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I. INTRODUCTION

J. A. Wood, Consortium Leader 

Center for Astrophysics, 60 Garden Street 
·Cambridge, Massachusetts 02138

The Imbrium Consortium was organized in January of 1975 for 
the collaborative study of a suite of Apollo 14 and 15 breccias 
that seemed likely to be ejecta from the Imbrium basin, or to 
contain such Imbrium ejecta. The Consortium is designed to 
consider the broadest aspects of the problem of Imbrium Basin 
excavation and the structure of the pre-Imbrium lunar crust. 

Two interim publications were planned, to keep Consortium 
members and other interested persons apprised of our progress. 
The first, Interdisciplinary Studies by the Imbrium Consortium, 
Vol. 1, was distributed in March 1976. This is the second. 
The first publication is referred to in the present report simply 
as "Volume l" or "Vol. l." There are no remaining hard copies 
of Volume 1 available for distribution, but microfiche copies have 
been made, and Volume 2 will be similarly reproduced. Hard copies 
of Volume 2, while they remain, and microfiche copies of both 
volumes can be obtained by writing the Consortium Leader. Micro
fiche copies of both volumes can also be obtained from the Lunar 
Science Institute, 3303 NASA Road 1, Houston, Texas 77058. 
Volume 1 is L.S.I. Contribution No. 267D; Volume 2 will be L.S.I. 
Contribution No. 268D. 

The Consortium's final report will be submitted for publica
tion in a scientific journal in the summer of 1977. 

This volume reports progress made since Volume 1, including 
new sample descriptions, additional sample divisions, allocations, 
research, and geologic considerations. No effort has been made 
to summarize the content of Volume 1 here. 

In order to keep track of the many categories of material 
from each of the Consortium's breccias that have been distributed 
for study, each discrete lithology has been assigned a number
letter code. This coding is intended primarily for internal use 
by the Consortium, but since these lithology designations occa
sionally appear in reports in the present volume, a key follows: 
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14064 

64X-- Bulk rock 
64Y-- Undifferentiated clasts 
64A-- Matrix 
64B-- Largest clast from 14064; melt breccia 
64C-- Second-largest clast; similar to 64B 
64D-- Another discrete clast (14064,24) 
64E-- Category of small, medium-gray aphanitic clasts 
64F-- One small, gray, aphanitic, vesicular clast 

14082 

82X-- Bulk rock 
82Y-- Undifferentiated clast 
82A-- Matrix 
82B-- Category of medium-gray aphanitic clasts, high K 2O 
82C-- Category of medium-gray aphanitic clasts, �1% � 20 
82D-- Category of very dark, aphanitic clasts, high TiO 2, low K 2O 
82E-- Category of dark-gray aphanitic clasts, high TiO 2, low K 2O 
82F-- Category of light-gray, coarse-grained clasts, low K 2O 
82G-- Coherent dark-gray crust material 

14312 

12X-- Bulk rock 

14318 

18X-- Bulk 14318 

15405 

05X-- Bulk rock 
05A-- Matrix (melt rock) 
05B-- Coarse quartz-monzodiorite clasts 
05C-- Light quartz-monzodiorite clast with major silica/K-spar 

segregations 

15445 

45X-- Bulk rock 
45A-- Matrix 
45B-- Gray-and-white plagioclase-bearing clast (Clast E*) 
45C-- Pink-spinel-bearing white clast (Clast F*) 
45D-- White orthopyroxene-bearing clast (Clast B*) 
45E-- Pink-spinel, olivine, and plagioclase-bearing clast (Clast A*) 

*Designations in the LRL chipping drawing of 15445, April 1972.
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I. SAMPLE 14064

SAMPLE PROCESSING AND DOCUMENTATION (Ursula B. Marvin) 

Specimen 14064 is a friable, fist-sized, light gray rock that 
was picked up from the ground in the field of white boulders on 
the south slope of Cone Crater. Photographs, maps, and descrip
tions of the hand specimen and the subsamples produced during the 
first two subdivisions are presented in Volume 1, pages 20-22. 

In March 1976, nine interior clasts (,50-,59) were taken from 
documented sites on the exposed W 1 surface and sent to R.M. Walker 
for particle track analyses. Chips of interior matrix (,58) were 
sent to the same laboratory for bulk rock exposure age and fission 
gas determinations. Interior matrix (,60) was also sent to N.J. 
Hubbard to be homogenized and distributed for isotope dilution and 
neutron activation analyses. When it was discovered that the 
matrix is markedly heterogeneous, the Curator was requested to 
send a small sample of cabinet sweepings (presumably constituting 
a true bulk sample) to Hubbard for a duplication of this process. 

Figure I-1 shows the main mass and its more recent sub
samples. 

PETROLOGY (G. Ryder and J.F. Bower) 

INTRODUCTION 

Sample 14064 is a light-colored, friable rock, at least 
superficially similar to the other Apollo 14 white rocks (14063 
and 14082/83) collected from the same location at the Fra Mauro 
site. Its petrology was described in Volume 1 (Ryder and Bower, 
1976a). Since Volume 1 was published, we have made a detailed 
study of the poikilitic KREEP-rich melt rock clasts (of which 
Lithology 64B is an example) which are predominant in _the thin 
sections from 14064 and which also occur in 14063 and 14082/83. 
A detailed discussion of this lithic type has been published 
elsewhere (Ryder and Bower, 1976b). We present additional infor
mation concerning this volumetrically important clast type here. 

DISCUSSION OF MATRIX 

Sample 14064 consists of breccia zones which are approxi
mately monomict; it is not a well-mixed breccia with an all-perva
sive, compositionally-homogeneous matrix--a point we emphasized 
in Volume 1. The zoning is clearly shown in Figure I-2A. This 
structure is shared by 14082/83 (Ryder and Bower, 1976c) and 
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14063 (Steele and Smith, 1976), and makes these white rocks 
distinct from most other lunar breccias. The zones are by no 
means absolutely monomict, but they are fairly well defined. 
They are dimensioned in millime�ers rather than in microns (see 
Fig. I-2A) .

KREEP-rich melt fragments .made up a substantial proportion 
of the thin sections of 14064 that we had studied when Volume 1 
was published. However, all these matrix thin sections had been 
taken from a single small chip of the rock (14064,9), and we 
were concerned about whether or not this chip was typical of the 
entire rock. The two larger separated clasts, Lithologies 64B 
and 64C, are poikilitic KREEP-rich melt rocks, supporting the 
contention that this lithology is the dominant component of 
14064. A trace element analysis of a matrix sample also proved 
it to be rich in elements (Rb, U, etc.) normally associated with 
KREEP (Gros et al., 1976, Volume 1). 

We obtained three thin sections of a second matrix chip 
(14064,61) to study the variability of the 14064 matrix. Unfor
tunately this chip was taken from a location close to the previ
ously studied 14064,9, and is therefore perhaps not as useful as 
a chip from some other part of the rock would have been. Thin 
sections of 14064,61 show that this matrix chip is similar to 
the firs½ poikilitic KREEP-rich melt fragments are the dominant 
component, and troctolitic breccias similar to the plagioclase
olivine-orthopyroxene breccias described in Volume 1 are also 
common. One thin section of this matrix chip is shown in Figure 
I-2A, and shows the friability typical of the Apollo 14 white
+ocks. (The troctolitic breccia is more abundant in this thin
section than it is in the others.) Analyses of REEs reported by
Blanchard et al. (this volume) demonstrate that the matrix sample
that they analyzed is KREEP-rich, and consists of perhaps 60-70%
of material chemically similar to the large clast, Lithology 64B.
All the evidence to date therefore suggests that poikilitic
KREEP-rich impact melts are the dominant component of 14064.
This characteristic appears to distinguish 14064 from 14063 and
14082/83, which have less KREEP-rich material. Of course,
analyses and petrographic study of material from other parts of
14064 may yet reveal that this KREEP-rich character is only
typical of part of the sample.

PLAGIOCLASE-OLIVINE-ORTHOPYROXENE ZONES (TROCTOLITIC BRECCIAS) 

Nearly-monomict breccia zones consisting mainly of plagio..:..
clase, olivine, and some orthopyroxene were briefly described in 
Volume 1 (pages 35-36). In the thin sections they are second in 
abundance· only to the poikilitic KREEP-rich melt fragments; the 
zone shown in Figure I-2A is typical. ·We have studied this 
particular zone in some detail, and apart from the dominant 
plagioclase, olivine, and pyroxene mineralogy, (and associated 
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glass and symplectites) it contains small amounts of other 
material such as poikilitic KREEP-rich melts and other melt
textured fragments. 

