original 100 mg chip appeared to be black-and-white in color 
with igneous texture under binocular examination. The chip was first 
ultrasonically cleaned with spectrophotometric grade acetone to remove 
fine surface dust. It'appeared to be extremely friable. During ultra
sonic cleaning a few· small chips broke off from the original single 
chunk. After acetone surface cleaning, the sample was crushed very 
gently in a boron carbide mortar, and sieved into 74-149 µm, 44-74 µm, 
and <44 µm fractions. The 74-149 µm size fraction was separated into 
magnetic and non-magnetic fractions, using a Frantz magnetic separator. 
The non-magnetic fraction was expected to contain most of the plagio
clase, potassium feldspar, and a silica mineral {cristobalite ?) 
{cf. Ryder, 1976). Examination under the binocular microscope showed 
clear grains with cleavage, grains varying from light to dark gray in 
color, grains with a brownish-pink hue, and grains of milky-white color. 
It was extremely difficult to identify various minerals under the 
binocular microscope. Thus, we used an energy dispersive electron 
microprobe to initially identify the different mineral phases and also 
to facilitate later handpicking. {Microprobe analyses were made by 
J.L. Warner, C.H. Simonds, and R.W. Brown.) Because of the difficulty
of recognizing the minerals under the binocular microscope, the first
mineral separates analyzed were obtained from density separations using
heavy liquids. The analytical results for these samples appeared
aberrant, and in view of the possibility that Rb was leached by heavy.
liquids {Papanastassiou and Wasserburg, 1975), further separates were
obtained by purely mechanical means.
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Table IX-10. Rb-Sr Analytical-Data for 15405,87 

Sample
wt. Rb Sr 87Rba B7srb

T 
C 

(mg) (ppm} (ppm) 86sr 86Sr L 

Plagd 0.72 44.75 393.7 0.329+3 0.72598+11 5.66+.08 

W.R. <44µ f 3.4 35.89 190. l 0.546+4 0.74109+6 5.33+.0S 

K-spar + silica Ie 4.4 93.2 230 1.172+8 0.79017+11 5.38+.0� 

Ilm + Px Ie 14.9 13.0 32 .1 1 .172+9 0.75249+15 3.21+.03 

Ilm + Px IId
8.4 13. 7 72 .17 0.549+4 0. 73509+ 11 4.58+.04

K-spar + Silica !Id 
6. 1 57.6 223.9 0.745+5 0.75825+9 5.50+.05 

(a) Uncertainties correspond to last figures.

(b) Uncertainties correspond to last figures and are 2�m· Normalized to 87sr/86sr = 8.737521.

(c) Model age assuming I= 0.69903 (Apollo 16 anorthosites for T = 4. 6 AE).

(d) Hand picked mineral separates.

(e) Mineral separate obtained using heavy liquids.

(f) <44 µ "whole rock" sample after grinding and sieving.



Table IX-11. Composition of mineral fractions 

in terms of. "end member" components. 

A B C 
87sra 87srb

Fraction (plag) (K-spar + 
s i 1 i ca I) 

(� Ilm + 
Px I} 

� Sr calc
Sr meas.

K-spar + silica II 29% 46% 25% 0.757 0.759 

W.R. <44 µ 36% 17% 47% 0.740 0. 74.l

"° Ilm + Px II 14% --- 86% o. 732 0.735 
,. 

a. Calculated in manner described in text.

b. Measured value.
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(O}, separates obtained by purely mechanical means, i.e., 
magnetic separation + handpicking. 

(+}, separates obtained with aid of heavy liquids. 
Reference isochrons passing through LUNI = 0.69903 are 
shown for T = 4.6 AE and 3.2 AE, respectively. Dotted 
lines connect apparent "end member" components and have 
slopes corresponding to "T" = 4.99 AE for the Plag- (K
spar + Silica I} tie line and "T" = 2.2 AE for the Plag-· 
(Ilrn + Px I} tie line, respectively. Analytical uncer
tainties are smaller than symbol sizes. 
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A brief description of each mineral separate and the means of preparation 
follows: 

Plag: Hand-picked clear grains with cleavage from the 74-149 µm mesh 
fraction. No heavy liquids were used. (The majority of the plagioclase 
was light gray in color and not easily distinguishable from pyroxene or 
K-spar.)

K-spar + silica I: 2.5. <p <2.8 fraction, obtained from the 44-74 µm
size fraction using various mixtures of Bromoform and acetone; plus
hand-picked grains of "pinkish" or "milky white n color from the 74-149
µm size fraction.

rim + Px I: p > 3.3 fraction, obtained from 44-74 µm and 74-149 µm size 
fractions using methylene iodide. 

Ilm + Px II: hand-picked ilmenite, black in color; plus dark-gray to 
somewhat brownish-gray grains from 74-149 µm size fraction. 

K-spar + Silica II: hand-picked grains, mostly friable "milky white"
intergrowths from the 74-149 µm·mesh fraction.

Discussion: The Rb-Sr data are given in Table IX-10 and Figures IX-18 
and -19. The Rb-Sr systematics show that sample 15405,87 is extremely 
radiogenic, similar·to rock 12013 (Lunatic Asylum, 1970). The data 
scatter widely, and do not define a linear array (Fig. IX-18). The 
effect of the blank on the concentrations and on the Sr isotopic composi-· 
tion is negligible for all the mineral separates. The mineral separates 
obtained by purely mechanical means show approximately the same pattern 
as do those obtained with the use of heavy liquids. Therefore, we can
not attribute the scatter of points to the preferential leaching of Rb 
by heavy liquids (Papanastassiou and Wasserburg, 1975). 

Because the Rb-Sr results are rather unsatisfying, we examined our 
data closely for evidence of analytical difficulties. We conclude, to 
the contrary, that all the data are self-consistent and that no evidence 
for analytical problems exists. We reach this conclusion partly by 
requiring self-consistency between the Rb and Sr concentrations shown 
in Figure IX-19 and the isotopic data (Figure IX-18). We reason that 
major disturbance of the Rb-Sr system during analysis would affect the 
element concentrations in a different manner than the Sr isotopic com
position. Thus, leaching by heavy liquids, for example, might cause 
loss of Rb but would not affect 8 7Sr/ 86 Sr. We thus used Figure IX-19 
to define three end member components for our analyses: component A =  
plag; component B = "K-spar + silica I"; and component C = the inter
section of the mixing lines A(Ilm + Px II) and B(Ilm + Px I), respectively. 
From the figure, Rb = 9 ppm and Sr = 20 ppm in component C. (Two of 

100.



.these "components" are themselves mixtures, but due to the manner in 
which our mineral separates were prepared, they apparently behaved as 
single components during our analyses.) We then determined the per
centages of components A, B, and C _that would be required to yield the 
measured ·Rb and Sr. concentrations for K-spar + silica II, W.R •. <44µm, 
and Ilm + Px II (Table iX-ll) • Finally, we used these percentages to 
calculate the expected 8 7Sr/ 86Sr ratios, and compared them to the 
measured values. For this calculation we assumed 8 7Sr/ 86Sr for com
ponent C equal to that in Ilm + Px I. The agreement between calculated 
and measured values is good. We thus conclude that the data inFigs. lX-18 
and lX-19 are entirely self-consistent, and accurately reflect the Rb-Sr 
systematics for this rock. 

In view of the disturbed Rb-Sr systematics of 15405,87, we can 
only place rather loose constraints on its chronology. Thus, the lowest 
model age of the mineral separates ('lab]eJX-1� shows that the Rb-Sr system 
was dis.turbed more recently than 3. 2 AE ago. The tie-line between Plag 
and Ilm + Px I suggests that this disturbance may have occurred about 
2.2 AE ago, if substantial isotopic equilibration occurred among plagio
clase, pyroxene, and ilmenite. The extent of isotopic equilibration is 
unknown, however, and thus this conclusion is weak. 

Four out of six data points lie on or close to an "isochron" of 
apparent age T = 4.99 AE·, and initial 8 7Sr/ 86Sr = 0.705. This "iso
chron" is really a mixing line between plagioclase and (K-spar + silica), 
as we have shown above. We attach no age significance to tpis line. 

The location of the. <44 µm "whole rock" datum near the 4.99 AE 
mixing line is a consequence of the fact that most of the Rb and Sr in 
the rock is contained in the plagioclase, K-spar, and silica minerals, 
and only a few percent of the total is in the ilmenite and pyroxene 
minerals. ·This. <44 µm sample was a "whole rock" in the sense that no 
additional mineral separation procedures beyond crushing and sieving 
were applied to it. Its composition is estimated to be �36% plagioclase, 
�7% pyroxene + ilmenite, and �17% K-spar + silica (Table lX-11). This 
mineralogy is close to that given by Ryder (1976) for the quartz
monzodiorite lithology, and thus this sample may have been fairly repre
sentative of the whole rock. If so, its model age of 5.3 AE indicates 
that the "recent" disturbance caused open system behavior for the rock 
as a whole. 

Even though we are unable to date the original formation of 
15405,87, there is a strong suggestion that it represents an ancient 
alkali-rich lithology. If we assume that the Rb-Sr system was disturbed 
2.2 AE ago, then 8 7Sr/ 86Sr was 0.754 at that time for the "K-spar + 
silica I" fraction. This is extremely radiogenic Sr by lunar standards. 
Evolution of 8 7Sr/ 86Sr from 0.699 to 0.754 between 4.6 AE ago and 2.2 AE 
ago requires 8 7Rb/ 86Sr = 1.77 This is within a factor of two of the 
most radiogenic phases of 12013 (Lunatic Asylum, 1970). Conversely, if 
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8 7Rb/ 86Sr�3.0, as is the case for some phases of 12013, then Sr iso
topic evolution must have occurred for �1.3 AE prior to disturbance 
at 2.2 AE ago. The ancient radiogenic lithology represented by 
15405,87 may well have played a significant role in lunar evolution. 

U-Th-Pb SYSTEMATICS (M. Tatsumoto and D.M. Unruh)

Imbrium Consortium rock 15405 was analyzed for u, Th, and Pb con
centrations and for Pb isotopic compositions in conjunction with 14082

and 15445 (see Sections V and X for other results, and Section XII for 
analytical method and general discussion). Results indicate that the 
coarse-grained quartz monzodiorite clast, lithology 05B (sample 15405,88), 
contains the highest concentrations of U and Th of any lunar sample yet 
analyzed (Table IX-12), including the light-colored fraction of granitic 
breccia 12013 (U, 10.8 ppm; Th, 34.3 ppm). 

On the other hand the matrix of 15405, lithology 05A, a fine-grained 
vesicular igneous-textured rock of KREEP basalt composition, contains U 
and Th concentrations which are typical of KREEP-rich basalts (Table 
IX-12). The matrix sample number is 15405,59.

The quartz monzodiorite clast (0JB) contains 20.0 ppm Pb and is 
quite radiogenic, whereas the matrix sample, 05A, contains. 10.0 ppm Pb 
and is not as radiogenic (Table IX-12). 

Data are plotted on a 206Pb/207Pb vs. 238u;207Pb diagram in Figure
XII-1 � The KEEEP line obtained from a.n internal is.ochron of "-Rusty
Rock" 66095 (Nunes and Tatsumoto, 1973) is shown for comparison. The
data has been corrected only for an analytical Pb blank, not for any
assumed primordial Pb (see Section XII). The slope of the tie-line
between these two samples corresponds to an age of 2.06 b.y. However,
an extension of the tie-line fits with the Pb composition of samples
15445,106 and 15445,122, and the unusually large amount of non-radiogenic
Pb in these latter samples suggests pre-analysis.contamination (Section
XII). Therefore, the diagram appears to indicate that samples 15405,59
and 15405,88 were also contaminated prior to our analysis, and that the
age of 2.06 b.y. is not meaningful, unless it turns out that the data
from 15445 are real.

The U-Pb data of 15405,59 and 88 are plotted on Wetherill's U-Pb 
evolution diagram in Figure XII-2. Shown for comparison are data from 
some Apollo 11, 12 and 15 basalts; granitic breccia 12013; breccia 
15418 (Sta. 7, near Sta. 6a); and rock 12035. 

A tie-line between the U-Pb data of 15405 intersects concordia at 
4.2 b.y. and 1.9 b.y. (solid line, Figure XII-2). The 15405 data plot 
quite differently from most lunar samples yet analyzed, and appear not 
to fall on the "cataclysm" line (broken line, Figure XII-2 ) suggested 
by Tera and Wasserburg (1972, 1974), even if significant preanalysis 
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Table IX-12. u, Th, and Pb concentrations and Pb isotopic composition in 15405 

Lead isotope composition 
Atomic 

Concentrations ratios Observed ratiob Corrected ratioC 

Weighta · 1 u Th Pb 232Th 238u 206Pb 207Pb 208Pb 206Pb 207Pb 208pb 207Pb 
9(9) ppm ppm ppm � � '21l4Pb � � � '21l4Pb T04Pb IOoi?b 

--

15405,59 I pd 2640 I I I 2os.3 107.8 220.l I 209.s 110.0 224.7 0.525
CSA-matrix 

I
C 1820 

l 
3.92 16.17 . 9. 64

1 
4.25 191.8 

I-' p 933 I 699.o 245.8 635.7 I 757. 3 265.9 689.0 0.351 
0 15405,88 

05B-clast 
I C 577 I 11. 39 85.81 20. 06 I 5.10 1281

a. Reproducibilities of weighing are +10).lg.
b. Spiked 208Pb components are subtracted from concentration runs.
c. Corrected for analytical blanks and mass fractionations of mass spectrometer measurements.
d. P, lead composition run; C, concentration run.



Pb contamination in 15405,59 is considered. Although the matrix is con
sidered to be of impact origin (Ryder, 1976), the data are still dif
ferent from those of impact-melt basalts 14310 and 14053. The lower 
intercept age of the tie-line in Figure IX-21 agrees with the "third 
event" aqe suggested from the U-Pb data of Apollo 14, soils (Tats.umoto 
et al., 1972). The upper intercept probably does not have any strict 
age significance, although this age is close to the Apollo 15 KREEP 
basalt age of �4.3 b.y. obtained from a Rb-Sr whole-rock isochron 
(Nyquist, 1974). Although results reported here are of a preliminary 

nature and should be refined (by leaching experiments to reveal the 
extent of contamination and by mineral separations), the present data 
suggest it was not the case that the KREEP basalts were extruded �3.9 b.y. 
ago and the boulder containing 15405 was created at some later time; 
but instead that the KREEP basalts intruded the Imbrium Basin earlier 
than 4.1 b.y. ago, and the boulder was created at some later time (say 
2 b.y.?). 

RARE GAS AND FISSION TRACK ANALYSES (F.A. Podosek and R.M. Walker) 

The abundance and composition of three rare gases (Ne, Kr, and Xe) 
have been measured in one small matrix sample from 15405. The results 
appear in Table X-5 . However, since a knowledge of the target-element 
concentrations is a prerequisite for determining exposure ages from 
spallogenic gas conten�s, the calculations are incomplete. 

The BlKr exposure age (which is independent of target composition) 
of 15405 43 is 11 � 5 million years; 15405,43 has a high ratio of 
13lxe;l26xe (�6-7), which is usually taken to mean that a significant 
fraction of the cosmic ray exposure occurred under shielding. 

Track analyses have been performed on 15405,51 and 15405,53. Iron
group track densities in two feldspar grains of 15405,53 indicate an 
upper limit of �10 million years surface exposure. A whitlockite grain 
in 15405,51 was found to have uniformly.distributed U at �175 ppm and 
fossil fission tracks corresponding to an age of 0.5-1.5 b.y. This low 
age suggests a thermal event at that time, although tracks are known to 
be relatively unstable in whitlockite and the effect might be due to 
long-term fading. 
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X. SAMPLE 15445

HAND SPECIMEN DESCRIPTION AND-DOCUMENTATION (Ursula B. Marvin) 

This dark rock splotched with large white clasts was picked up 
from the ground just inside the rim of Spur Crater at Station 7. Its 
black-and-white appearance matched that of a large (1.5 m) boulder 
that lay 60 centimeters away on the crater rim (Fig. X-1). As no other 
rocks of similar character were present in the vicinity, the astronauts 
assumed that 15445 had broken from the boulder. The EVA transcript reads: 

Cdr: "I think it looks very much like the 14 rocks. Though, it 
looks maybe a little darker gray ••• Mark bag 171 for a frag off of that 
big boulde_r. I'm pretty sure it was exposed right on the surface, 
fairly clean--right next to the boulder and looked like the same material." 
(Bailey and Ulrich, 1975, pp. 127-128.) 

The fresh, blocky character of the boulder and specimen suggested 
that these rocks were excavated by the Spur Crater impact from the bedrock 
of the Hadley Delta Front. The hand specimen, which weighed 287 grams, 
ms very coherent and had sharp edges and angular corners. The matrix is 
uniformly dark gray and.fine-grained. Some, but not all, of the matrix 
surfaces show an abundance of tiny vesicles, which, in a few areas are 
elongated and roughly aligned. Globules of metal or sulfide occur in a 
few of the vesicles. 

The white clasts occupy about 25% of the surface area and range in 
size from 1 min to several cm. The most common clast types are: 1) plagio
clase that is either smooth chalky white or sugary gray and white; 
2) plagioclase studded with red spinel that ranges in abundance and
character from sparse, glistening, euhedral crystals to massive rusty-red
aggregates occurring in veinlets and on fracture planes; and 3) plagio
clase with scattered grains or irregular masses of apple-green pyroxene.
Rare, but also present are gabbroic clasts with yellow-brown pyroxenes
and white feldspar laths. The uniformly fine grain-size and vesicular
nature of the matrix suggest a high temperature origin. Some of the
white clasts appear to be rimmed and veined by exceptionally fine-grained
(chilled?) matrix material.

At the Lunar Receiving Laboratory in 1971, certain clasts were 
designated A, B, D, E, and F, and pieces of them and of matrix were pried 
or chipped off and distributed to investigators as indicated in Figures 
X-2 and X-3. In December 1974 the remnant of the main mass, 15445,0,
was photographed and mapped for the Imbrium Consortium (Figs. X-4 and
X-5). Numerous chips were also photographed and mapped (Figs. X-6 and
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a) 

b) 

Figure X-1. 

• 
.� 

•• 

r�. 

• 

0 

a) Rock 15445 lying within the rim of Spur Crater at
Station 7. The photograph shows the shadow of a 1.5-meter
black-and-white breccia boulder that is the presumed parent
of 15445.

b) Sketch of part of the area shown in Fig. X-la.
Swann et al., 1971, p. 153.)

{From 



X-7). The designations of Clasts A to F used in this report conform to
those established three years earlier in the Curator's office. However,
a certain confusion has arisen between the letters designating clasts
(See maps of Figure X-5) and letters designating clast-types (Ridley
et al., 1973). Table X-1 seeks to clarify the usages insofar as that is
possible. The Imbrium Consortium lithologies used in Table X-1 are des
cribed in the following section by Ryder and Bower on the petrology of
1 5445. It is important to note here that the macroscopic and thin section
descriptions do not always agree in detail. For example, the clasts
described on the preceeding page and on the maps of Figure X-5 as green
and white consist of plagioclase and pyroxene. However, those that
appeared macroscopically to consist solely of plagioclase and spinel
all contain olivine that is visible in the thin sections.

Table X-1. Comparative nomenclature of 15445 clast lithologies. 

Lithology 
(Imbrium 
Consortium) 

45E 
45D 
45B 
45C 
45A 
45X 

Clast 

designation 

Clast A 
Clast B 
Clast E 
Clast F 
Matrix 
Bulk Rock 

Description: 
Ridley, et al., 
1973 

Type B 
Type A 

Type B 

In November 1975, a slab was cut through 15445,0 as shown in Figure 
X-8. The cuts revealed no clasts that were not visible on the surface. 
The first cut did, however, clearly display the vesicular nature of the 
matrix (See the w1 surface of ,151 in Fig. X-8b. As the second saw cut 
was made, the slab fell apart along one or two preexisting fractures 
(Fig. X-8c). After sawing was finished, 15445,0 was split into three 
pieces (,0 ,159 and ,1 60). Figure X-8d shown the complete array of sub
samples that were derived from 15445,0. 
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THE CHIPPING OF LUNAR ROCK 
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Figure X-2. Partial record of the pre-conE,ortium chipping of 15445. 
(Reproduced from record on file in Curator's office at 

Johnson Space Center.) 
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Figure X-3. Diagram of the pre-consortium sample distribution. 
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Figure X-4. Orthogonal photographs of 15445,0 taken in December 1974 
before work began on the Imbrium Consortium. 
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Figure X-5. Surface maps of 15445,0. 
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NASA NO. 

15445, 92 

,133 
,134 
,135 

,137 
,138 

,139 

,141 
,142 

,143 
,144 

,145 
,146 
,147 

Table X-2. 15445 
Thin sections used in this study 

SAO NO. LINEAGE AND DESCRIPTION 
PARENTAGE 

998 ,7 -+ I 0 Matrix, + Clast A 

1002 
1003 ,78 -+ I 0 Matrix, + Clast A, 
1004 + Clast B

1005 ,124 -+ I 13 -+ I 0 Matrix 
1006 

1007 ,117 -+,112 -+,0 Clast E

1008 ,109 -+ I 80 -+ I 0 Clast B 
1009 

1010 ,101 -+,75 -+,0 Matrix and Clast F 
1011 

1012 
1013 ,126 -+,73 -+,0 Matrix 
1014 
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Figure X-7. a} Photographs and maps of 5 sub-samples of 15445 that were
selected for consortium work.
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Figure x-a.· The sub-samples produced by the slabbing of 15445,0 in 
November 1975. 

a) Left: the first cut through 15445,0.
. cut, when only halfway complete, caused 

slab (,154) and the shedding of a large 
white Clast B (,155). 

Right: The second 
the breaking of the 
piece·of green and 

b) A "pie" photograph of ,0 and ,151 after sawing. The 
vesicular nature of the matrix shows clearly in the w1 
face of ,151.

c) View of the semi-final subdivisions. The slab has
broken into 7 sub-samples and ,O has broken into 3 sub
samples.

d) The final subdivisions of 15445 which are in storage
awaiting distribution.



PETROLOGY (Graham Ryder and Janice F.Bower) 

15445 consists largely of white clasts set in a 
matrix. Original cutting photographs designated the 
etc., and the same clast designations are used here. 
studied are listed in Table x�2. 

Lithic clast materials. 

dark competent 
clasts as A, B, .•. 
The thin sections 

a) Clast A (Lithology 45E) and a similar clast. Portions of
clast A occur in the serial sections ,133-,135 (Fig. X-9), and in ,92. 
Our studies show that clast A is an assemblage containing olivine ('v50%), 
plagioclase ('v30%) and pink spine! ('v20%). The minerals are crushed 
and strung out into schlieren (Fig. X-l0a) and the fragment is very 
porous (Fig. X-l0b). Olivine (Table X-3, Fig. X-11) is of a remarkably 
constant composition; 50 analyses of olivines in ,92 have a mean of 
Fo91.7 and a range of Fo91_5_92 1 and 8 analyses in ,135 have a mean of
Fogo.a and a range of Fo90_1_91:2• The pink spinels are all chromian 
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pleonastes (Table X-3). Plagioclase is of more variable composition; 
8 analyses in ,92 have a range of Ang4_9_97_0, and 6 analyses in ,135
have a range of An89 4_94 0. No pyroxene has been observed; however,
a clast in the serial �ections ,145-,147 (Fig. X-9), which is otherwise 
similar to clast A, contains small amounts of pyroxene . Orthopyroxene 
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(En87wo2, Al203 �1.2%) is more abundant than clinopyroxene ( �En60wo40,
Al2o3 

�2.3%). The clinopyroxene dFig. X-l0C) contains exsolved lamellae 
of orthopyroxene. The olivines in this clast have more varied composi
tions than those analyzed in clast A, with a range of Foaa-92. Plagio
clase is a conspicuous phase in this clast(Fig. X-l0d)and forms mono
mineralic domains more than 2 mm in diameter; these may originally have 
been single crystals of plagioclase. The relict mafics, which are 1 mm 
or more in diameter, also attest to the original coarse grain-size of 
the spinel-olivine-plagioclase lithic type. 

Clast A has previously been studied petrographically by Ridley et al. 
(1973) and Anderson (1973), and is of the Type B of the former. Accurate 
analyses of the minor elements in olivines in Clast A have been made by 
Steele and Smith (1975). Our results are similar to the earlier studies, 
with the exception that we have not observed pyroxenes in our sections of 
Clast A •. Assuming that the clast in 15445,145-,147 is a part of the 
same original lithology, we concur that orthopyroxene is present, and in 
addition note that clinopyroxene is present (cf. Ridley et al., 1973). 
Evidently, clast A is heterogeneous, and no firm statements about the 
abundance of either plagioclase or pyroxene can be made from the sections 
so far studied. Ridley et al. (1973) do not report such sodic plagio
cases as we have found; whether these sodic plagiocases are the result 
of contact metamorphism of the clast, or are a primary character attest
ing to the heterogeneity of clast A has not been determined. We note 
that all our thin sections are from regions encompassing the border of 
clast A. Steele and Smith (1975) stress that the Ca0 contents of the 
olivines are lower than any other lunar olivines, and attribute this 
characteristic to a deep origin; our analyses, while by no means as 
accurate as or precise as those of Steele and Smith (1975), have simil
arly low Caci contents. 