Olivine and plagioclase are more abundant than pyroxene; 
only a few of the larger fragments (>500µ in diameter) are 
pyroxenes. Pink spinel (pleonaste) is absent from this zone, but 
is present in others. While most of the fragments are monominer
alic, a few are bimineralic or multimineralic. Excluding the 
"foreign" material (poikilitic fragments, etc.) 78 monomineralic 
and multimineralic mafic grains were analyzed; of these, 56 are 
olivines in the compositional range Fo7 9_ 8 1, while two large 
grains are zoned from Fo 89 to Foao. Sixteen mafics are low-Ca 
pyroxenes, with a range in composition from Ene2Wo2 to En6oWo23 ; 
most are En 80 _ 7 5Wo3 _ 4• The remaining four mafic grains are 
augites. Plagioclase fragments are all in the An95 -9 6 composi
tional range. The bimineralic or multimineralic fragments obser
ved (again excluding obviously "foreign" material) consist of 
combinations of olivine, plagioclase, glass, and/or symplectites. 
The glass occurs as small patches attached to olivines and as 
discrete particles; its composition is given in Table I-1, column 1. 
It co�sists of fine-grained, brownish devitrified glass 
masses, 100µ or more in diameter, with straight boundaries 
against olivine where contacts are visible. The glass may be 
residual and interstitial, or may be a shock melt forming a vein
system. Symplectite particles are texturally similar to those in 
other olivine-rich lunar rocks (� Dymek et al., 1975), and 

-qualitative analyses show them to be composed of chromite and a
diopsidic augite (quantitative analyses were not possible because
of the fine grain size). One particularly fine-grained symplectite
is part of a small olivine(Foao)-plagioclase-symplectite assemb
lage.

The other ("foreign") fragments in this troctolitic breccia 
zone are predominantly melt-textured. Poikilitic KREEP impact 
melts are texturally and mineralogically identical to _those in 
the KREEP-rich zone shown in Figure I-2A, and those in turn are 
similar to those described in Ryder and Bower (1976b). One 
"foreign" fragment, 200µ in diameter, has a fine-grained basaltic 
texture and contains 100µ-long plagioclase laths (Anes-9 0) with 
intergranular pigeonite pyroxene (En 73 Wo9-EnG 9W01 3 ); it is a VHA
like basalt, but is more sodic than other VHA basalts. Opaques 
are rare in this fragment. A troctolitic clast, 500µ in 
diameter, has a fine-grained variolitic (sheath-like) texture, and 
rare inclusions of olivines suggest that it is an impact melt 
fragment. An analysis obtained by the defocused-beam method is 
given in Table I-1, column 2. 

The compositions of the minerals in this troctolitic breccia 
zone are similar to those in a plagioclase-olivine-orthopyroxene 
breccia zone in 14064,16 (see Volume 1, pages 35-36). In 
addition, olivines in similar troctolitic breccia zones in breccia 
14-063 are predominantly Fo

88 
(Steele and Smith, 1976}. This 
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Figure I-1. Views of 14064,0 and some of its subsamples. 

A) The W 1 surface of the main mass before the
third subdivision.

B) Sketch map of the photograph, outlining the
fresh surface exposed by the removal of sample
,5 and indicating the sites where nine interior
clasts were taken for particle track analyses.

C) Interior matrix fragments (,58) and fines
(,60) taken from the fresh W 1 surface.

D) Clasts from the numbered sites in Figure
I-lB.

E) A batch of assorted interior and exterior
fines (,61) and the condition of the main mass
(,0) after three rounds of subdivision.

F) The main subsamples produced in the sub

division of June 1975 (not illustrated in Volume
1). Sample ,5 is the west end of the hand spec
imen; the remaining three samples (,6 ,8 ,9) are
interior matrix fragments from the lower portion
of the fresh fracture on ,0. Only ,O is orient
ed by the cube.
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Table I-1. Defocused-beam analyses of fine-grained constituents of 14064. 

1 2 3 4 5 6 7 

SiO2 46.7 46.3 46.7 49.5 49.4 47.9 51.2 

TiO2 0.19 0.49 0.65 o. 72 0.96 0.52 0.26 

Al2O3 20.4 20.8 21.8 21.3 24.3 24.0 29.1 

Cr2o3 0.07 0.31 0.06 0.08 0.06 0.06 0.00 

FeO 6.4 4.2 5.1 5.2 4.6 3.6 0.24 

MnO 0.07 0.04 0.05 0.06 0.06 0.06 0.00 
"' 

MgO 15.1 13.2 8.0 7.7 6.2 5.8 0.05 

cao 10.5 12.7 12.4 12.8 13.2 13.6 12.7 

Na2O 0.22 0.98 0.97 1.23 1.37 1.09 2.00 

K2O 0.01 0.20 0.59 0.54 o •. 38 0.60 2.94 

P2Os 0.08 0.23 0.16 0.18 0.19 0.22 0.03 

BaO 0.01 0.06 0.17 0.14 0.10 0.15 0.73 

Sum 99.75 99.51 96.65 99.45 100.82 97.60 99.25 

MgO/MgO+FeO 0.702 0.759 0.611 0.597 0.574 0.617 0.172 

Beam diameter (µ) 20 20 100 100 100 100 100 

No. of points 4 10 7 7 3 3 2 

Wt. % norm. 

Fo 9.0 14.7 2.8 0.0 0.0 0.0 0.0 

Fa 3.1 3.3 1. 3 0.0 0.0 o.o o.o

En 24.9 12.0 16.5 19.3 15.3 1.4.9 0.1 

Fs 7.6 2.4 7.0 8.5 6.9 5.9 0.0 

Wo o.o 4.1 3.1 4.7 2.2 3.0 0.5 
'. 

Or 0.1 1.2 3.6 3.2 2.2 3.7 17.6 

Ab 1.8 8.4 8.5 10.4 11.5 9.5 17.2 

An 51.8 52.0 55.4 51.4 58.6 60.4 62.7 

Il 0.4 O·. 9 1.3 1.4 1.8 1.0 0.5 

Cr 0.1 0.5 0.1 0.1 0.1 0.1 0.0 

Qz 0.0 0.0 o.o 0.5 0.9 1.0 1. 3

Ap 0.2 0.5 0.4 0.0 0.4 0.5 0.1

Key: 1. Glass patches in troctolite breccia zone in 14064,79 
2. Variolitic melt-textured (impact-produced?) fragment in

troctolitic breccia zone in 14064,79
3-6. Poikilitic melt breccia fragments in 14064,80

7. Plagioclase-orthoclase particles in 14064,80.
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Figure I-2A. Thin section 14064,79 

(reflected light). Texture 

of norite is annealed 

cataclastic; other zones are 

friable. 

Figure I-2B. Shocked troctolite clast of variable texture in 14064,80 (crossed 

polarized light). Shocked coarse-grained, light-colored portions 

are separated by finer-grained, darker colored region of similar 

mineralogy. 
Figure I-2C- Detail of texture of dark-colored region of clast in Figure I-lB 

(reflected light), 



particular zone of 14064,79 differs from the other troctolitic 
breccia zones only in the absence of pink spinel, and pink spinel 
is only a minor component in most of these zones. The occasional 
relict textures with curvilinear boundaries, the syrnplectites, 
and the zoning in a few of the larger crystals, suggest that the 
zone in 14064,79 is a crushed remnant of an igneous cumulate 
trottolite. Only limited mixing with "foreign" material such as 
impact melt fragments took place during the assembly of 14064. 

POIKILITIC KREEP IMPACT MELTS 

Microscopic observation of fragments in 14064,61 (e.g. in 
Fig. I-2A) showed them to be similar to poikilitic KREEP impact 
melts we had previously described (Ryder and Bower, 1976a,b). 
However, a number of these fragments had less abundant intersti
tial glass, indicating that they might be less KREEP-rich than 
most of those previously described. Defocused-beam analyses of 
these fragments (Table I-1, columns 3-6) do show lower K

2
O contents 

(0.5-0.6% K 2O cf. 1.0%), confirming a range of compositions among 
these melts. Analyses of minerals in one of the clasts showed 
that its pyroxene is more magnesian than pyroxene in the more 
K 2O-rich clasts (En7 3 cf. En 70), and pleonaste spinel occurs as 
clasts in this fragment." The implication is that these less 
K2O-rich melt fragments contain a greater proportion of a trocto
litic component than do the more·K2O-rich clasts. 

SHOCKED GRANULITIC TROCTOLITIC ANORTHOSITE 

Fragments of this rock type, also described in Volume 1, 
occur in thin section 14064,80. In 14064,80, areas of shocked 
olivine + plagioclase are separated by areas of finer-grained 
granular olivine + plagioclase (Figs. I-2B,C), the whole forming 
a competent mass. The fragments in 14064,80 have less magnesian 
olivine than those in 14064,16 (Fo

75
_
7 6 cf. Fo

80
_
82),.but are

otherwise similar in texture, in containing rare augite over
growing the olivines, and in having plagiociase in the composi
tional range An

92
_9�- Ilmenite and chromite are also present,

and phosphate occurs as a rare phase in the finer-grained por
tion. The whole texture is metamorphic, and there is no apparent 
difference between the compositions of minerals in the finer
grained portions and those in the coarser-grained portions. 