Clast A has been interpreted as a metamorphic rock on the basis of 
its mineralogy and its unusual REE pattern (Ridley et al., 1973), which 
suggests a previous history involving garnet. Oxygen isotopes (Clayton 
et al., 1973) perhaps suggest a direct igneous origin. However, unless 
stronger contradictory chemical data becomes available, we see no 
reason to differ with the conclusions of Ridley et al. (1973) on the 
petrogenesis of clast A (their Type B}. An apparently similar lithic 
type is present in soil sample 73263 (Bence et al., 1974), although 
that rock-type contains some ilmenite, and its pleonaste is less 
chromium-rich. 

b} Clast B (Lithology 45D}. Fragments of clast B comprise all of
thin sections ,141 and ,142, and parts of the serial sections 
,133-,135 (Fig. X-9). Clast B is brecciated (Fig. X-12a} but monomict, 
consisting essentially of zones of plagioclase (60-65%) and ortho
pyroxene (35-40%). Minor phases are a silica mineral, Fe-metal, and 
a rare opaque. The original plagioclase-pyroxene rock was crushed and 
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then later sintered to produce the present low-porosity clast. Plagio
clase is unzoned; 14 analyses range from An94 2--95.0. It is commonly
twinned where not intensely crushed, and crushed zones of plagioclase 
are sintered substantially more than zones of pyroxene. Magnesian 
orthopyroxene shows little compositional variation (Fig. X-13), and 
that present is irregular rather than being continuous zoning. Analyses 
are given in Table X-3; Al2o3 averages about 1.4% but is variable,
ranging up to 2.3%. Silica occurs as discrete tiny grains in the 
crushed portions of the clast. Fe-metal forms a rare vein system in 
some pyroxene (Fig. X-12b); most likely it is secondary, rather than 
primary, and may have been introduced during the formation of 15445. 
The metal is unlikely to be a product of the reduction of pyroxene 
because the pyroxenes in the clast are of similar compositions whether 
associated with metal or not (Fig. X-13). The rare opaque phase occurs 
in tiny grains and is probably ilmenite. 

The .texture of the original lithic type represented by clast B has 
been largely destroyed. Occasional relicts (such as in Fig. X-12a) of 
euhedral pyroxenes and smooth-curved boundaries suggest that the plagio
clase--orthopyroxene parent had a poikilitic texture and a grain size 
perhaps 1 mm or greater. Such a texture would be compatible with an 
origin involving accumulation from a silicate melt. Note that unlike 
most other lunar highland coarse poikilitic rocks (e.g., Ryder et al., 
1975), in the present case the evidence indicates that plagioclase, not 
pyroxene, is the oikocryst phase. 

Clast B is clearly one of the Type A clasts of Ridley et al. (1973), 
although we have not positively identified ilmenite or armalcolite, 
which are minor phases in Type A clasts. Ridley et al. (1973) do not 
refer to a silica mineral as a constituent of Type A clasts. However, 
plagioclase and pyroxene in clast B are of similar compositions to those 
in Type A clasts. We concur that the Type A clasts are probably cumu
lates from a silicate melt. If so, the melt was high in alumina and 
low in alkalis (Ridley et al., 1973). A KREEP basalt magma is unsuitable 
as a parent, not only on account of KREEP basalt liquidus plagioclase 
being less calcic (Green et al., 1972) than the plagioclase in the 
Type A clasts, but also in that potential KREEP orthopyroxenes are more 
aluminous than those in the Type A clasts. The Mg/Mg + Fe ratio of the 
parent magma cannot be uniquely defined, but we note that the presence 
of silica suggests that the magma was saturated in silica. Clast B has 
low REE abundances with a positive Eu anomaly (15445,17; Hubbard et al., 
1973), clearly distinct from other lunar high-alumina basalts, but com
patible with a plagioclase cumulate origin. 

Clast E (Lithology 45B). This section ,139 is a portion of clast E, 
a 1 cm white clast. The small (2x3 mm) section consists mainly of 
plagioclase (>95%) and minor zones of a crushed mafic phase, either 
olivine or pyroxene. Small rare grains of ilmenite and Fe-metal are 
also present. The plagioclase has been intensely cataclasized and 
granulated, but subsequently sintered such that little pore-space remains. 
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c) Clast F (Lithology 45C). Thin sections ,143 and ,144 designated
Lithblogy 45C, consist of matrix as well as clast F materials. There
fore, other samples designated as Lithology 45C may not be pure clast F. 
Clast F is a crushed plagioclase-spinel-olivine-pink spinel rock, petro
graphically similar to clast A (Lithology 45E), but no analyses have 
been made to confirm its mineralogical identity. 

d) Anorthositic breccias. Several clasts in 15445 are plagioclase
rich breccias. (Fig. X-9). Clast E falls into this category if the 
section is representative. The clast in 15445,133-,135 is typical; it 
has been intensely cataclasized and then later lithified. A low porosity 
contact metamorphic rim borders the clast in 15445,133-,135 (Fig. X-9). 
No analyses have been made. 

e) Polygonalized olivine. Clasts with a polygonal granoblastic
texture consisting solely of olivine (Figs. X-9, X-12c) are present in 
some of the thin sections. The largest observed in the thin sections is 
3 mm in diameter (Fig. X-9). The clasts invariably have smooth curving 
borders. Olivine in the largest clast is Fo87, with Ca0 (0.1%) signifi
cantly higher than in the spinel-olivine-plagioclase clasts (Type B). 
Other polygonalized olivines have not yet been analyzed. The clasts 
are evidently the remnants of a coarse-grained (by lunar standards) or 
monomineralic rock which was metamorphosed; this rock type is distinct 
from any other lithic type recognized in 15445. The metamorphism pre
dates the formation of 15445. 

f) Crystalline plagioclase aggregates. Spherulitic aggregates of
plagioclase (Fig. x�l2d) are abundant as small clasts in 15445; the 
largest observed is more than 1 mm in diameter. The clasts are usually 
round and smooth, but some are more irregular. A few clasts are tear
drop or lapilli-shaped. In some cases crystallization has clearly 
taken place from the present border of the clasts, while in others such 
a conclusion is equivocal. Some of the crystalline plagioclase aggre
gates have a lathlike texture, and this texture together with the 
lapilli-shape of some of the clasts suggests crystallization from a 
plagioclase liquid rather than from devitrification of a glass, for at 
least some of the clasts. However, others may be devitrified 
maskelynite. They clearly are possible direct products of the impact 
which led to the assembly of 15445. 

Matrix of 15445. The matrix of 15445 is dark-colored, coherent, and 
partly stratified (Fig. X-9). It consists largely of small inter
locking anhedra of small plagioclase and mafic minerals, the texture 
conforming in general to Warner's (1972) high-grade metamorphic breccias 
(Fig. X-14a). The grain size varies from place to place. The common 
occurrence of euhedral olivines (Fig. X-14b) attests to the presence of 
an ubiquitous silicate melt at the time of aggregation. Stratification 
results from differences in both mineralogy/composition and porosity. 
The former is the more obvious--the color variations in the matrix in 
Fig. X-9 are largely the result of compositional differences. Many 
'strata' are in fact schlieren or lensoid beds of near-monomineralic 
aggregates such as spinel (Fig. X-14c). Porosity takes the form of 
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Figure X-9 • .  Plane light photographs and maps of 
thin sections 15445,134 (left) and 
15445,147 (right). 
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Figure X-10. a) Clast A in 15445,134. Pink spinel
occurs in crushed dark schlieren, plagio
clase in white zones, and olivine in gray
zo�es. Lower right is 15445 matrix
(plane light).

b) Same field as Fig. X-lOa. Clast A is
crushed and friable compared to 15445
matrix (lower right) (reflected light).

c) Augite in crushed clast similar to
clast A in 15445,146. Note exsolved
lamellae of orthopyroxene. Dark lines
crossing field are fractures in the thin
section (crossed polarizers).

d) Plagioclase in crushed clast similar
to clast A in 15445,146. Some plagio
clase aggregates reach almost 2 mm across
(crossed polarizers).
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Figure x-10. 



Figure X-12. a) Clast Bin 15445,134. Pyroxene
(white grains in darker zone) may be
poikilitically enclosed by plagio
clase (light color) (plane light).

b) Fe-metal (white) veining pyroxene
(gray) in clast Bin 15445,135. Metal 
is probably not primary (reflected 
light). 

c) Polygonal granoblastic olivine
(Fo

87) in 15445,147 (crossed polarizers).

d) Plagioclase spherulitic clast,
probably devitrified maskelynite, in
15445,92. Upper left is 15445 matrix 
(crossed polarizers). 
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Table X-3. 15445 
Matrix numerals in 

1 2 3 4 5 

S202 41. 90 40.46. 40.95 41.16 .07 

T202 .13 .15 .05 

A12o3 • 02 .06 58.99 

Cr2o3 .06 .04 10.81 

FeO 

MgO 

CaO 

E 

Mol 
Comp 

8.16 8.19 8.82 8.76 8.82 

50.57 51.58 49.20 49.90 20.14 

.00 .01 .02 .02 .06 

100.63 100.24 99.20 100.09 98.94 
% 

Fo Fo Fo Fo 
91. 7 91.8 90.9 91. 0 

= not analyzed. ( - )
1,2 
3,4 
5,6 
7-9, 

= Clast A olivines, 15445,92. 
= Clast A olivines, 15445,135. 
= Clast A spine!, 15445,92. 
= Clast B, pyroxenes. 
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. 01 
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7 8 9 
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.27 .40 .51 

2.25 1.19 1.04 

.66 .74 .67 
. 

10.11 11.84 12.11 

29.15 28.79 27.77 

1.39 1.47 1.72 

99.30 100.67 98.79 
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Figure X-13. Compositions of pyroxene in clast B, •= pyroxenes associated 
with Fe-metal (as in Fig. X-12b; • = other pyroxenes. 



Figure X-14. a) Example of matrix texture in
15445,135. Olivine (light gray),
plagioclase (dark gray), and
ilmenite (tiny, white laths), are
the dominant phases. White patch
in upper left is Fe-metal (reflected
light).

b) Euhedral olivines (white, center)
in matrix in 15445,92; probably
indicative of a silicate melt com
ponent in the matrix (crossed
polarizers).

c) Stratification in the matrix uf
15445,135. B (left) is clast B.
Phases are plagioclase (dark gray),
olivine (light gray), spinel (very
light gray, e.g., s), ilmenite
(bright).

Stratification is mainly due to 
schlieren (or lensoids) of differing 
composition. Note, for example, the 
spinel-rich lensoid (enclosed in 
dashed line). Variations in porosity 
(black vesicles) are also related to 

stratification. Note, that clast B 
is much more fragmented than the matrix. 
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Figure X-14. 



Table X-4. 15445 
DBA of dark matrix of 15445,92 

Si02 45.74 Wt% norm 

Ti02
1.56 Fo 

Al203 17.34 Fa 

cr
6

03 .18 En 

Fe 7.94 Fs 

Mn0 .11 Wo 

Mg0 13.44 Or 

cao 11.54 Ab 

Na20 .62 An 

K20 .22 llm 

Ba0 .06 Cr 

P205 .18 Qz 

Ni .04 Ap 

s .04 Tr 

r 99.01 

# Pts. 10 

Mg0/Mg0 + Fe0. .63 

121. 

10.8 
4.3 

18.4 
6.6 
5.2 
1.3 
5.3 

44.3 
3.0 

. 3 

.o 

.4 

.1 



tiny vesicles (Fig. X-14c) which can sometimes be observed macro
scopically and which may be a function of the amount of silicate melt 
present within a stratum. The border regions of clasts are usually of 
low porosity when compared with the rest of the matrix. 

The dark matrix is composed mainly of plagioclase, olivine, spinel, 
ilmenite, and Fe-metal. Ridley et al. (1973) also report pyroxene as 
a minor matrix phase. Most of the larger fragments (>50µ) are olivine 
and plagioclase. Many of the fragments have reaction rims a few microns 
wide. We have analyzed matrix materials only in 15445,92. Most of the 
plagioclase is An94�99 but rare fragments range to compositions as sodic
as An65. Olivine occurs both as anhedral grains (Fo69-94, Fig. X-11)
and as euhedral grains (Fig. X-14b), which we have not yet analyzed. 
Ridley et al. (1973) recognized two compositional clusters of matrix 
olivine, at Fo63 and Fo83, in contrast to our results. Spinels are
compositionally similar to those in clast A, i.e., chromian pleonastes. 

A DBA of the dark matrix of 15445,92 (Table X-4) is similar to that 
given for the matrix by Ridley et al. (1973). It is a magnesian low-K 
Fra Mauro basalt composition, distinct from Apollo 15 soils. 