OTHER CLASTS 

A 2 mm-wide norite clast occurs in 14064,79 (Fig. I-2A). 
The fragment is an annealed cataclasite, consisting mainly of a 
single patch of pyroxene grains surrounded by plagioclase grains, 
with accessory silica and chromite. The distribution of minerals 
is suggestive of the crushing of an originally coarse-grained 
(>1 mm) rock. Uncrushed pyroxene fragments have a narrow 
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compositional range of En 79-80 Wo2•0 (Al2O 3 '\10.9%, TiO2 '\10.45%,
Cr 2 O3 '\10.7%), but the composition of pyroxenes in the more finely 
crushed areas ranges down to En7 5 Wo 5 . �  (with minor element contents 
similar to those of the uncrushed pyroxenes). This mineralogy is 
by no means unusual for a lunar norite. 

14064,80 contains a 1-rnm-long by 400µ-wide bimineralic frag
ment composed of pyroxene and a small crystal of plagioclase. The 
composition of the pyroxene is variable (En 58_62Wo 5_12), but the Wo 
content is not correlated with the En/Fs ratio. The small plagio
clase crystal ranges in composition from An87_83• The fragment may 
be a remnant of a coarse-grained basalt or of a norite, but it is 
distinct from the norite in 14064,79. 

Distinct plagioclase fragments (>200µ in diameter) in one 
small zone in 14064,80 contain numerous small (<5µ) potash 
feldspar inclusions. The bulk composition is given in Table I-1, 
column 7. The relation of these fragments to other lithic types 
in 14064 is unknown. 

CONCLUSIONS 

Studies to date indicate that 14064 is a friable rock 
dominated by poikilitic KREEP-rich impact melt fragments and 
troctolitic breccia zones. The former occasionally form large 
(up to 1-cm diameter) competent clasts, but the latter are always 

friable breccia zones. These lithic types also occur in the 
other Apollo 14 white rocks, 14063 and 14082/83, but 14064 is 
dlstinct in containing such a large proportion· (60-70%) of the 
KREEP-rich lithic type. 
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CHEMISTRY (D.P. Blanchard, J.C. Brannon, L.A. Haskin, and J.W. Jacobs) 

The contents of FeO, Na20, rare earth elements, and several 
other trace elements in a matrix sample and clasts were deter
mined by Instrumental Neutron Activation Analysis (INAA). The 
data are reported in Table I-2, and rare earth element patterns 
are shown in Figure I-3. 

Table I-2. INAA analyses of subsamples from 14064. 

Lithology* 64F 64B 64C 64X 64E 

Subsample 9002 ,44 ,23 ,60 9001 

FeO (%) 6.4 6.5 6.2 6.5 6.0 

Na2o 0.87 0.79 0.90 0.78 0.95 

Sc (.µg/g) 12.0 12.6 11. 5 12.2 13.2 

Cr 770 850 740 980 810 

Co 12.6 12.9 13.1 15.5 13. 7

Ni 60 70 60 80 90

Hf 20.7 19.6 19.l 14.3 12.7

Ta 3.5 3.0 3.2 2.5 2.3 

Th 13.4 12.3 12.7 8.9 9.6 

La 48.4 48 44.1 35 33.9 

Ce 126 130 119 94 89 

Sm 20.8 21.0 19.l 15.6 15.1 

Eu 1.88 1.84 1.80 1.83 1.61 

Tb 5.1 4.8 4.5 3.6 3.4 

Yb 17.9 17.3 16.4 13.8 12.4 

Lu 2.58 2.58 2.48 1. 98 1.87 

* Original consortium lithology designations. See Figure I-3 for key.
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ARGON DATING (T. Bernatowicz, C.M. Hohenberg, B. Hudson, B.M. 
Kennedy, C.J. Morgan, and F.A. Podosek)* 

We report here the results of argon-argon analyses of two 
KREEP-rich melt-rock clasts, Lithology 64B (14064,30) and 
Lithology 64C (!4064,31). 

Samples were irradiated in the SLC-2 irradiation, performed 
at the Research Reactor Facility, University of Missouri, 
Columbia. This is the first report of 40 Ar- 39 Ar analyses 
irradiated at this reactor. Argon mass spectrometry was per
formed in a glass spectrometer using direct Faraday cup collec
tion and no source magnet. Data processing followed normal 
procedures (�. Podosek and Huneke, 1973). The reactor-produced 
39Ar and 37Ar permit calculation of total K and Ca abundances 
(Table I-3) and K/Ca ratios in individual temperature fractions 
(Figure I-4), which are often useful diagnostic tools in the 
interpretation of 40Ar- 39Ar apparent age release patterns. 38Ar 
was dominated by reactor-produced 38Ar from 37Cl(n,yS) and so 
could not be used to cal�ulate cosmic-ray exposure ages. 36Ar 
was present in amounts substantially larger than could reasonably 
be attributed to spallation or procedural blank. It was assumed 
that this represented atmospheric (rather than trapped) argon 
incorporated either during handling or the irradiation. 
Spallation 36Ar was estimated from 37Ar and an assumed exposure 
age of 25 m.y. for 14064 (Cone Crater); 36Ar in excess of 
spallation was assumed atmospheric and corrections to 40 Ar were 
made accordingly. 

Irradiation monitors for SLC-2 were optical grade CaF 2 for 
target Ca and hb3gr (Turner et al., 1971) hornblende and the St. 
Severin meteorite for K. An assumed age of 4.50 b.y. for St. 
Severin gives the same result (within 2%) as the hornblende; 
an average of the two was used for the age cali�ration. The 
resulting apparent ages obtained in stepwise thermal release are 
shown in Figure I-4. 

The dominant feature of the release patterns of both 
14064,30 and 14064,31 (Fig. I-4) is a monotonic increase in 
apparent age, without any other prominent structure, suggesting 
a substantial degree of diffusive loss of 40 Ar. The high
temperature data for 14064,31 level off to �3.80 b.y. in the 
final 40% of release; the 14064,30 data approach this age. It 
would seem that the principal difference between these samples 
is that 14064,31 has suffered a greater degree of diffusive loss. 

* This data is taken from T. Bernatowicz, C.M. Hohenberg, B.
Hudson, B.M. Kennedy, C.J. Morgan, and F.A. Podosek (1977),
"Argon ages for Imbrium Consortium Samples 14064 and 15405,"
abstract submitted to Lunar Science VIII, The Lunar Science
Institute, Houston

9.



An age of 3.80 b.y. is well identified for 14064,31. This 
age is substantially different from well established ages of 
�3.90-3.95 b.y. observed in other highland rocks. This differ
ence is probably not significant, however. Huneke (1976) has 
shown that in cases of large diffusive loss, such as in 14064, 
diffusive redistribution during analysis can result in the 
creation of an apparent plateau, lower than the "true" age and 
without geochronological significance. This is plausibly the 
case for 14064 and there is no compelling reason to believe its 
chronology is significantly different from other highland 
samples. 
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II. SAMPLE 14082

SAMPLE PROCESSING AND DOCUMENTATION (Ursula B. Marvin) 

Specimen 14082 was a friable white rock chipped from the top 
of a large boulder on the south slope of Cone Crater. Photographs 
and descriptions of the hand specimen and of a number of exterior 
clasts and matrix chips that were removed from documented sites in 
June 1975 are given in Volume I, pages 40-41. 

In November 1975, the west end of the specimen was carefully 
pried off, exposing the interior surface shown in Figures II-1,2. 
In April 1976, six interior clasts (,62-,65 and ,70-,71) were taken 
from documented sites and sent to R.M. Walker for particle track 

studies. Earlier maps (Fig. V-1, Volume 1) showed ·that the 
matrix included diffuse zones of noticeably darker-than-average 
gray. One interior chip of this darker matrix (,69) was split off 
from a thin, crusty patch of dark, glassy-looking material on the 
B 1 face and sent to J.A. Wood for petrography. On macroscopic ex
amination this crust appeared to be the only one of its kind on 
either rock 14082 or 14064. Clast ,66 was removed from the matrix 
beneath ,67 and sent to R.M. Walker for comparison with clasts 
,62-,65. 

CHEMISTRY (D.P. Blanchard, J.C. Brannon, L.A. Haskin, and J.W. Jacobs 

Contents of FeO, Na 20, rare earth elements, and other minor 
elements were determined for clasts of sample 14082 by Instrumental 
Neutron Activation Analysis (INAA). Data are given in Table II-1. 
Rare earth element patterns are shown in Figure II-3. 

Table II-1. INAA analyses of subsamples from 14082.* 

Lithology** 82C 82D 82F 

Subsample 9008 9012 9016 Key: 

FeO (%) 6.4 6.39 12.0 n.d. - not analyzed

Na2O 1.10 1.39 0.59 *previously reported,

see Table V-5, Vol-

Sc (µg/g) 12.1 14.8 38.9 ume 1.

Cr 740 690 1950 **Original Consortium 

Co 13 13 19 lithology designations, 

Ni n.d. 120 n.d. see Figure II-3 for 

Hf 21 19 6.1 key. 

Ta 3.6 2.9 0.8

Th 14.3 9.1 2.4

La 58 45.6 25.2 

Ce 149 124 63 

Sm 24.8 20.4 12.3 

Eu 1.52 3.49 1.40 

Tb 5.9 4.5 2.6 

Yb 22.0 16.5 8.5 

Lu 3.06 2.36 1.22 
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Photographs of 14082,0 before and after the west end 

of the specimen (,50) was pried off. 

A) The B 1 surface showing a prominent irregular patch

of dark, crusty material and a number of pits where

exterior clasts were removed in an earlier subdivision.

B) The B 1 surface after the removal of ,50 and before

the removal of any additional clasts or chips.

C) The freshly exposed w 1 interior surface before the

removal of clasts.
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Sketch maps corresponding to the views in Figure II-1. 

A) Surface features and the line along which ,50 was
broken away.

B) Locations of subsample_,67, the dark crusty material,
and subsample ,66, which actually came from beneath rather
than beside the dark crust.

C) Numbered sites of interior clasts and one chip (,69)
of relatively dark gray matrix. 
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III. SAMPLE 143�2

SAMPLE PROCESSING AND DOCUMENTATION (Ursula B. Marvin) 

sample 14312 was a loose, coherent cobble, with patina and 
zap pits on all surfaces, that lay beside the turtle at the top 
of Turtle Rock. In 197l a number of chips were taken from the 
specimen, and subsequently the main mass (,0) was placed in in
terim storage in Building 16. When the roqk was chosen for study 
by the Imbrium Consortium, the largest available subsample was 
,5 (see Volume 1, pages 54-55, for a description of ,5 and several 
smaller fragments). In March 19·76, sample 14312,0 was retrieved 
from storage, photographed, and mapped (Figs. III-1, III-2, and 
III-3).

Except for spalled patches, the only interior surface on the
main mass occurs on the W1 face where ,5 and several other sub
samples were chipped off. As described in Volume 1, the rock is 
a fine-grained recrystallized polymict breccia with an abundance 
of lithic and mineral clasts. One conspicuous white clast occurs 
on the T 1 face, and a few others have distinct borders, but many 
grade into the matrix, giving the rock a mottled appearance. The 
fractured surface is marked by darker and lighter zones that were 
difficult to map because of diffuse boundaries. This rock is 
foliated by three sets of microfractures, some of which contain 
veinlets of dark glass. These are less conspicuous in ,0 than in 
,5. The distribution of previous subsamples is outlined in Volume 
l. No part of ,O has been studied.

PETROLOGY (Graham Ryder and Janice F. Bower) 

14312 is a coherent breccia which was assembled at high 
temperature from polymict, multigenerational progenitors. It 
contains a large variety and abundance of mineral and lithic 
clasts, which we described in Volume l (Ryder and Bower, 1976a). 
Part of the continuing petrographic study of this rock has been 
to analyze the.constituent minerals in two additional basaltic
textured rocks which fall into the broad category of "high-alumina 
mare basalts." We have also analyzed minerals in a poikilitic 
melt breccia which is texturally similar to clasts in 14064 and 
14082/83 (Ryder and Bower, 1976b), and have made a survey of the 
larger (>250µ diameter) monomineralic fragments in one section of 
the matrix in order to better delineate the sources contributing 
to 14312. 
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HIGH-ALUMINA MARE BASALTS 

Various high-alumina mare basalt clasts from the Fra Mauro 
samples have been reported, and 14312 contains several clasts of 
such basalts. One of these, a 5-mm fragment, was described by 
us in Volume l; we depict other examples in Figures III-4A, B, and 
C. Fragments range in size from the 5-mm clast down to fragments
barely recognizable as basaltic in texture (e.g. Fig. III-4C).
We have made analyses of the major mineral phases in the clasts
shown in Figures III-4A and III-4B; these data are presented in
Figures III-5 and III-6. The clast depicted in Figure III-4A
(here designated C-1) is texturally and mineralogically similar to
the 5-mm fragment described in Volume 1, except that its plagio
clase compositional range extends to more calcic varieties (An 96 _85 
Y.§.• An89_8 3) and it contains less olivine. Ilmenite, Fe-metal,
and troilite are present. Pigeonite crystallized first and is
zoned to augite, with little enrichment in the Fe/(Fe+Mg) ratio
(Fig. III-Sb). The clast depicted in Figure III-4B (here desig
nated C-2) differs in having a variolitic texture. The pyroxene,
which is pigeonite, is not strongly zoned. Minor ilmenite is also
present in this clast.

POIKILITIC MELT ROCK 

Preliminary analyses of clasts in 14312 which were texturally 
similar to poikilitic melt rocks in 14064 and 14082/83 suggested 
that they were also similar mineralogically (see Volume 1, pages 
60-61). A more detailed analysis of one such clast, texturally
similar to the coarser-grained (oikocrysts >100µ diameter)
poikilitic melt clasts in 14064 and 14082/83, has now been made.
The data presented in Figure III-7 show that this clast is indeed
mineralogically identical to those in 14064 and 14082/83, even
including the minor element chemistry of the pyroxenes and the
magnesian ilmenite (�5% MgO). A complete discussion of this lithic
type, which is ubiquitous at the Fra Mauro landing site, will be
found in Ryder and Bower (1976b). The lithic type may have been
formed by an impact (or impacts) into an area consisting of KREEP
volcanic flows overlying a troctolitic bedrock.

MINERAL FRAGMENTS 

A description of the monomineralic fragments in the matrix was 
given in Volume 1, but at that time no analytic survey of these 
phases had been made. We have now analyzed all of the olivines, 
pyroxenes, and plagioclases with a diameter larger than 250µ in 
section 14312,33. A typical portion of the area analyzed is shown 
in Figure III-4D, and mineral compositional data are presented in 
Figure III-8. A wide variety of mineral· compositions, indicating 
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multiple sources, is present, as the abundant variety of lithic 
clasts present in 14312 would lead us to expect. Many of the 
olivines ('vFos 1 ), pyroxenes (pigeonite to augite), and plagioclases 
fall into the compositional range of those in the high-alumina 
mare basalt clasts, from which they are probably, though not 
necessarily, derived. The largest grains ('v 1 mm diam.} are more 
Mg-rich mafics and Ca-rich plagi-oclases. (A few of these are 
actually bimineral_ic ANT clasts rather than monomineralic grains.) 
Some of the plagioclase fragments are more sodic than those in any 
other analyzed clasts. A few fragments of opaque mineral grains 
and Fe-metal are larger than 250µ, but have not been analyzed. 

CONCLUSIONS 

Our recent study has not caused us to change any of our 
previous conclusions concerning 14312. We have added to our 
knowledge of the mineralogy of high-alumina mare basalts, and 
stress the importance of a distinct group of KREEP-rich poikilitic 
impact-melt rocks at the Fra Mauro site. (These also occur in the 
Apollo 12 soils.) We can conclude from the variety of lithic 
clasts and mineral fragments in 14312 that the rock components had 
a complex pre-constructional history. High-alumina mare basalts 
of various kinds were an important part of this history, and we 
emphasize the significance of these basalts at the Fra Mauro 
landing site. 
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Figure III-4A,B. Basaltic-textured clasts in 14312,33 (crossed polarizers).

(See text.) 

Figure III-4C. Typical tiny lithic fragment of rapidly-cooled igneous origin 

in 14312,33 (crossed polarizers). 
Figure III-4D. Typical matrix and clasts in 14312,33 (crossed polarizers). 

Arrow points to basalt clast of Figure III-lA. 
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IV. SAMPLE 14318

PETROLOGY (G. Ryder and J.F. Bower) 

The petrology of 14318, a competent, clast-rich breccia, was 
summarized in Volume 1 by Taylor (1976). The rock, probably a 
lithified immature soil, is composed of lithic fragments, glass 
and mineral fragments, and devitrified or partly crystallized 
glass spheres. We have analyzed two basaltic-textured clasts and 
studied a slab cut from 14318. 

BASALTIC-TEXTURED CLASTS 

Kurat et al. (1974) and Taylor (1976, Volume 1) noted the occa
sional presence of basaltic-textured fragments in 14318. Kurat 
et al. (1974) analyzed the minerals in a feldspathic mare-like 
basalt and obtained an approximate bulk composition using the 
defocused-beam method. 