In his study of Apollo 14 breccias, Warner (1972) noted that clasts 
almost exclusively have a grade of metamorphism equal to or greater than 
their host breccia matrices; in 15445 this relationship does not hold. 
We conclude that 15445 was not metamorphosed in a thick hot ejecta 
blanket, in which clasts would have been metamorphosed along with the 
matrix. Rather, 15445 had a more restricted heat source which was con
tained largely in the matrix while the large clasts were cooler; insuf
ficient heat was available for extensive metamorphism of.the clasts, 
although the borders of many of the clasts are welded. It follows that 
15445 was produced in a thin ejecta blanket and that the main source 
of heat for thermal metamorphism and sintering of the matrix was the 
small amount of (impact-produced?) silicate melt. 

Conclusions. 15445 contains clasts of a (poikilitic?) plagioclase
orthopyroxene rock and a spinel-olivine-plagioclase-pyroxene rock 
(Types A and B respectively of Ridley et al., 1973); both types exist 
as crushed relicts of their once-coarse-grained parent rocks. Other 
lithic clasts include polygonalized olivine and spherulitic plagioclase 
aggregates. The matrix is a high-grade metamorphic breccia containing 
some silicate melt; the larger clasts have only minor contact meta
morphism, suggesting that 15445 was never part of a thick hot ejecta. 
blanket. Instead, 15445 was created in a thin ejecta blanket, and the 
heat source for the observed sintering of the matrix and contact 
metamorphism of the enclosed clasts was probably an incipient 
(impact-produced?) silicate melt. The two main clast types in 15445 
are probably remnants of crystal materials from a deeper level than is 
the case for most lunar rocks. Oxygen isotope analyses (Clayton et al., 
1973) indicate that the clasts reflect an igneous origin with no evidence 
of isotopic redistribution by subsequent metamorphism or recrystallization. 
Their lack of meteoritic elements (Gros et al�, below) -confirm that these 
are pristine (though not necessarily primordial) lunar crustal rocks, 
presumably blasted out by the Imbrium impact. 
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SIDEROPHILE AND VOLATILE TRACE ELEMENTS (Jacques Gros, Horoshi 
Takahashi, John w. Morgan, and Edward Anders) 

Samples of Lithologies 45C, 45D and 45A were analyzed for sidero
phile and volatile trace elements using radiochemical neutron activation 
analysis. Details and results are given in Gros et al. (this volume). 
Lithology 45D shows no enhancement of the meteoritic elements over 
indigenous levels, and Lithology 45C seems to be slightly enriched. 
This enrichment could be accounted for by contamination with 5% of the 
matrix, Lithology 45A, wnich contains 6.21 ppb Ir, within the normal 
range of meteorite-contaminated highlands breccias. 

In its indigenous elements, Lithology 45D somewhat resembles the 
anorthositic portion of 15455 (Ganapathy et al., 1973). Both are poor 
in alkalis, u, and most other trace elements, but the match is not 
close. �o perfect analogue exists for spinel-bearing 45C. Spinel 
troctolite 73215,170,9007 (Higuchi and Morgan, 1975) contains greater 
amounts of siderophiles and U, but less Rb and especially Cs. The high 
Zn content is perhaps the principal point of resemblance. The high Ni 
content of 45C seems spurious, because it is not accompanied by an 
enrichment in Pd or Au, two elements that tend to correlate with Ni. 

U-Th-Pb SYSTEMATICS (M. Tatsumoto and D.M. Unruh)

U, Th, Pb and their isotopes were analyzed in samples 15445,106 
(a clast) and 15445,122 (the matrix). Details are given in 

Tatsumoto and Unruh (this volume). 

All leads in olivine* and plagioclase-rich matrix separates and a 
whole-rock split of the clast (15445,106) from sample 15445 are unusually 
non-radiogenic, showing 206pb; 204Pb ratios of 20 to 24. Pb concen
trations in the olivine, matrix, and whole-rock samples of the clast are 
17 ppm, 33 ppm, and 66 ppm, respectively, while U concentrations are 
0.05 ppm, 0.25 ppm, and 0.16 ppm and Th concentration are 0.26 ppm, 
1.18 ppm, and 0.88 ppm. The large amount of non-radiogenic Pb in these 
samples cannot be accounted for by our laboratory contamination but may 
be due to contamination during sample handling prior to our analysis. 

A matrix sample of 15445 (15445,122) also has a high Pb concen
tration and a 206pb/204pb ratio of 27. The amount of pre-analysis 
contamination required to obtain 206Pb/204pb ratios <30 is very large, 
approximately 50 µgm/gram of sample. But if the data are real, we can
not, as yet, account for the non-radiogenic Pb in these samples. 

* Our documentation shows that 15445,106 is a sample of clast B,
Lithology 45D, which is an orthopyroxene-plagioclase rock and
not an olivine-and spinel-bearing rock. Ed.
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RARE GAS AND FISSION TRACK ANALYSIS (Frank A. Podosek and 
Robert M. Walker) 

The abundances and compositions of three rare gases (Ne, Kr, Xe) 
have been measured in four samples: 15445,98 (Lithology 45C), 
15445,105 (Lithology 45D), 15445,115 (Lithology 45B), and 15405,120 
(Lithology 45A, matrix). Rare gas data and the computed concentra
tions of spallenogenic gas contents are given in Table X-5. All 
samples of 15445 have high ratios of 131xe and 126xe (l'\.,6-7); such a
high figure is usually taken to mean that a significant fraction of 
the cosmic ray exposure occurred under shielding. Real numbers are 
not yet available, since they require input of the U concentrations, 
which we do not yet have. 

Table X-5. Ne, Kr, and xe·· in Imbrium Consortium samples. a 

�i!l!ll2l!! 15445,98 15445,105 15445,115 15445,120 
Wts. m2 

Run 

20Ne, cc/g x 10-B 

21Ne/20Neb 

22Ne/20Neb 

Bi+Kr, cc/g x 10-12 

78Kr/84Kr 

80Kr/84Kr 

82Kr/84Kr 

83Kr/84Kr 

86Kr/84Kr 

132xe, cc/g x 10-12 

12'+xe/132xe 

126xe/132xe 

12Bxe/132xe 

129xe/132xe 

l 30xe/l 32xe 

131Xe/132xe 

13'+ Xe/132 Xe

136 Xe/132 Xe 

[21Ne)e·, CC x l0-8 

c83Krle, cc X 10-12 
[126xeJe, cc X 10-12 

12.0 

770 

34c 

0.964 
3 

1.042 

,215d 

0.060 
2 

0.089 
5 

0.262 
7 

0.295 
9 

0.289 
15 

61d 

0.0278 
44 

0.0505 
31 

0.1501 
77 

1.003 
23 

0.2018 
33 

1.117 
28 

0.3689 
32 

0.2959 
69 

33 
22 
2:9 

19.0 6.2 28.3 

768 771 862 

14c 24c 43 

0.690 0.136 0.398 
1 1 1 

0.809 0.227 0.485 
2 1 1 

170d 620d 230d 

0.072 0.054 0.093 
2 2 5 

0.170 0.083 0.288 
5 2 18 

0.391 0.253 0.534 
8 4 28 

0.474 0.277 0.657 
7 7 36 

0.247 0.272 0.255 
8 5 6 

49d 120d 85C 

0.0854 0.0095 0.2084 
27 41 19 

0.1674 0.021 0.3698 
31 ? 55 

0.3269 0.1062 0.6512 
69 56 96 

1.088 0.984 1.210 
21 19 9 

0.3259 0.1736 0.5087 
79 26 48 

1.895 0.919 3.14 
41 14 3 

0.3560 0.389 0.3411 
84 13 32 

0.2840 0.3544 0.7708 
70 85 34 

9.6 3.2 17 
53 60 112 
7.8 2.1 31 

a. Corrected only for discrimination (no blank correction). 
b. 

c. 
d. 
e. 

Additional discrimination uncertainty: 
�l.5% for 22;20. 
Blank is �10% of measured amount. 
Blank is >50% of measured amount. 
Spallogenic gases. 

123. 

'l-0.75% for 21;20, 

15405,43 
49.2 

861 

55 

0.013 
0 

0.093 
1 

135d 

0.037 
4 

0.098 
2 

0.276 
7 

0.297 
10 

0.301 
2 

40c 

0.0740 
79 

0.1567 
46 

0.3100 
82 

1.021 
7 

0.2986 
50 

1. 784 
25 

0.430 
8 

0.389 
·8 

0.56 
13 
6.1 
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XI. SIDEROPHILE AND VOLATILE ELEMENTS

IN APOLLO 14 AND 15 ROCKS OF 

THE IMBRIUM CONSORTIUM 

Jacques Gros, Hiroshi Takahashi, John w. Morgan, and Edward Anders 

Enrico Fermi Institute and Department of Chemistry 
University of Chicago, Chicago, Illinois 60637 

Eight samples from Apollo 14 and 15 were analyzed for 20 trace 
elements, using radiochemical neutron-activation analysis. The results 
are given in Table XI-1. Lithologies are indicated below the sample 
numbers, in a latinized version of Old Imbrian cuneiform {Wood, 1975). 
The analysis of 15405,86 has not yet been completed, and will be 
reported in full by Gros et al. {1976). 

METEORITIC ELEMENTS 

Abundances. Compared to other highland rocks, the samples are rather 
deficient in the first 6 siderophile elements, which are diagnostic 
of meteoritic material. Two {05B and 45D)* show no enhancement over 
indigenous levels; a third {45C) seems slightly enriched, but this 
could be accounted for by contamination with 5% matrix 45A and of the 
remaining 6 samples, 5 contain only about 1 ppb Ir, compared to 5-10 
ppb for typical highland breccias. 

Taxonomy. We have not yet had time to classify these samples by our 
usual battery of statistical methods, such as factor analysis, cluster 
analysis, and discriminant analysis {Higuchi and Morgan, 1975). For 
a preliminary look, it is useful to plot the samples on a ternary 
diagram. Of our 3 favorite combinations, AuReir {Fig. XI-1) is the 
most appropriate. Though it provides the samllest resolution, it 
requires the smallest corrections for indigenous contributions. This 
is important in the present case, because the meteoritic signals are 
weak {3 of the 6 samples fall at or below our usual cut-off of 0.3 
ppb Au), and the indigenous contributions, which tend to correlate 

*In the hope of making our report more comprehensible, we shall refer
to samples by lithology rather than full number (e.g., 05B = 15405
coarse quartz monzodiorite clast). Because we have analyzed only one
sample of each lithology, there is no ambiguity. The full sample
numbers are given in the column headings of Table XI-1.
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with Rb,Cs-content, are rather large for these KREEPy samples. 

For comparison, we have also plotted all our earlier Apollo 14 
and 15 analyses showing appreciable siderophile-element contents. 
Sample numbers and abbreviations are given in Table XI-2. 

The fields lH to 6 in Figure XI-1 are based on Apollo 16 and 17 
samples only. They were drawn to encompass 54 of 62 rock samples 
from those two landing sites (Higuchi and Morgan, 1975). 

Group lL. Only 9 of the Apollo 14 and 15 samples fall into these 
fields. Of the stragglers, a sizeable number falls just below the lH 
field, and we have therefore added a new "lL" field to accommodate 
these samples, as well as two previously unclassified Apollo 17 samples, 
76295,49 and 76295,52. Ganapathy et al. (1973) and Higuchi and Morgan 
(1975) had previously suggested that Group 1 might be composite, and 
should be_ subdivided into a high- and low-Re subgroup. 

Group 7. Six other samples, all from 15418 or the "white rocks" 14063-
14064, lie far to the right, at Ir/Au ratios of 1.5-6. Only one sample 
from the other landing sites (67602,14-3, indicated by a star in Fig. 
XI-1) falls in this region. We tentatively place these samples in a
separate Group 7. The boundaries of this group are poorly defined,
because all its members have low siderophile-element contents. None
theless, this group is of special interest because it apparently comes
from a deep and hence ancient stratigraphic level, exposed only at
fresh craters (14063-4 at Cone Crater; 67602,14-3 at North Ray Crater)
or the Apennine Front (15418). Moreover, according to mos-t composi
tional models (Ganapathy and Anders, 1974; Taylor and Jakes, 1974;
Wanke et al., 1975), the bulk moon itself has a refractory-rich com
position, and should therefore plot near Group 7 in the Ir,Re-rich
portion of the diagram. Its position is indicated by a self-explan
atory symbol.

Geographic Distribution. The distribution of these meteoritic compo
nents among landing sites is far from uniform (Table XI-3). Apollo 
14 and 15 are rather similar, both containing representatives of 
Groups lL, 2, 3H, and 7. Thus far, no members of Groups 3C to 6 have 
turned up at these sites, though they are prominent at Apollo 16 and 
17. A more thorough analysis of these trends will be given in our
Proceedings paper (Gros et al., 1976).