Figure IV-lA shows a mare-like basalt containing large (�1 mm) 
pyroxenes that poikilitically enclose areas of smaller plagioclase 
laths. Ilmenite, minor Fe-metal, and troilite are also present. 
Analyses of minerals and minor elements in these pyroxenes are 
shown in Figures IV-2A and B. The pyroxenes are zoned from 
pigeonite (En

66
Wo

10
) to augite (En22Wo

40
), and the plagioclases are 

zoned from An96 to An83 • These mineral compositions differ 
distinctly from those of the basalt clast analyzed by Kurat et al. 
(1974), in which the pyroxenes are more Fe-rich and more restricted 
in composition, and the plagioclases more sodic. There is no 
evidence to indicate that these two fragments are not remnants of 
bona fide high-alumina mare-like basalts. 

Figure IV-lB shows a finer-grained basaltic-textured fragment 
consisting of stubby plagioclase, pyroxene, and ilmenite, with 
minor Fe-metal. The compositions of minerals in this clast (Figs. 
IV-3a,b) differ from those in both the clast we have studied and
that described by Kurat et al. (1974). In this fragment sodic
plagioclase (An 78_ 8 7) coexists with magnesian pyroxene, which
occurs in both a low-Ca and a high-Ca variety. Such compositions
are characteristic of KREEP-rich impact melts, and although no de
finitely elastic material is present in this small clast, an impact
melt origin is compatible with the overall texture of this fragment.
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14318 SLAB 

A small slab, 14318,9022, was cut from the rock, and is shown 
in Figure IV-lC. This slab was polished and studied with a 
binocular microscope, with a petrographic microscope (reflected 
light) and with the microprobe. The slab consists of abundant 
lithic, mineral, and glass fragments, and glass spheres. The faint 
alignment of clasts noted by Warner (1972), Chao et al. (1972) and 
Taylor (1976, Volume 1) is clearly visible in the slab (Fig. IV-IC). 
There is an abundant variety of lithic clasts, including coarse
grained ANT, polymict granulitic breccias, fine-grained poikilitic 
breccias, and fine-grained variolitic melts. The glasses are of 
various colors, including deep red, green, and bluish green. 

We made analyses of Al, K, and Fe in 103 clasts in the slab 
using the defocused-beam method (100µ beam), in an attempt to 
identify the major constituents of the slab. Corrections to the 
data were made assuming typical Apollo 14 abundances of other 
elements (SiO 2 = 47.0%, MgO = 9.0%, Cao = 10.0%, and TiO 2 = 1.5%). 
We do not claim great accuracy for our analyses, but believe that 
they are adequate for our purpose. The 103 analyses include glass, 
mineral, and lithic clasts; roughly, they represent the largest 
clasts in the slab. Most of the clasts have a significant KREEP 
component, as indicated by their high K2 O contents. Although 
some analyses show compositions unlike known lunar lithic types 
(combining high FeO contents with high Al

2 O 3 
contents for example), 

the anomalies are more likely to reflect the approximate nature 
of the method than to identify new lunar chemical types. Most of 
the analyses are similar to typical Fra Mauro rocks in Al 2 O

3
, K

2
O, 

and FeO. Fifty percent are medium-K to nigh-K Fra Mauro basalts 
(>0.5% K 2 O, 18-23% Al

2
O

3
, and 8-13% FeO), and 30% are low-K Fra 

Mauro basalts (like the medium- to high-K basalts except for 0.2-0.5% 
K 2 O). Of the others, about 1/3 each are mafic mineral grains, 
plagioclase mineral grains, and "highland basalt" (Al 2 O 3 >25%) 
fragments; there are minor granitic components, and K+Fe-rich 
basalts. Kurat et al. (1974) also noted the predominance of K 2 O
rich Fra Mauro basaltic compositions in their study of thin 
sections of 14318; these compositions are consistent with the 
KREEP-rich composition of a bulk sample of 14318 (Rose et al., 
1972). 
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Figure IV-lA. Basalt clast in 14318,114 (crossed polarizers). Pyroxene 

poikilitically encloses small plagioclase laths. 

Figure IV-lB. Basalt clast in 14318,114 (crossed polarizers). 

Figure IV-lC. Slab 14318,9022 (reflected light). Clastic materials, including 

glass, lithic fragments, and mineral fragments, are abundant. 
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Figure IV-2a. Compositions of minerals in basalt fragment depicted in Figure IV-lA. 
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V. SAMPLE 15405

SAMPLE PROCESSING AND DOCUMENTATION (Ursula B. Marvin) 

Specimen 15405 was chipped from the top of a very rough, 
irregular, 3-meter boulder embedded in the regolith on the slope 
of the Apennine Front. The specimen is very coherent and looks 
like a jagged mass of lava. Photographs, sketches, and descrip
tions of the main mass (,0) of a slab (,92) that was sawed from 
,O in October 1975 and of numerous chips and fines are presented 
in Volume 1, pages 76-80. The subsamples originally distributed 
to Consortium members included several small black-and-white clast 
fragments that proved to be a rare lunar rock-type: quartz-monzo

diorite. No conspicuous clasts of this material occurred on the 
surface of the hand specimen, but one of the saw cuts revealed a
1-cm example in the interior. After its removal from the main
mass, the slab (,92) was cut into two pieces (,92 and ,95) and
the more interesting piece (,95) was chosen for Consortium study.

Figure V-1 shows photographs and sketches of the slablet, 
which exhibits flow banding, vesicles,· and lenticular fissures 
typical of congealed lava. In April 1976 the slab was partially 
disaggregated for Consortium members. The history of the sub
division is illustrated in Figure V-2. The first hammer blow 
removed a chunk of matrix (,105). All traces of sawed surface 
were then chipped away from ,105, and the clean residue of typical 
matrix material was sent to N.J. Hubbard as sample ,117. Sub
samples ,106 ,107 and ,108 are primarily matrix, with small bits 
of adhering clast. Diligent efforts to remove the clast intact 
ended abruptly when it split into the three pieces shown in Fig
ure V-2B. During macroscopic examination in the nitrogen lines 
the nature of the clast was unclear. Although it looked. like a 
discrete body on the sawed E1 surface, the clast showed no dis
tinct margins on its broken edge; see, for example, the T1 edge 
of sample ,110 (Fig. V-2B) where the "clast" appears to consist 
of several scattered patches of white plagioclase in a dark back
ground indistinguishable from the matrix. In subsequent micro
scopic examination Ryder has found that the dark material is 
mainly pyroxene (see Petrology, below). 

The two best samples of clast material are ,110 and ,115 
(Figs. V-2C and D). The dark matrix was chiselled away from the 

area of the white patches until further chipping seemed imprudent-
there was a high risk of pulverizing too much of the clast itself 
with every new tap of the hammer. Both clast subsamples were 
returned to storage in the SSPL to await requests from interested 
Consortium members. The largest remaining portion of the slab 
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(,95), which includes part of the quartz-monzodiorite clast and 
most of the gray lenticular clast on the W1 surface, was sent to 
J.A. Wood for petrographic study and possible further subdivision 
by our dental drilling technique. 

PETROLOGY (G. Ryder and J.F. Bower) 

INTRODUCTION 

Our studies of 15405 have shown that it contains a distinct, 
restricted assemblage of KREEP basalt and coarse-grained granitic 
fragments (Ryder, 1976; Ryder and Bower, 1976). These fragments 
are embedded in a competent, black, fine-grained variolitic matrix 
which is most easily interpreted as an impact melt. The clast 
population is devoid of ANT-suite and breccia fragments, and there 
is only one fragment that is exotic to the KREEP-basalt--granitic 
varieties. This is a single small KREEPy olivine vitrophyre 
(Volume 1, page 84). 

Following in principle an earlier model of Meyer (1972), we 
have proposed that the granitic compositions were derived by the 
fractional crystallization of a KREEP basalt magma, and that the 
fragments in 15405 are remnants of a shallow-level, volcanic-draped 
pluton in which this fractionation took place (Ryder, 1976). A 
discussion of this model, which is shown to be compatible with the 
trace element chemistry, is given by Nyquist et al. (Section VI, 
this volume), whose data confirm the extreme KREEP-rich and residual 
nature of the clasts we have described as KREEP-rich quartz-monzo
diorite in our petrographic studies. 

Although we have previously distinguished a granite lithology 
from the KREEP-rich quartz-monzodiorite lithology (Ryder, 1976)', 
we cannot state with any certainty that a separate granite (distinct 
from quartz-monzodiorite) exists. The "granites" we originally 
described were small, coarse-grained clasts in the matrix. 
Mineralogically (pyroxene compositions, etc.) the "granite" and the 
quartz-monzodiorite are very similar. It seems most likely to us, 
therefore, that the granites are merely small, silica-rich frag
ments of quartz-monzodiqrite that result from the vagaries of 
mechanical degradation and not from crystal-liquid fractionation. 

In this paper we report and discuss Fe-rich components in 
15405, the small elastic mineral fragments embedded in the matrix, 
and the petrography of two pieces of a slab cut from rock. 
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15405, 95 

1cm 

� Quartz 
� Monzodiorite clast � Fine-grained gray 

� clasts 

� Gabbroic clast �Partially open 
� streaks of 

crushed fragments 
@ White sugary material 

on dark surface 

Figure V-1. Photographs and maps of the slab, 15405,95. 

The quartz-monzodiorite clast dominates the E1 face and 

a lenticular clast of fine-grained gray material occupies 

W1- Both surfaces exhibit flow banding and vesicles sug

gestive of congealed lava. Curvilinear fissures partially 

filled with crushed material bend around both clasts. The 

jagged character of the rock's exterior surface is clearly 

seen on the edges of the slab. 



Figure V-2. The subdivision of slab 15405,95. 

A) In an attempt to isolate the clast with
out breaking it, several matrix fragments
were chiselled from the corner of the E

1 
face.

B) Despite the most exquisite chipping tech
niques, the clast split into three pieces.
When turned on edge, sample ,110 appears to
consist not of a discrete clast but of
scattered patches of plagioclase.

C) Matrix is separated from the two best
samples of clast material (,110 and ,115).

D) Orthogonal photographs of ,110 and ,115
after matrix removal was carried as far as
seemed advisable.
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FE-RICH COMPONENTS IN 15405 

We briefly described "fayalite-Fe-metal-silica-bearing" clasts 
in Volume 1 (Ryder and Bower, 1976); two examples are shown in 
Figure V-3. We described them as a distinct lithic type, but closer 
examination of the thin sections reveals that these clasts are part 
of the quartz-monzodiorite lithology, and patches with a texture 
similar to that in Figure V-3C are found in several quartz-monzo
diorite clasts. 

The fragment shown in Figures V-3A,B consists of a large 
fayalitic olivine with vein-like patches of intergrown Fe-metal and 
silica, with rare troilite. The olivine within 20µ of the Fe-metal/ 
silica intergrowth is Fo 30; while further away it is Fo 15, suggest
ing that the Fe-metal and silica are the products of olivine 
reduction (see El Goresy et al., 1972), with partitioning of 
magnesium into the olivine. 

The area shown in Figures V-3C,D is part of a quartz-monzodiorite 
clast. Analyses of the minerals in this area are given in Figure 
V-4: the pyroxenes are compositionally similar to those found
elsewhere in the quartz-monzodiorite clasts, and the olivines are
compositionally similar to the olivine fragment shown in Figures
V-3A,B (�Fo 15). Apart from Fe-olivine, Fe-pyroxene, silica, and
Fe-metal, minor phases are troilite, ilmenite, and very rare potash
feldspar and phosphate.

It is possible that these Fe-rich materiais resulted from 
immiscibility during an advanced stage of the fractional crystal
lization of a KREEP basalt magma. However, the presence of silica, 
in the absence of plagioclase and the presence of only minor amounts 
of phosphate, suggests that immiscibility is not involved in the 
origin of these areas. Even if they are crystallized immiscible 
patches, the volumetric insignificance of the Fe-rich areas 
demonstrates that a silicic- and potash-rich residual chemistry 
had already been achieved through normal fractional crystallization 
before the onset of any immiscibility; a similar situation exists 
in the mesostasis of some Apollo 15 KREEP basalts. Thus lunar 
granites were not the product of liquid immiscibility, though 
limited immiscibility might have occurred after the lunar granite 
chemistry had been established. 
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CONFIRMATION OF THE LIMITED PROVENANCE OF 15405: 
MATRIX MINERAL FRAGMENTS 

The close spatial association of KREEP basalts and granitic 
fragments in 15405 and the exclusion of other familiar lunar rock 
types, are the most important factors suggesting that the KREEP 
basalt+granite differentiation model, originally suggested by Meyer 
(1972), is valid. We analyzed pyroxenes, olivines, and plagioclases 

occurring as monomineralic fragments and in small lithic clasts in 
the matrix of thin section 15405,69, in order to see if there is a 
cryptic contribution from other lithic types manifest in the elastic 
mineralogy. The data collected are shown in Figure V-5, and support 
the conclusion that the source of 15405 consisted only of KREEP 
basalt and granitic fragments. Ilmenite, iilvospinel, and zircon 
are also present as elastic minerals and further support this con
clusion. The lack of any plagioclases more calcic than An91 
indicates conclusively that material of ANT derivation is absent. 
Even the two Mg-rich olivines are similar in composition to olivines 
that crystallize early from (and are rarely preserved in) KREEP 
basalts. Interestingly, Mg-augites, which might be expected to 
crystallize at an early stage during extremely slow cooling of 
KREEP basalt in a plutonic environment (they occur for example in 
the Civet Cat norite 72255; Ryder et al., 1975) are absent, 
supporting the contention that the impact that formed the matrix of 
15405 excavated and melted only the upper part of a shallow-level, 
volcanic-draped pluton. Alternatively, the absence of Mg-augite is 
compatible with the thesis that the granitic rocks formed only late
stage veins and stringers in a KREEP basalt pile. We believe that 
the exsolution of Fe-pyroxenes in the granitic l1thologies in 15405 
indicates very slow cooling, and hence some degree of burial, as in 
a shallow pluton. 

PETROLOGY OF SLABS 15405,95 AND 15405,109 

Two portions of a slab cut from the rock were allocated to us 
for study (15405,95 and 15405,109, shown in Figure V-2). The slabs 
were polished and examined by binocular microscope and petrographic 
microscope (reflected light), and analyzed by microprobe. Most of 
15405,95 is shown in Figure V-6A; 15405,109 is smaller, and similar 
to 15405,95, but it does not contain any large white clasts and it 
has smaller schlieren. An alignment of minerals parallel to the 
schlieren is present in the matrix of both slabs. The matrix 
textures and the clast populations of both slabs are similar to 
those in the thin sections of 15405 we have studied previously. 
Viewed under the binocular microscope, the light-colored clast in 
15405,95 is seen to consist of a darker cenbral portion 2-3 mm 
across, with a rim of white material �1 mm wide (Fig. V-6A). 
Inspection of the photos of the slab portions remaining in the 
SSPL shows that what appears to be a "rim" in our fragment of the 
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clast is not actually concentric, but that the clast consists of 
subparallel alternating zones, 1-4 mm wide, of light and dark 
materials in roughly equivalent amounts. 

The microscopic investigation revealed that while the dark 
portion of the clast is resistant and takes a polish, the white 
"rim" material is soft and plucks away badly, leaving only small 
fragments attached to "rim" edges and rare "islands" visible within 
the white area. The dark area of the clast consists of about 45% 
pyroxene (containing parallel lamellae, similar to the pyroxenes 
we have previously described from the granitic and quartz-monzo
dioritic fragments in 15405) and 50% plagioclase, with patches of 
silica and silica/K-spar intergrowths (5%), and an ilmenite grain. 
Pyroxene compositions, which were approximately determined with the 
microprobe, are similar to those in the granitic and quartz-monzo
dioritic clasts we have previously described; plagioclases (An 70 

... 80) 
similarly correspond to those in the granitic and quartz-monzo
dioritic lithologies. The grain-size is similar to that of the 
quartz-monzodiorite described in Volume 1 (Ryder and Bower, 1976). 

The fragments which are attached to the "rim" edge and which 
are part of the plucked white nrim" material consist largely of 
silica/K-spar intergrowths, with plagi9clase and minor pyroxene; 
this was confirmed by microprobing. A defocused-beam analysis 
(five spots randomly chosen in the rough plucked-out rim, which 

is invisible under the microscope) also indicated that the "rim" 
is composed of 40% silica mineral, 23% K-spar, 13% albite, and 23% 
anorthite (very approximate norm): the rim is K�rich and felsic. 
Little can be said about the grain size of the silica/K-spar inter
growth, since polished surfaces suitable for microscopy were 
lacking. 

Overall, the light-colored clast is a KREEP-rich quartz-monzo
diorite with about 30% Fe-rich pyroxene, 20% silica mineral, 15% 
K-spar, and 30-35% plagioclase (An+Ab); most of the silica and
K-spar are in the white portion. A second, smaller, white patch 
occurs on the E 1 side of the slab 15405,95 (not visible in Fig. 
V-6A) and consists of parallel plates of one white and one colorless
mineral; it is almost certainly an intergrowth of potash feldspar
(white) and a silica mineral (colorless).

The crescent-shaped schlieren that is particularly conspicuous 
in 15405,95 (Fig. V-6A) consists of KREEP basalt fragments mixed 
with some matrix material; there is abundant pore-space in this 
and other schlieren. Other lithic clasts in the slabs are petro
graphically identifiable as KREEP basalts; two are shown in Figures 
V-6B,C,D. The fragment shown in Figure V-6B is similar to other 
KREEP basalts we have described from 15405, but is distinctive in 
containing an olivine grain (�Foao). Olivines are rare in Apollo 
15 KREEP basalts, and this particular grain is comparatively large. 

24.



Figure V-3A,B. Fe-metal bearing clast in 15405,69 (reflected light). 