Comparison with Previous Data. The new data agree fairly well with 
earlier measurements. Sample 45A falls close to 55A and B, the other 
black-and-white rock from Apollo 15. 64X and B fall in the same gen
eral area as 63A and Y, if we allow for the large errors in these 
siderophile-poor, alkali-rich samples. Only sample 05A disagrees with 
our earlier analysis, falling in Group 3H rather than 2. The differ
ence seems to be due mainly to the higher Au content of the older 
sample, 0.93 rather than 0.52 ppb. Otherwise the two analyses agree 
very closely, and we wonder if the high Au is not due to contamination. 



Table XI-1. 20 trace elements in Apollo 14 and 15 rocks of the Imbrium 
Consortium. (ppb except Ni, Zn, Rb ppm)* 

14064,8 14064,28 14082,35 15405,63 15405,86 15445,102 15445,107 15445,123 

64X 64B 82X 05A 05B 45C 45D 45A 

Ir 1. 63 1.39 0.834 1.28 0.34 0.072 6.21 

'Os 1.87 1.40 0.921 1.16 0.007 0.323 0.018 7.44 

Re 0.140 0.096 0.062 0.121 0.046 0.174 0.0099 0.668 

Au 0.128 0.166 0.562 0.525 0.051 0.319 0.022 6.02 

Pd 0.89 :S:0.62 :S:0.39 1.7 :s:o.9 "L 2 1.2 17.4 

Ni- 76 71 64 83 901t 11.4 396 

Sb 0.18 0.19 0.40 1.06 18.9 0.42 244 

Ge 32.9 31. 0 36.2 62.6 338 5.09 630 

Se 13.0 30 5.5 78 89 1.3 4.6 91 

Te 

Ag 0.3 0.5 0.6 2.2 2.2 1. 7 0.5 · 2.0

Br 120 261 84 129 83 68 96 

In* 4.8 9.2 4.1 1.5 45.2* 10. 9:I: 0.3 0.3 

Bi 0.23 0.29 0.26 0.25 0.22 0.25 0.24 

Zn 3.1 2.5 3.2 4.2 6.3 13.4 1.5 2.5 

Cd 16.7 31.9 10.8 17.7 18.9 2.0 2.8 5.3 

Tl 8.4 4.8 10.5 3.4 2.7 3.5 0.59 

Rb 21.8 21.7 13.4 27.4 39.0 0.661 1.14 4.02 

Cs 465 382 295 1120 1190 180 267 177 

u 3100 3710 1880 4690 11500 24.2 135 788 

Lithologies, according to Wood (1975) 

'X c undifferentiated rock 

64B • largest clast 

05A • matrix (melt rock) 

05B c coarse quartz monzodiorite clasts 

45A., matrix 

45C., pink spinel-bearing white c1ast material 

45D • olivine-bearing white clast material 

tsuspiciously high, may be due to contamination 

*Italicized values (and possibly some of the other values above 2 ppb) apparently

reflect contamination from the notorious In gaskets on Apollo sample ret.urn containers.

127.



0.4 0.6 0.8 I 

Lithology: 

2 4 6 Ir /Au 

APOLLO 14 t 15 
Apollo 14 

Apollo 15 

X A Y 8 

• •• •

0 0 6 D 

20 
70 

Figure XI-1. 

65 

l!D 

Q 

I ,. 

Ir 

60 50 .-Au 40 30 

Meteoritic components of Apollo 14 and 15 samples, classi
fied according to proportions of Au, Re, and Ir. Small 
numerals in the data points are the last two digits of 
lunar sample numbers. Most samples have either very low 
or very high Ir/Au ratios, and consequently fall into 
Groups lL, 2, 3H, and 7. None fall into Groups 3L, 5HL, 
or 6, where many Apollo 16 and 17 samples lie. 

The two black-and-white rocks 15445 and 15455 fall close 
together (Group lL) as do the two white rocks 14063 and 
14064 (Group 7). The two matrix samples from 15405 fall 
in different groups (2 and 3), but this may reflect slight 
Au contamination of the older sample. 14082 (below Group 
4) lies far from its putative relation 14064 (Group 7).

The samples in Group 7, including an Apollo 16 soil sepa
rate (star) lie close to the estimated bulk composition 
of the moon (selenophysiognomy in upper right). The Group 
7 projectile thus may have been a leftover building block 
of the moon. 
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Table XI-2. Previous analyses of Apollo 14 and 15 samples. 

Sample Description 

14053,26 Basalt 

14063,37,Al0 Fine matrix 

14063,37,All Coarse.matrix 

14063,37,A12 Dark clasts 

14142,1,12 

14306,35,9 

14306,35,8 

14306,35,10 

14306�35,11 

14310, 119 

14321,184,14 

14321,184,16 

14321,184,19 

14321,184,15 

14321,184;1B 

15256,6 

15265,13,5 

15265,13,6 

15405,5A5 

15405, 5Al 

15418,30,05D 

15418,30,06 

15455,38 

15455,183 

15455,70A 

15455,179 

Light norite 

Bulk breccia 

Rhyolite clast 

Metal 

Non-magnetic 

Impact melt 

Microbreccia 3 

II 

Microbreccia 2 

Basaltic clast 

Impact melt? 

Breccia.niatrix 

11Noritic11 (??) clast 

Breccia matrix 

White clast 

Vesicular exterior 

Dense interior 

Dark, vesicular 

Dark, dense 

Leucogabbro 

Anorthosite 

Abbreviation Reference 

53X Morgan et !!_. (1972) 

63A 

63A 

63Y 

42X 

06X 

06C 

06B 

06A 

lOX 

21A 

21A 

21A 

21B 

21C 

56X 

65A 

65B 

0SA 

0SY 

18A 

188 

SSA 

558 

SSC 

SSD 

II " " II 

II If II II 

II II II II 

II II II II 

Ganapathy et al. (1974) 

II 

II 

II 

" " 

ti II 

" " 

II 

II 

" 

Morgan�t�l. (1972) 

Morgan et al. (1972, 1975) 

II 

II 

" 

II 

II II 

II II 

" " 

" " 

II 

II 

" 

" 

Ganapathy et !.!_. (1973) 

II 

II 

II 

" 

" 

II 

II 

" 

II 

" 

II II 

II II 

II II 

II II 

II II 

II II 

II II 

II 11 

" ti 

II 

" 

" 

II 

" 

II 

II 

" 

II 

II 
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Table XI-3. Distribution of ancient meteoritic 
components among lunar landing sites. 

Site 1H lL 2 3H 3L 4 SH SL 6 7 Unassigned 

Apollo 14 6 2 1 3 3 

Apollo 15 3 2 1 1 1 

Apollo 16 7 2 2 2 6 1 2 

Apollo 17 1 2 12 4 10 2 3 3 4 
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METEORITE-FREE CLASTS 

15445. The olivine-bearing clast 45D somewhat resembles the anortho
sitic portion of 15455 (Ganapathy et al., 1973). Both are poor in 
alkalis, U, and most other trace elements, but the match is not close. 
No perfect analogue exists for spinel-bearing 45C. Spinel troctolite 
73215,170,9007 (Higuchi and Morgan, 1975) contains greater amounts of 
siderophiles and u, but less Rb and especially Cs. The high Zn content 
is perhaps the principal point of resemblance. The high Ni content 
of 45C seems spurious, because it is not accompanied by an enrichment 
in Pd or Au, two elements that tend to correlate with Ni. 

15405. The quartz monzodiorite clast 05B is more unusual. Among the 
few meteorite-free KREEPy samples recognized thus far, it is highest 
in Rb, Cs., and U. Unlike these samples, it occurs in a KREEP-rich, 
but rather siderophile-poor matrix (cf. 05A and our earlier analyses 
of this rock; Ganapathy et al., 1973). 

INTERRELATIONS AMONG ROCKS 

14064 and 14063. Though both rocks seem to contain the r�re Group 7 
meteoritic component, they are chemically dissimilar. Both samples 
of 14064 are much richer in Rb (21.8 and 21.7 ppm) than the three 
samples of 14063 studied earlier (4.4, 9.3, and 1.3 ppm; Morgan et al., 
1972). If they are pieces of the same rock, then this rock must be 
heterogeneous. A systematic interdisciplinary study of both rocks 
may be needed to settle this question. 

14082 and 14063-4. In its indigenous elements, 14082 is a passable 
match to either 14063 or 14064. (Of the various slight mismatches, 
those for Rb, Ti, and Zn are the most significant). However, the 
meteoritic component looks decidedly different. 14082 plots in the 
lower left of Figure XI-1, whereas 14063 and 14064 plot in the upper 
right. A slight amount of Au contamination (0.5 ppb) could account for 
the difference, and though we have no evidence for such contamination, 
we do not wish to make a categorical statement at this time. 
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XII. U-Th-Pb SYSTEMATICS OF IMBRIUM COMSORTIUM SAMPLES*

M. Tatsumoto and D. M. Unruh

U.S. Geological Survey, Mail Stop 963, Box 25046 
Federal Center, Denver, Colorado 80225 U.S.A. 

ABSTRACT 

The Imbrium Consortium samples 14082, 15405, and 15445 (J. A. Wood, 
Consortium leader) have been analyzed for U, Th, and Pb concentrations 
and Pb isotopic composition using a special method which allows us to 
obtain isotopic data on sub-milligram size samples of mineral separates 
and whole-rock. Results are still of a preliminary nature, but from 
data so far obtained for rock 15405, we favor the view that KREEP 
originated before the Imbrium impact event of 3.9 b.y. ago. Rock 15445 
samples appear to be heavily contaminated by pre-analysis handling. 

INTRODUCTION 

Apollo 14, 15, and 17 sample studies and orbital y ray measurements 
(Trombka, 1973) reveal that KREEP-rich materials are most abundantly 
distributed near the Imbrium basin. Since Rb-Sr whole-rock data of 
Apollo 14 KREEPy rocks form an isochron which corresponds to 4.3 b.y., 
and the Rb-Sr internal isochron ages are about 3.9 b.y., Nyquist (1974) 
proposed that parent KREEP material differentiated early in the moon's 
history (4.3 b.y. ago) and that KREEP rocks are 3.9 b.y.-old impact 
melts of the parent KREEP material. 

Tera and Wasserburg (1972, 1974) found that many U-Pb data of lunar 
rocks fall on a chord of 3.9 to 4.4 b.y. on a U-Pb evolution diagram, 
and U-Pb data on mineral separates of.impact-melt rocks 14053 and 14310 
define the same chord. They proposed that this 4.4 b.y. age corresponds 
to the moon's primary differentiation and that the 3.9 b.y. age corre
sponds to metamorphic event(s) caused by cataclysmic planetesimal 
bombardments. Some lunar highland rocks, however, lie well off the 
3.9-4.4 b.y. KREEP line (e.g., troctolite 12035, Tatsumoto et al., 1971; 
anorthosite 60015, Nunes et al., 1973; cataclastic anorthosite 67075, 
Silver, 1973; anorthositic gabbros 78155 and 77017, Nunes et al., 1974 

*This preliminary report has been prepared under NASA Contract No.
T-2407A and has not been edited or reviewed for conformity with U.S.
Geological Survey standards and nomenclature.
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and Nunes et al., 1975). For this reason Nunes et al. (1974) proposed 
that the 4.4 b.y. age relates to the differentiation of the KREEP source. 
Furthermore, because KREEPy material contains high concentrations of u
and Th, a small amount of KREEP component in a rock would dominate its 
U-Th-Pb systematics so that KREEPy rocks appear to lie on the 3.9-4.4
b.y. chord. Later, however, Nunes et al. (1975) suggested a KREEP
differentiation age of 4.2-4.3 b.y. from their U-Pb study. Nyquist
et al. (1975) also suggested a 4.25 b.y. age for KREEP differentiation
from their Rb-Sr systematic studies. In any case, Nunes et al. (1974)
suggested that the KREEP source was a lava flow from the "South Imbrium"
event (the Gargantuan event of Cadogan (1974)). On the other hand,
some investigators (e.g., Wood, 1972; Ryder, 1975) favored the view
that the KREEP source material is a late-stage residue from an original
moon-wide differentiation and KREEP material has been excavated by the
Imbrium event.

Thus, the radiometric age studies of the Imbrium Consortium samples 
are extremely important for KREEP basalt genesis as a key to lunar 
evolution. 

ANALYTICAL METHOD 

Because of the sma;t.1 sizes of samples allocated for this study, 
a miniaturized chemical procedure which is suitable for sub-milligram
to milligram size samples has been developed. The procedures are 
briefly described below; details will be published elsewhere. A sample 
is decomposed by 30 µ1 of HF and 20 µ1 of HNo3 in a Teflon bomb. Pb
was separated by either a cation exchange resin column or by an anion 
exchange resin column (5-10 µ1 resin amount each) in HBr media. The 
analytical blanks are 0.05-0.1 nanograms. 