A, whole clast; B, detail. Fe-olivine host contains vein-like 
patches of Fe-metal, silica, and troilite. 

Figure V-3C,D. Fe-metal bearing clast in 15405,69 (reflected light). 
Coarse i•granite" host contains finer-grained patch of silica, 
Fe-pyroxene, Fe-olivine, ilmenite, Fe-metal, and troilite. 
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Figure V-6. A) Slab 15405,95 (reflected light). Lighter
colored area to right is unpolished, darker area
to right is polished. Schlieren consists of KREEP
basalt mixed with matrix. Clast at top contains
Fe-pyroxene, plagioclase, silica, and potash
feldspar and is approximately "quartz-monzodiorite."

B) KREEP basalt fragment in slab 15405,95 (reflected
light). Plagioclase (plag, dark gray) and pyroxene
(px, light gray) are typical of KREEP basalts, but

olivine (ol, light gray) is rare in such basalts.
Matrix in upper right. Black areas are plucked
holes.

C) KREEP basalt fragment in slab 15405,95 (reflected
light). Consists of.variolitic intergrowth of light 
gray pyroxene and dark gray plagioclase. Black areas 
are plucked holes. 

D) Detail of Figure V-6C (reflected light).
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Figure V-'6. 



The fragment shown in Figures V-6C,D has a variolitic texture 
with rare phenocrysts of pyroxene; although this texture is 
distinct from most other Apollo 15 KREEP basalts, its correlation 
with this group is demonstrated by the compositions of its minerals, 
and by its disseminated Si-K-rich mesostasis glass. 

Petrographic examination of the slabs 15405,95 and 15405,109 
shows them to be similar to the thin sections of 15405 we have 
previously studied. They contain similar kinds of lithic and 
mineral clasts (of KREEP character) and their matrices have a fine
grained variolitic texture. The large white clast contained within 
15405,95 is mineralogically and modally similar to the clasts we 
have previously described as KREEP-rich quartz-monzodiorite. 

ARGON AGES (T. Bernatowicz, C.M. Hohenberg, B. Hudson, B.M. Kennedy, 
C.J. Morgan, and F.A. Podosek) *

We report here the results of argon-argon analyses of 15405. 
The methods are described in our study of 14064 (Section I, this 
volume). The exposure age we assumed for 15405 was 6 m.y. (Drozd 
et al., 1976). Table V-1 lists the total K and Ca abundances in 
the samples calculated from the reactor-produced 39 Ar and 37Ar. 

Sample 

15405,49 
15405,90 

Table V-1. 

K 

1. 2
2.3

Ca 

6,2 
5.2 

The two samples we analyzed are 15405,49 (26.4 mg, matrix 
lithology 05A), and 15405,90 quartz-monzodiorite clast lithology 
05B. Ryder and Bower (Volume 1, 1976) have interpreted the monzo-
diorite lithology to represent an ancient (�3.9 b.y.) KREEP pluton. 
Previous geochronological analyses have yielded (Nyquist et al., Vol-
ume 1, 1976) ambiguous results: Rb-Sr and U-Pb (Tatsumoto and 
Unruh, 1976, Volume 1) data cannot be interpreted to define an age, 
as usually understood, in any straightforward manner; both kinds 
of analyses exhibit suggestions of the expected antiquity, but both 
also indicate a much more recent disturbance, 2 b.y. or less ago. 
A low-age thermal event is also seen in whitlockite fossil fission 
tracks (Podosekand Walker, 1976, Volume 1). 

* This data is taken from T. Bernatowicz, C.M. Hohenberg, B. Hudson,
B.M. Kennedy, C.J. Morgan, and F.A. Podosek (1977), "Argon ages for
Imbrium Consortium Samples 14064 and 15405," abstract submitted to
Lunar Science VIII, the Lunar Science Institute, Houston.
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The apparent age pattern for 15405,90 (Fig. V-7), the monzo
diorite lithology, does not give a well-defined age by the usual 
criteria. Apparent ages increase monotonically, in the pattern 
expected for diffusive loss of 40Ar, and there is no high-tempera
ture plateau. Nevertheless, there is strong evidence for an age
defining event in the broad intermediate plateau at 1.25 b.y. This 
region, up to �70% 39 Ar release, is characterized by K/Ca �l, and 
presumably represents primarily the potassium feldspar. In the 
final 10% release the apparent age is much higher (�1.8 b.y.) and 
K/Ca much lower, presumably reflecting the dominance of another 
phase, perhaps plagioclase. 

We suggest that a real thermal event occurred at �1.25 b.y. 
that degassed the potassium feldspar but not necessarily other 
minerals (and also annealed fission tracks and disturbed Rb-Sr and 
U-Pb distributions.) In principle the coincidence of high-tempera
ture ages at 1.8 b.y. might also be so interpreted, but only very 
tenuously, and we do not favor this interpretation. These data 
are perhaps equally likely to represent a mixture of low age K-spar 
with gas from another, much older phase. 

We note that the event we have suggested at 1.25 b.y. need not be 
comparable to events which define ages for other lunar rocks, since 

potassium feldspar occurs only rarely on the moon and is not likely 
to be the subject of radiochronological studies. The nature of 
.such an event is unclear, but an obvious suggestion is the formation 
of either Aristillus or Autolycus. These craters have often been 
invoked to explain low ages at the Apollo 15 site, in the same 
fashion that Copernicus has been invoked to produce low KREEP ages 
elsewhere. The present data, of course, contain no new information 
to support such an association. 

The results for the matrix lithology 15405,49 (Fig. V-7) are 
much more ambiguous. The same general features are present -- low 
ages initially and higher ages (but still lower than the·usual mare 
or highland ages) at high temperatures -- but there is no independ
ent suggestion of a conspicuous intermediate plateau. Probably the 
most reasonable interpretation of these data is that they represent 
a mixture of monzodiorite and other lithologies. These data do not 
contradict the interpretation offered for the monzodiorite, nor do 
they offer any additional information. 

OXYGEN ISOTOPE ANALYSIS (R.N. Clayton) 

Sample 15405,130 is from a quartz-monzodiorite described by 
Ryder (1976). We have subdivided the 12.7-mg sample into two por
tions for oxygen isotope analysis: one for measurement of 0 17

0

using CO 2 , which gives a better precision for the 0 180 analysis, 
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and the other for measurement of both 0 18 0 and 0 17 0 using 0
2

• The 
0 2 

measurements have not yet been made. The CO
2 

method gives 
better precision for the 0 18 0 analysis. The CO

2 
analysis gives a 

o
1 8

0 value of 5.68%0, relative to SMOW. This isotopic composition 
is in no way exceptional for lunar rocks. For example, we have 
previously reported values of 5.60 for the glass of pyroxene-phyric 
rock 15597 (Clayton et al., 1972) ·and 5.63 for breccia 15445,28 
(Clayton et al., 1973). The mean of six analyses of 12013 reported 
by Taylor and Epstein (1970) is 5.81 (after adjustment of 0.4%o to 
allow for a difference in SMOW definition between the two labora
tories). There is apparently very little effect on the oxygen 
isotopic composition resulting from the igneous differentiation 
which produced the more acid rocks. One consequence of this is 
that it is valid to assume oxygen isotopic homogeneity for all the 
material of the moon which underwent melting. Another consequence 
is that the prospect of finding tektite-like material, with o 1 80 
of about 10%0 (Taylor and Epstein, 1962) is exceedingly small. 
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VI. 15405 QUARTZ-MONZODIORITE; SUPER KREEP 

L. E. Nyquist
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Lockheed Electronics Corp. 
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INTRODUCTION AND ANALYTICAL RESULTS 

Samples of matrix and of KREEP-rich quartz-monzodiorite 
(Ryder, 1976) from breccia 15405 have been analyzed for alkali, 
alkaline earth, and rare earth elements by the mass-spectrometric 
isotope-dilution method. High precision Sr-isotopic analyses were 
made of the same samples. The data are reported in Tables VI-1 
and VI-2. Data for two previously unreported Rb-Sr analyses of 
quartz-monzodiorite 15405,87 (Nyquist et al., 1976) are also given 
in Table VI-2.

All samples were obtained under the auspices of the Imbrium 
Consortium (J. A. Wood, leader). Quartz-monzodiorite sample 15405,85 
was a fragment selected from parent 15405,65 by .u. B. Marvin 
and is shown with similar fragments in Figure 7 of Ryder (1976). 
The fragment 15405,85 was visually inspected under the binocular 
microscope prior to analysis. It appeared to consist of a central 
vein of dark material (ilmenite and pyroxene) surrounded on two 
sides by light-colored material (feldspar and silica). The dark 
vein appeared to constitute about 1/3 the volume of the fragment. 
Because the quartz-monzodiorite is coarse-grained, it is possible 
that our fragment was not truly representative of this lithology. 
The 54-mg fragment was crushed in a boron carbide mortar, and 17 
mg was removed for analysis. The remainder is preserved for other 
Consortium studies. 