A newly constructed tandem (two-stage) mass spectrometer equipped 
with a pulse-counting system was used for isotopic measurements in the 
present Imbrium Consortium study because of the high sensitivity and 
spectral purity of this mass spectrometer. The tandem mass spectro
meter is an NBS-type, 90 °-sector instrument with two stages joined in 
an off-axis "S" configuration (originally designed by w. Shields). 
The mass ratios with �10-9 - 10-10 grams of u, Th, and Pb are measured 
by a pulse-counting system fed through an ion multiplier and pulse
height discriminator. The 0.5 _nanogram Pb provided 5xl05 counts per 
second in most cases. Spectral purity has been obtained in the mass 
spectrometer such that the contribution of the leading edge of a peak 
of mass 235 at the half-mass position, is about 1 part in 105. In most 
cases data are.believed to be accurate within ±0.5 percent (2cr) for 
isotope ratio measurements of 10-9 grams of Pb, U, and Th. 
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RESULTS AND DISCUSSION 

The results are shown in Table XII-1. Our efforts were concentrated 
on breccia 15445. About 0.2 mg of olivine concentrate was isolated 
from 50 mg of plagioclase matrix from an olivine-spinel-bearing white 
clast (15445,106) by hand picking and bromoform separation. The plagio
clase and olivine concentrates were washed with acetone and 0.1 N HNO3; 
none of the whole-rock samples analyzed in this study except 15445,106 
were washed. 

All leads in olivine- and plagioclase-rich matrix separates and 
a whole-rock split of the clast (15445, 106) from sample 15445 are 
unusually non-radiogenic showing 206Pb/204Pb ratios of 20-24. Pb con
centrations in the olivine, matrix, and whole-rock samples of the clast 
are 17 ppm, 33 ppm, and 66ppm, respectively, while U concentrations 
are 0.05 ppm, 0.25 ppm, and 0.16 ppm and Th concentration are 0.26 ppm, 
1.18 ppm, and 0.88ppm. The large amount of non-radiogenic Pb in these 
samples cannot be accounted for by our laboratory contamination but 
may be due to contamination during sample handling prior to our analysis. 

A matrix sample of 15445 (15445,122) also has a high Pb concen
tration and a 206Pb/204pb ratio of 27. The amount of pre-analysis 
contamination required to obtain 206pb/204pb ratios.< 30 is very large, 
approximately 50 µgm/gram of sample. But if the data are real we cannot, 
as yet, account for the· non-radiogenic Pb in these samples. Sample 
14082,36 also has a high Pb concentration. Even though observed 206pb/
204pb ratios are more than 100, the 238u/204Pb ratio is only 12, indi
cating pre-analysis contamination of this sample. We plan to perform 
acid leaching of this sample in order to reveal the actual Pb contam
ination level.* 

A coarse-grained quartz-monzodiorite clast (15405,88) separated 
from 15405 (collected from a boulder at Station 6a, Apollo 15; Ryder, 
1975) contains the highest U (17.39 ppm) and Th (85.81 ppm) concentra
tions of any lunar sample yet analyzed, including granitic breccia 
12013, which contains 10.8 ppm U and 34.3 ppm Th in the lighter-colored 
fraction (Tatsumoto, 1970). On the other hand, the matrix (15405,59), 
a fine-grained, vesicular, igneous-textured rock of KREEP basalt compo
sition, contains 3.93 ppm U and 16.17 ppm Th, which are typical for 
KREEP-rich basalts. 

Data are plotted on a 206Pb/207Pb vs. 238
u;207Pb diagram in Figure

XII-1. The KREEP line obtained from an internal isochron of "Rusty

*The Consortium Leader wishes to stress that these samples were
distributed to the author directly from the SSPL, and were not processed
or handled in Cambridge.
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Rock" 66095 (Nunes and Tatsumoto, 1973} is shown for comparison. Data 
plotted in this diagram have only been corrected for analytical Pb 
blank; they have not been corrected for any assumed primordial lead. 
Pre-analysis contamination lead in samples 15445 and 14082 is richer 
in 206pb (about 1.4 in 206Pb/207pb ratio) than laboratory contamination 
lead, and it is clearly different from the KREEP initial Pb. 

The quartz monzodiorite clast (15405,88) contains 20.0 ppm Pb and 
is quite radiogenic (Table XII-1}, whereas the matrix (15405,59} con
tains 10.0 ppm Pb and is not as radiogenic. An extension of a tie-line 
between these two samples fits the "pre-analysis contamination" lead 
of samples 15445, 106 and 15445,122. This appears to indicate that 
samples 15405,59 and 15405,88 were also contaminated prior to our 
analysis and that the slope of the tie-line and the corresponding age 
of 2.06 b.y. obtained from the two portions of rock 15405 have no 
scientific meaning, unless, of course, the 15445 data are real. 

The U-Pb data of 15405,59 and 88 are plotted on Wetherill's U-Pb 
evolution diagram in Figure XII-2. Data from some Apollo 11, 12, and 
15 basalts, granitic breccia 12013, breccia 15418 (Station 7), and 
rock 12035 are shown for comparison. 

A tie�line between the U-Pb data of 15405 intersects concordia at 
4.2 b.y. and 1.9 b.y. (solid line, Fig. XII-2). The 15405.data plot 
quite differently from.most lunar samples analyzed to date, and appar
ently do not fall on the "cataclysm" line (broken line, Fig. XII-2) 
suggested by Tera and Wasserburg (1972, 1974) even if sig�ificant 
pre-analysis Pb contamination in 15405,59 is considered. Although the 
matrix is considered to be of impact origin (Ryder, 1975), the data 
are still different from those of impact-melt basalts 14310 and 14053. 
The lower intercept age of the tie-line in Figure XII-2 agrees with 
the "third event" age suggested by the U-Pb data of Apollo 14 soils 
(Tatsumoto et al., 1972). The upper intercept probably has no strict 
age significance, although this age is close to the Apollo 15 KREEP 
basalt age of '\, 4.3 b.y. obtained from a Rb-Sr whole-rock isochron 
(Nyquist, 1974). Although results reported here are of a preliminary 
nature and should be refined (by leaching experiments to reveal the 
extent of contamination and by mineral separations}, the present data 
suggest that the KREEP basalts were probably not extruded '\, 3.9 b.y. 
ago, and the boulder containing 15405 created at some later time; but 
rather that the KREEP basalts intruded the Imbrium Basin earlier than 
4.1 b.y. ago and the boulder was created at some later time (say 2 
b.y.?}.
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Table XII-1. 

Saq,le Fraction 

15445, 106 wholti rock 
olivine-spinel 
bearing white 
clast 

plagioclase 
(matrix) 

I-' olivine 
w 

0\ 

15445, 122 whole rock 
matrix 

15405,59 whole rock 
matrix 

15405,88 whole rock 
�uartz-axizo-
iorite clast 

14082,36 whole rock 
clast 

Concentration of uranium, thorium, lead, and lead isotope composition 
in Imbrium Consortium samples. 

Lead Isotopic Composition 

Concentrations Atomic Ratios Observed RatioY 

Weightlf u Th Pb 
232Th 23eu 206Pb 207pb 2oePb 

RuJ/ (microgram) (ppm) (ppm) (ppm) 23eu 204pb 204pb 204Pb 204Pb 

753.0 p 23.39 17. 75 42.08 
404.6 C 0.160 0.893 65.5 5.78 0.168 22.43 17.55 

814.6 p 21.24 17.73 40.93 
426.8 C 0.207 1.177 33.3 5.88 0.434 21.30 16.79 --

.104.0 p 20.84 l6.58 39.90 
66.5 C 0.054 0.262 16.95 5.03 0.216 20.79 15.93 --

134.0 p 26.98 20.11 45.98 
768.0 C 13.3 -- 26.61 19.91 --

2640 p 205.3 107.8 220.1 
1820 C 3.92 16.17 9.64 4.25 191.8 

933 p 699.0 245.8 635.7 
577 17.39 85.81 20.06 5.10 1281 

1640 p 123.4 84.95 130.88 
1170 C 1.912 7.568 55.33 4.09 12.2 148.1 99.30 

l/ Reproducibilities of weighing for rock 15445 are ±0.2 microgram and f�r others are ±10 microgram. 
Y P, lead composition run; C, concentration run. 
'l/ Spiked 208Pb components are subtracted from concentration runs. 
Y Corrected for analytical blanks and mass fl"actionations of mass spectrometer measurements. 

Corrected RatiJI 

206Pb 201Pb ·208Pb 
204pb 204pb 204pb 

23.47 17.83 42.32 
22.43 17.55 

21.32 . 16.81 41.19 
21.44 16.84 

21;03 16.70 40.03 
21.02 15.97 --

27.10 20.22 46.28 
27.10 19.54 

209.5 110.0 224.7 

757.3 265.9 689.0 

124.19 85.66 132.01 
149.48 100.33 158.89 

201Pb 
--

206Pb 

0.760 
0.782 

0.788 
0.785 

0.789 
. 0.760 

0.746 
0.721 

0.525 

0.351 

0.689 
0.671 
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XIII. EXCAVATION DEPTHS OF LARGE LUNAR IMPACTS:
SHALLOW OR DEEP? 
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A wide variety of lunar samples has been collected on .or near 
the rims of lunar craters ranging in size from several hundred meters 
(e.g., Cone Crater, D=340 m, Apollo 14) to several hundred kilometers 
(Serenitatis Basin, D�7S0 km, Apollo 17). These samples presumably 
include material which has been excavated by the impacts forming 
these craters. Small-scale experimental impacts into quartz sand 
(Stoffler et al., 1975) and field investigation of the partially pre
served remnants of rim deposits associated with terrestrial impact 
structures (Shoemaker, 1963; Dennis, 1971) have shown that the 
deepest material ejected from an impact crater is deposited near the 
crater's rim. Models of large-scale impact cratering generally pre
dict an increase in the maximum depth excavated by craters of in
creasing size. However, there is no consensus on the actual rate at 
which the excavation depth of the initial crater cavity increases 
with increasing crater size. 

The experimental studies of Gault et al. (1968) have demon
strated that the depth/diameter ratio of an impact crater attains a 
maximum near the conclusion of the excavation stage of crater forma
tion. (This intermediate-stage crater geometry is termed the initial 
crater cavity in this report.) Subsequently, fallback will decrease 
crater depth, while dilation or "rebound" of basement materials and 
rim slumping will simultaneously decrease crater depth and increase 
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crater diameter. The net effect of these modification processes is 
to decrease the depth/diameter ratio of the initial crater cavity. 

Lunar crater morphometry has been described with a high degree 
of precision with the advent of spacecraft photography from lunar 
orbit (Pike, 1968, 1972, 1974). Measurement of crater rim height/ 
diameter (H/D) and depth/diameter (d/D) ratios have revealed a major 
transition from small, bowl-shaped craters with relatively large H/D 
to larger, more saucer-shaped craters with relatively small H/D at 
D=l5 km (R=7.5 km). This transition can be correlated with the in
cidence of flat floors, central peaks, and terraced rims in the 
larger craters, features which are generally attributed to the dif
ferent types of modification processes mentioned above. These asso
ciations have led to an interpretation of the morphometric discon
tinuity at D=l5 km in terms of a significant increase in the ability 
of modification processes to reshape the geometry of the initial 
crater cavity (Pike, 1967, 1971). A similar transition in the ef
ficacy of late-stage modification processes has been proposed by 
Dence· (1968) to explain the differences between small "simple" ter
restrial impact structures, consisting of circular, breccia-filled 
depressions, and larger "complex" terrestrial craters, which include 
central peaks and central peak rings, and characteristically are 
filled by breccias and significant volumes of igneous melt. 

Dence (1968) specifically suggested that the initial stages of 
crater formation, through the completion of the excavation stage, 
are the same for both simple and complex craters. Pike (1967) 
similarly proposed that the "initial impact shape" of large lunar 
craters (D>20 km) corresponds to that observed for smaller fresh
appearing craters and that this initial geometry was destroyed by 
post-excavation modification processes. These arguments indicate 
that the depth/diameter ratio of the initial crater cavity of large 
impact events can be estimated by extrapolating the depth/diameter 
ratios observed for small, presumably unmodified lunar craters (as
suming a correction for rim slumping can be applied to infer the 
diameter of the initial crater cavity of the larger craters). (See 
Figure XIII-lA.) Such a proportional increase in excavation depth 
with increasing crater size is referred to as the theory of propor
tional crater cavity growth in this report. 

Alternatively, other investigators have proposed a variety of 
factors which may become important with increasing magnitude of the 
cratering event and which produce a basic change in the depth/ 
diameter ratio of the initial crater cavity. Baldwin (1963) com
pared the transition from bowl-shape (D>l5 km) to saucer-shape 
{D<l5 km) observed for lunar impact craters with the transition from 
bowl- to saucer-like shape observed for terrestrial explosion craters 
as the scaled depth-of-burst (SDOB) of the explosive charge becomes 
progressively shallower. Baldwin (1963) concluded that the depth of 
cratering energy release for the impact events did not increase 
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proportionally with increasing crater size; rather he concluded that 
the ratio of [depth of cratering energy release]/[energy available 
for excavation) decreased with increasing crater size, in analogy 
with the decrease of explosive SDOB required to produce saucer
shaped explosion craters. Similarly Chao (1974) has proposed that 
the lateral rate of initial crater cavity growth increases faster 
than the vertical rate of initial cavity growth with increasing 
size. Chao (1974) bases this conclusion on a comparison of the 
structure and continuous rim deposits of Meteor Crater, Arizona 
(D=l.2 km} and the Ries Crater, Germany (D=23 km}. Such a differ
ential change in the lateral and vertical rates of initial cavity 
growth would result in a shallower initial crater cavity (i.e., a 
decrease in d/D of the initial cavity} with increasing crater size 
as previously suggested by Baldwin (1963). 

Other factors have also been proposed which would account for a 
decrease in the rate at which impact penetration increases with 
crater size. Milton and Roddy (1972) have suggested that central 
peaks may result from cometary impacts and that generally the ratio 
of [projectile density]/[target density] may become a critical 
variable in determining the shape of the initial crater cavity of 
large lunar craters. Energy partitioning studies of Gault and 
Heitowit (1963) suggest that a smaller proportion of total-impact 
kinetic energy may be available to excavate material with increasing 
magnitude of the impact event. However, it is difficult to quanti
tatively assess the actual variation of cratering energy available, 
since this is a smaller fraction of a quantity which itself grows 
with increasing crater size. Head (1976) has suggested that the 
change may be due to changes in the shape of the growing cavity as 
a low-strength megaregolith is penetrated and a bedrock substrate is 
encountered at a depth of about 2-3 km. 

Technical limitations make it impossible to experimentally re
solve which, if any, of these factors might actually become signif
icant for large-impact cratering events. What these different 
hypotheses have in common is the concept that the geometry of the 
initial crater cavity fundamentally changes with increasing crater 
size. As shown in Figure XIII-lB, the hypotheses presented above 
imply that the dimensions of the initial cavity will not be propor
tionally similar to the geometry of fresh, small lunar craters. (As 
in Figure XIII-lA, modification processes will nevertheless destroy 
the true shape of the initial crater cavity.} Such a variation in 
initial crater cavity geometry will be referred·to as the theory of 
variable crater cavity shape in this report. 

Several studies of the freshest multi-ringed lunar basins have 
proposed depths of excavation for the initial crater cavity produced 
by the basin-forming impact employing the theory of proportional 
crater cavity growth. By extrapolating depth/diameter ratios ap
propriate to small-scale craters (both experimental and lunar} a 
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range of transient cavity depths has been proposed: Moore 
et al. (1974) have estimated an 85 km depth of excavation for the 
Orientale event; Dence (1973) estimated 130 km for the Orientale 
event; Moore et al. estimate 130 km for the Imbrium event; Dence 
et al. (1974) estimate a depth in excess of 200 km for the Imbrium 
event. 

Figure XIII-2 employs the theory of variable crater cavity shape 
to illustrate alternative excavation depths for large-scale lunar 
impacts. This hypothetical curve demonstrates that the depth of 
excavation of the initial crater cavity produced by basin-sized 
impacts could be significantly less than the previous range of es
timates. In fact it is possible that even the largest basin-forming 
impacts have not penetrated the seismically defined 60 km lunar 
crust (Toksoz et al., 1973). 

Fallback, basement dilation, and rim slumping combine to destroy 
the initial crater cavity and make it impossible to discover if the 
initial cavity geometry of large lunar impacts corresponds to that 
observed for smaller, apparently unmodified craters. Terrestrial 
experimental impact cratering is also unable to directly demonstrate 
that the shape of the initial crater cavity should increase propor
tionally with increasing crater size for large-scale lunar impacts. 
Settle and Head (1975) have employed the detailed morphometric des
criptions of large lun�r craters (D>l5 km) provided by the recent 
series of Lunar Topographic Orthophotomaps in a test of the internal 
consistency of the theory of proportional cavity growth. In this 
study topographic trends beyond the rims of fresh, intermediate
sized (15 km<D<l00 km) lunar craters are extrapolated inwards, 
towards the crater center, as a means of estimating the local eleva
tion of the rim of the transient cavity prior to rim slumping. Rim 
terraces can then be restored to their inferred pre-slump positions 
and an initial cavity depth (prior to slumping) can be estimated by 
accounting for the volume of material wnich presently forms parts 
of the walls and floor of the crater. This technique restores the 
slumped crater rim and simultaneously infers an initial cavity 
depth and rim height. The results of this investigation show that 
it is not possible to restore the initial (pre-slump) cavity 
geometry on the basis of observable exterior crater topography and 
produce a cavity which is characterized by both a rim height/diam
eter ratio and a depth/diameter ratio which compare with similar 
ratios observed for small-scale (D<l5 km) lunar craters. Settle 
and Head (1975) conclude that the dimensions of the initial crater 
cavity do not continue to increase proportionally with crater size 
and that the rim height/diameter and depth/diameter ratios of small 
lunar craters cannot be simultaneously extrapolated to basin-sized 
impact events. 

Estimates of primary ejecta volume and apparent crater volume 
can also provide constraints on the maximum depth of excavation of 
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lunar impact craters. Head et al. (1975) have reviewed estimates 
of ejecta deposit volume and basin volume for 0rientale, the best 
preserved multi-ringed basin, and concluded that the volume of 
material ejected beyond the rim of the 0rientale transient cavity 
was approximately 1-3 x 10 6 km 3

• Experimental impact cratering in 
quartz sand demonstrates that the maximum excavation depth below the 
original ground surface can be significantly greater than the maxi
mum depth of material ejected from the crater cavity due to compres
sion of substrate materials (Stoffler et al., 1975). However, the 
physical properties of inferred lunar crustal materials (Toksoz 
et al., 1973) at depths of several kilometers indicate that compres
sion wlll not represent a significant component of crater cavity 
volume for basin-sized impact events. Thus primary ejecta volume 
estimates can be used to approximate the excavation depth of the 
initial crater cavity by neglecting the volume of fallback material 
and assuming a cavity radius and cavity geometry. Head et al. 
(1975) assume a spherical cap geometry of R=310 km for the initial 
0rientale cavity, which implies cavity excavation depths on the 
order of 6-20 km. Similarly, for Imbrium (R=485 km) Head et al. 
(1975) conclude that the volume of primary ejecta excavated was ap
proximately 3-10 x 10 6 km 3 which would correspond to excavation on 
the order of 8-27 km for an initial cavity with a spherical cap 
geometry. 

Consideration of the volume of fallback material and alterna
tive cavity shapes wili somewhat enlarge these excavation depth 
estimates. However, revised estimates accounting for these factors 
remain significantly smaller than excavation depths inferred by pro
portionally extrapolating small-scale crater dimensions into the 
basin size range. 

In summary there are two fundamentally different theories 
which have been developed in attempting to estimate the initial 
excavation depth of large lunar impacts. The theory of proportional 
cavity growth assumes that the depth/diameter ratio of the initial 
cavity remains constant for all crater sizes and that the apparent 
shape of small lunar craters (0<15 km) is essentially equivalent to 
the shape of the initial cavity. The proportional growth theory 
claims that the markedly different depth/diameter ratios observed 
for large lunar craters (0>15 km) are due to wholesale modification 
of the initial cavity produced by rim slumping, fallback, and base
ment dilation processes, which become critically significant for 
craters larger than 15 km in diameter. Alternatively the theory of 
variable cavity growth assumes that a basic change in cratering 
mechanics results in smaller depth/diameter ratios for the initial 
crater cavity with increasing crater size. The variable cavity 
growth also recognizes the important role that modification proc
esses play in the latter stages of large-scale cratering events; 
however, the variable growth theory claims that modification alone 
cannot explain the relative shallowness of large lunar craters. It 
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is the pervasiveness of modification effects which makes it dif
ficult to decide which of these two theories is correct. 

Settle and Head (1975) have employed topographic trends of the 
exterior ejecta deposits of fresh, intermediate-sized lunar craters 
in modelling the restoration of slumped crater-wall terraces. Their 
results demonstrate that massive rim slumping alone cannot account 
for the observed discontinuity in depth/diameter ratios of lunar 
craters. This implies that other modification phenomena become 
volumetrically significant in reshaping the initial cavity or that 
the proportional growth of the transient cavity does not occur with 
increasing crater size. 

Estimates of primary ejecta volume inferred by Head et al. 
(1975) for basin-sized craters are generally an order of magnitude 

less than the volume which would be excavated by a transient cavity 
with dimensions based upon the proportional growth theory. If com
pression is not a significant component of crater volume for basin
forming craters, these results suggest either that most of the ex
cavated material returns to fill the initial cavity as fallback or 
that proportional growth of the transient cavity does not occur with 
increasing crater size. 

While neither of these studies conclusively disproves·the pro
portional growth theory, they do represent obstacles which require 
explanation. Quantitative models of the different modification 
processes may eventually be employed together to restore apparent 
crater geometry to its pre-modification, transient cavity-config
uration and directly infer the initial cavity excavation depth. In 
the meantime, estimates of the excavation depth of large lunar 
impact craters should explicitly recognize the major differences 
implied by the proportional cavity growth and variable cavity growth 
theories. 
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XIV. NOTES TOWARDS AN IMPACT MODEL FOR THE IMBRIUM BASIN

Michael R. Dence 

Earth Physics Branch 
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Ottawa, Ontario, Canada KlA OE4 

INTRODUCTION 

These preliminary notes present thoughts on three aspects of the 
structure of the Imbrium Basin and the physical processes that may have 
taken place during its formation. The first concerns the present di
mensions of the basin and the weight given to its various structural 
elements. Consideration is then directed to some factors to be con
sidered in formulating impact models for the Imbrium Basin. Finally, 
brief a�tention is directed to the physical state of ejecta and the 
processes that may take place during deposition. 

DIMENSIONS OF THE IMBRIUM BASIN 

Despite the prominent position occupied by the Imbrium Basin in 
the history of the moon, and the great influence attributeq to the 
Imbrian impact, little attention has been paid to its structural 
elements in the last decade. The definitive study has been that of 
Hartmann and Kuiper (1962} and Hartmann (1963), which, carried out at 
the same time as their pre-Orbiter analysis of the Orientale ring 
structure, analyzed Imbrian structure in terms of three concentric 
rings. That this interpretation was not altogether self-evident is 
indicated by the earlier studies of Spurr (1945 } and Baldwin (1949). 
The latter recognized an inner ring approximately 560 km in diameter, 
which he considered to be the trace of the original impact crater. 
Around it he described an eccentric outer dome 1 280 km accross, sur
rounded in turn by a ring syncline (approximately equivalent to Spurr's 
circum-ambient trough}. The eccentricity of these elements he 
attributed to oblique impact (Baldwin, 1949 , pp. 210-2 1 1). Later he 
revised the dimensions of the inner ring to 678 km diameter (Baldwin, 
1969). Hartmann and Kuiper (1962} and Hartmann (1963 } identify the 

� same ring as their inner basin. I� their study three rings were de
fined: the inner basin, 670 km in diameter; the Alpine Ring, 970 km; 
and the Apennine Ring, 1340 km. The center of this concentric system 
is near 37 °N, 19 °W (Fig. XIV-1, Plate 12-24 , Hartmann and Kuiper, 1962} • 

These dimensions have been adopted by most subsequent commenta
tors, although the diameter of the Apennine Ring has also been given 
as 1250 km (Stuart-Alexander and Howard, 1970). It is evident, however, 
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that this interpretation, by placing overriding weight on the con
centric relationship between the inner ring as drawn through isolated 
peaks of pre-mare basalt formations and the 90 ° arc of the Apennine
Carpathian Mountain chains, introduces anomalies to the north. 
Specifically the Apennine escarpment is mirrored by the trough of Mare 
Frigoris, while the regions corresponding to the Alpes and their con
tinuation to the Jura Mountains around Sinius Iridium are covered by 
mare basalt in most of the southern half of the basin. 

An alternative interpretation which avoids some of these diffi
culties is suggested in the diagrams of Howard et al. (1974), who 
continue the Apennines north into the Caucasus Mountains and hence to 
the highlands north of Mare Frigoris. This enlarges the outer ring to 
approximately 1500 km diameter, but with a center at about 40 ° N, it 
appears to be irreconcilable with any internal structure of concentric 
rings. 

On the other hand, Figure XIV-2 presents an interpretation in which 
the Apennines and Alpes are placed in the same arc by reducing the dia
meter of the outer ring to 1140 km and moving the center to about 35 ° N, 
17 ° W. The result is virtually identical to the Hartmann and Kuiper 
analysis in the SW quadrant, but on the north side places the Teneriffe 
Mountains and nearby peaks on the intermediate rather than the inner 
ring. The distribution of wrinkle ridges within the basin (Hartmann and 
Kuiper, 1962) and the convergence of radial structures of the Imbrium 
system (Hartmann, 1963) .are as compatible with this solution as with 
those discussed above. The Caucasus Mountains, however, become tangen
tial rather than circumferential, implying that their structural trend 
results from other factors not necessarily related to the Imbrium event. 
The three rings defined by this approach have diameters of approximately 
570, 850, and 1140 km. 

IMBRIUM BASIN AS AN IMPACT STRUCTURE 

Irrespective of the precise dimensions of the Imbrium Basin it has 
been implicit in all treatments since Hartmann and Kuiper (1962), 
and more importantly since Orbiter IV, that Imbrium had the same general 
structure as the Orientale Basin. This viewpoint is adhered to here. 
We may thus equate the inner ring with the Inner Rook Mountain ring of 
Orientale, the intermediate ring with the Outer Rook Mountains, and the 
Apennine/Alpes ring with the Cordillera of Orientale. 

There is, however, considerable difference of opinion as to how 
the ring structures may be compared with smaller craters. Most recent 
authors have agreed that the outer ring is a fault escarpment formed by 
the downwards and inwards displacement of part of the initial rim. The 
latter has been identified with both the inner ring (e.g., Moore et al., 
1975) and the intermediate ring (Outer Rook Mountains and equivalents) 
(e.g., Head et al., 1975). The data from terrestrial craters favors 

the former. 
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.The main points in this argument may be reviewed by referring to 
Figure XIV-3. ON the left side of the figure is drawn the semi-profile 
of a typical transient cavity, the crater as initially excavated by 
direct action of the shock and rarefaction waves generated by hyper
velocity impact. The target is taken to be of compact, cohesive rocks 
with negligible porosity and anisotropy. The profile shown is para
bolic with a ratio of diameter to depth, as measured from the rim, of 
3:1. 

The evidence for the validity of this ratio comes in the first 
instance from simple natural terrestrial craters, which range in 
diameter from a few meters to a few kilometers. None show the transient 
cavity profile, as all have been modified in greater or lesser degree. 
T.he first stage of modification occurs immediately after excavation and 
results in a lens of allochthonous or allogenic breccia within the 
crater. This breccia is commonly called fallback, but is predominantly 
the result of slumping from the crater walls. The result at the end 
of this stage is the fresh apparent crater, which is then subjected to 
degradation by erosion and sedimentation. 

Krinov (1963) noted that in the fresh Sihkote Alin craters (up to 
26 m across) the diameter to depth ratio of the apparent crates 
increased regularly with increasing crater size from 2.8:1 to 5:1. In 
larger craters (Barringer, Lonar, Brent) this ratio is about 8:1. 
However, for those craters where excavation or drilling has outlined 
the dimensions of the allochthonous breccias the diameter to depth ra
tio measured to the bottom of the breccias generally lies between 3:1 
and 4:1. Typical results are given in Table XIV-1. 

In sum, these data indicate little change in relative dimensions 
of the excavated crater over three orders of magnitude. Crater di
mensions appear relatively insensitive to differences in country rock 
types and, by inference, to possible differences in projectile compo
sition, geometry, or velocity. On the other hand it is clear that 
slumping and other immediate modifying influences become more important 
with increasing crater size. Variations in country rock properties 
appear to be more important at this stage than during initial excava
tion, though it is clear from experiments that transient cavity rela
tive dimensions can vary considerably where target materials are of low 
strength and/or high porosity. 

Craters larger than 1.3 km in sedimentary rocks and 4 km in crys
talline rocks have complex structure involving uplift of the center 
and extensive slumping of the rims. Craters larger than about 30 km 

� across in crystalline rocks have a distinct ring structure resulting 
from complete downdrop of the rim to form a peripheral trough. This 
situation is shown in the right-hand side of Figure XIV-3. 

I take the position that the relative dimensions of the transient 
cavity of these craters was the same as for the smaller, simple craters, 
even though the apparent diameter:depth ratio of the ring structure is 
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Figure XIV-1. Rectified photograph of Mare Imbrium showing three con
centric rings, some radial features, and the main 
wrinkle rings according to Hartmann and Kuiper (1962; 
Plate 12.24). 



Figure XIV-2A.
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Rectified photograph of the moon, centered on the 
Imbrium Basin, showing radial structures and inferred 
circle at the center (Hartmann, 1963; Plate 24.40). 
(See Figure XIV-2B, following.) 
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Figure XIV-2B. Overlay sketch of Figure XIV-2A, showing three con
centric rings and center (cross) suggested in this paper. 
Outer of Hartmann and Kuiper (1962) with center at 
circle with cross. Outer ring of Howard et al. (1974) 
represented by short dashes with center at diamond. 



• 

• 

Table XIV. Diameter to depth ratios of terrestrial 
impact craters. 

Crater Diameter Diameter: depth 
(bottom of 
breccias) 

Henbury ifl3 9m 3:1 

Odessa # 2 21.Sm 3.3:1 

Odessa i,f 1 165m 3.6:1 

Barringer 1.2km 3.1:1 

Lonar 1.85km 4:1 

Brent 3.5km 3.5:1 

Notes: (1) Meteorites at bottom of breccias

(2) Ni anomaly at bottom of breccias

(3) Rim partly eroded

Country rock 

Sandstone 

Carbonate-
Clay 
Carbonate-
Clay 

Limestone, 
sandstone 
Basalt 

Granitic gneiss. 

Notes 

(1) 

(1) 

(2) 

(3) 

(2) (4)

(4) Rim taken as similar before erosion to that at New Quebec.
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Reference 

Spencer (1933) 

Evans (1961) 

Shoemaker & 
Eggleton (1961) 

Shoemaker (1963) 

Fredriksson et al. 
(1973) 

Dence (1968, 
1971) 
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Figure XIV-3. Relative dimensions of typical transient cavity (left) 
and final ring structure (right) of large terrestrial 
ring structure such as Popigai or Manicouagan craters. 
Original surface shown as heavy line; two subsurfaces, 
originally horiz9ntal, marker horizons as dashed 
lines. VTc = volume of transient cavity, VAc = volume 
of final apparent crater, Vpc = volume of fractured 
basement rocks. Rings are labelled IR, OR, C to indi-

,. 

cate the interpreted Orientale Basin equivalents: 
Inner Rook, Outer Rook, and Cordillera Mountains. 
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of the order of 50:1 or greater. The main reasons for this view are: 

1) At structures such as Gosses Bluff (22 km) and Vredefort
(160 km) it is possible to restore various stratigraphic horizons, 
such as those indicated by dashed lines in Figure XIV-3, to their pre
impact position. The cavity so described agrees well with the 
parabolic form deduced for the simple craters. 

2) At structures such as Clearwater Lake and Manicouagan the
approximate position of the transient crater rim is indicated by 
relicts of limestone which formed a relatively thin cover to the 
crystalline basement at the time of impact. 

3) Levels of shock metamorphism in the center of these structures
are similar to those in the autochthone underlying the breccia lens 
in simple craters (Dence, 1968; Robertson, 1975). 

There is some indication (Dence, 1971) that shock zones are wider 
and shock levels in the center are somewhat higher in large craters, 
such as Charlevoix and Manicouagan, than would be inferred by extra
polation from smaller craters. If real, and more data are needed, the 
implication is that energy is partitioned somewhat differently in 
large than in small craters, with proportionally less energy going 
to excavation in the larger craters. This does not in itself imply 
that transient cavity shape changes with size; on the contrary, cavity 
shape appears to be largely independent of crater size over the five 
orders of magnitude represented by natrual terrestrial craters. This 
is compatible with the idea that cavity shape is largely a function of 
the geometry of the shock and rarefaction waves and of target material 
properties. 

The shape of the apparent crater, on the other hand, is clearly 
a strong function of crater size. The evidence now available from 
four planetary bodies indicates that the transitions in crater form, 
from simple to central uplift to ring structure, take place at charac
teristic diameters which scale approximately as the inverse of the 
acceleration due to gravity on each planet (Hartmann, 1972; Gault et 
al., 1975; Dence, 1976). I consider this support for the view that 
movements under gravity are the main crater-modifying processes 
following initial excavation. 

In comparing (Fig. XIV-3) the apparent crater volume, VAC' of
a ring structure with that of its transient cavity, VTC, two factors 
must be taken into consideration. First, the two-fold enlargment 
of the crater diameter from IR to C is accomplished by depression 
not only of the original surface (heavy line) but also.of the ejecta 
emplaced upon .it. According to Steffler et al. (1975) in their 
experiments 65% of the total ejecta landed within two radii of the 
center of the crater. Oberbeck (1975) gives similar figures. Thus 
VAc represents only 35% of the total volume of ejecta. In addition 
the central uplift-peripheral slumping process involves considerable 
volumes of rock VFC' typically 3 or 4 times VTC' into which is
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introduced significant fracture porosity. Gravity anomalies and 
direct measurements of drill core indicate that this porosity is

commonly between 2 and 10%, but in most terrestrial cases original 
porosity has been considerably reduced by compaction and minerali
zation, neither of which is likely to be as effective on the moon. 
Even so, porosity of about 4% in VFc is equivalent to about 10-15% of
VTc, reducing VAC to 20-25% of VTc·

Thus, adopting the dimensions given in the first part of these 
notes, we may take the transient cavity radius as 285 km, given a 
depth of from 160 to 190 km. The volume VTC is correspondingly 20.4
to 24.25 x 10 6 km3 and the average depth of the apparent crater, 2.5 
to 3% of that of the transient cavity, is 4 to 6 km. This is in 
good agreement with observations, if it is accepted that the mare 
basalt floods are at most a few kilometers thick. Undoubtedly the 
basaltic flows lead to some loss of porosity in the crater deposits 
and underlying fractured rocks by compaction and filling of voids, 
but it is doubtful that these effects would have been large enough to 
alter the dimensions calculated here in a major way. Similarly the 
curvature of the moon does not appear to be an important consideration. 
Of greater significance is the likelihood that under lunar gravity a 
greater proportion of the ejecta lands beyond the apparent crater 
rim (Fig. XIV-3C) than in the terrestrial experiments. The uncertain
ty so introduced is certainly 10% and may be more. Even so, using 
the figure of 35%, the volume of ejecta landing beyond C ip, by these 
calculations, between 7 and 8.5 x 106 km3. These figures may be 
compared with the estimate of 3 to 10 x 106 km3 given by Head et al. 
(1975). 

PHYSICAL PROPERTIES OF IMBRIUM EJECTA 

Finally· some aspects of the physical condition of Imbrium ejecta 
may be examined. 

The experiments of Steffler et al. (1975), indicate that if 
allowance is made for compaction of the highly porous target sands, 
ejecta landing beyond twice the crater radius came from the upper 
60% of the layers ejected. In Imbrium terms ejecta deposited at the 
Apennine Front could have come from as deep as 95 to 115 km, though 
the bulk would, of course, be from much shallower depths. The proba
bility remains however that some material in the vicinity of the 
Apollo 15 site came from the lunar mantle. This line of reasoning 
led Dence et al. (1974) to suggest that Apollo 15 green glass repre
sented this material, though this interpretation is not supported by 
some age data (Podosek and Huneke, 197 3 ; see also Dence, 197 6). 

If a transient crater radius of 285 km is accepted for Imbrium, 
primary ejecta will have covered a range of 300-350 km to reach the 
Apollo 15 site and 800-900 km to reach Apollo 14 in the Fra Mauro 
area. Ejection angles of 45 ° (Steffler et al., 1975) or lower 
(Oberbeck, 1975) have been inferred from experimental data from which 
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mimimum ejection velocities of 700 ms-1 (Apollo 15) and 1.2 km s-1

(Apollo 14) may be calculated. As, in general, the ejection velocity 
is equal to or less than the particle velocity imparted by the initial 
shock wave, the ejection velocities can be translated into minimum 
shock pressures, using Hugoniot data for materials of lunar composition. 
Data from terrestrial analogs (basalts, anorthosites) given by McQueen 
et al. (1967) indicate that primary ejecta reaching the Apollo 15 site 
will have been shocked to 10 GPa (100 kbar) or higher and to 25 GPa (250 
kbar) or higher at Apollo 14. Thus most primary ejecta at the Apollo 15 
site should carry petrographic indications of shock, while primary ejecta 
at Apollo 14 can be expected to be at maskelynite grades of shock meta
morphism or higher. 

Indeed the work of Oberbeck (1975) has highlighted a further 
aspect of the problem of recognizing primary basin ejecta. The 
ejection velocity under lunar conditions is also the impact velocity 
of the primary ejecta. The material will thus be shocked a second 
time to the pressures indicated above and thoroughly dispersed in these 
significant secondary cratering events. The events that follow are 
clearly more complex than in terrestrial events where, the atmosphere 
dampens the secondary processes. They require detailed study if the 
hope of identifying primary ejecta from Imbrium is to be realized or 
proven to be unattainable. 
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