Matrix sample 15405,117 consisted of eleven individual chunks 
of very fine-grained, uniformly black material. These chunks were 
selected to be free of clast material (U. B. Marvin, personal com
munication). The total weight of the sample was 299 mg. The 
sample was finely ground in a boron carbide mortar, and 46 mg was 
used for analysis. 
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Table VI-1. Concentrations of alkali, alkaline earth and rare earth elements in 15405,85 and 15405,117 (ppm). 

Sample wt Li K (mg) Rb Sr Ba La Ce Nd Sm Eu Gd Dy Er Yb Lu 

15405,85 17 40.9 14,200 40.6 154 1,490 224 555 328 92.0 2.69 llO ll6 71.7 60.9 8.06 
15405,ll7 46 36.8 5,910 20.5 168 767 78.7 197 120 34.2 2.27 40.3 44.2 28.0 

Table VI-2. Rb-Sr results for 15405,85; and 15405,117 and new results for 15405,87. 

Sample wt Rb Sr 
87

Rba 875rb 
(mg) (ppm) (ppm) 86sr 86sr 

15405,85 17.3 40.6 153.7 0.764±6 0.75277±8 
15405,ll7 46.4 20.5 168.3 0.352±3 0. 72ll6±7 
15405,87 

Ilm+Px IIId 6.1 10.0 21.3 1.35±1 0.75245±50 
Plag Ild 1.6 23.65 281. 9 0.243±2 o. 72039±16

a. Uncertainties correspond to last figures. 
b. ��certainties correspond to last figures and one 20 m. Normalized to 

Sr/ 86Sr = 8.37521.

T c 
L 

4.89±.04 
4.39±.05 

2.79±.05 
6.06±.09 

c. Model age assuming I= 0.69903 (Apollo 16 anorthosites for T = 4.6 AE). 
d. Mineral separate obtained using heavy liquids.

TRACE ELEMENT ABUNDANCE PATTERNS 

23.5 3.32 

Trace element abundances in 15405,85 and 15405,117, normalized 
to average chondritic values, are shown in Figure VI-1. Trace 
element abundances in igneous KREEP sample 15386 (Hubbard et al., 
1974) are shown for comparison. Also shown are analyses of the 
light and dark lithologies of 12013 (Schnetzler et al., 1970). The 
12013 analyses chosen for comparison are those giving the highest 
trace element abundances in the light (12013,8) and dark (12013,15) 
portions, respectively. 

Figure VI-2 shows trace element abundances in 15405,85 normal
ized to those in 15405,117. Several observations follow. 

(1) The REE abundances in quartz-monzodiorite 15405,85 are
higher than those of the other samples, and are among the very 
highest reported for lunar samples. 

(2) Trace element abundances in matrix 15405,117 are nearly
identical to those in igneous KREEP sample 15386. 

(3) Sample 15405,85 is nearly uniformly enriched in REE abun
dances relative to 15405,117. 
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(4) Li, Sr, and Eu abundances are nearly identical in 15405,85
and 15405,117. 

(5) REE abundances in the light-colored granitic portion of
12013 are lower than those of the other samples and have a distinc
tively different pattern. 

(6) K and Rb abundances in 15405,85 are similar to those in
12013,8. 

(7) Li abundances in both lithologies of 12013 are distinc
tively high. 

In the following discussion we shall explore some possible ex
planations for these observations and the implications for the 
petrogenesis of the quartz-monzodiorite. 

PETROGENETIC IMPLICATIONS 

Before drawing petrogenetic conclusions from the trace element 
data one must rule out the possibility that the observed effects 
are non-magmatic in origin. One possibility is that the sample was 
unrepresentative of the "whole rock." _ It could be argued that the 
high concentrations of REE in the quartz-monzodiorite (hereafter 
QMD} ar� due to a chance enrichment of whitlockite in our small 
fragment. Ryder (1976) reports Nd 2 O 3 and Ce 2 O 3 concentrations of 
�3.0% and �2.5%, respectively, in QMD whitlockite. The Nd in 15405 
can be accounted for by the presence of 1.3 wt. % of whitlockite of 
this composition. It would require 2.6 wt. % of this same 
whitlockite to account for the observed Ce in 15405. These values 
are comparable to the 0.8 vol. % whitlockite given by Taylor (1976) 
for the modal analysis of QMD. Thus, whereas it is probably true 
that most of the REE in 15405,85 are carried by whitlockite, there 
seems no reason to suspect that this fragment had a gross over
abundance of this mineral. Furthermore, the enrichment of K and Rb 
in 15405,85 relative to 15405,117 is another indication that trace 
element enrichment in 15405 is not due to a chance enrichment of 
whitlockite, as these elements are expected to be excluded from the 
whitlockite structure. 

Rutherford et al. (1976) have suggested that lunar "monzonites" 
(equated to monzodiorites} are mixtures of immiscible granite liq
uid and cumulates of cogenetic crystals of plagioclase and pyroxene. 
This scheme does not appear compatible with what is known of the 
REE patterns of lunar "granites" and of the quartz-monzodiorite. 
The extremely high concentrations of REE in the QMD are difficult 
to obtain by mixing more "fundamental" components. In particular, 
the light phase of 12013 is unsuitable as the "granitic" end-member 
in a hypothetical mixture. The REE abundances are much too low and 
have a distinctive concave pattern. Admittedly, REE in 15405 
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granites have not yet been analyzed and it is possible that their 
analysis could change this conclusion. With this caveat we pro
ceed to examine the possibility that the QMD represents an extreme 
of simple crystal-liquid fractionation. 

Ryder (1976) proposed that the QMD and granite in 15405 were 
residual liquids from the fractional crystallization of a liquid 
with KREEP composition, based on the occurrences and the mineral 
chemistry of these rock types in 15405. Because an average gran
ite-monzonite composition studied by Rutherford et al. (1976) did 
not give multi-mineral saturation at the liquidus, they argued 
against the derivation of lunar silicic rocks as liquids residual 
to KREEP basalts. However, this argument is far from conclusive 
when applied to the QMD, because the composition Rutherford et al. 
(1976) used in their experiment is very different from that of the 
QMD given by Taylor (1976). For example, the composition 
Rutherford et al. (1976) used has far too high a MgO/MgO+FeO ratio 
(�71) compared to that of the actual QMD (�35). Furthermore, the 
composition used by Rutherford et al. (1976) is higher in SiO2

(65% vs. 57%) and much lower in FeO (2.6% vs. 11%) and Cao (4.4% 
vs. 9%) than the composition of 15405 QMD estimated by Taylor 
(1976). Most of this discrepancy apparently stems from the use by 
Rutherford et al. (1976) of an average "granite-monzonite" composi
tion given by Lovering and Wark (1975.). Thus, we do not consider 
the experimental study of Rutherford et al. (1976) applicable to 
the petrogenesis of 15405 QMD, pending further major element 
analyses of this lithology to be obtained as part of the Imbrium 
Consortium studies. 

To test the fractional crystallization hypothesis proposed by 
Ryder (1976), the compositions of KREEP basalts, QMD, and granite 
in 15405 are plotted in the Q-An-O1 pseudoternary phase diagram 
(Fig. VI-3; Walker et al., 1973). The compositions are those 

given by Ryder (1976) for KREEP basalts and granite and by Taylor 
(1976) for the QMD. As usual, the KREEP basalts plot near the 

Px-O1-An peritectic. However, the QMD is located on the Q-Px-An 
cotectic. In fact, the major differences between the QMD composi
tion and that of the Q-Px-An cotectic point C given by Walker 
et al. (1973) are in TiO2 content (1.1% in QMD vs. 5.2% at point 
C) and molar MgO/MgO+FeO (0.35 in QMD vs. 0.52 at point C). The

.low TiO 2 content of 15405 QMD is consistent with low TiO
2 

in 15405
KREEP compared to other KREEP samples (0.7% vs. �2% in most KREEP).
Similarly, MgO/MgO + FeO is slightly lower for 15405 KREEP than
the value at the Px- O1 -An peritectic in Figure VI-3 (0.58 vs.
0.64; cf. Walker et al., 1973, point B). The difference inMgO/
MgO+FeObetween the 15405 KREEP and QMD is right for a differ
entiation trend, and, pending further major element analyses
which may reveal sampling problems, we conclude that the QMD can
be derived by fractionation of pyroxene and plagioclase from a
KREEP liquid upon cooling. Therefore, the major element chemistry
and the phase relationships are consistent with Ryder's hypothesis.
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The trace LIL (large ion lithophile) element data reported 
here can be used to further test Ryder 's hypothesis. In Figure 
VI-2, the QMD is normalized to KREEP basalts (matrix) in 15405.
The QMD is consistently high in all LIL elements except Li, Sr,
and Eu. Quartz-monzodiorite is nearly three times more enriched
in REE than are KREEP basalts, with slightly greater enrichment
in light REE than in heavy REE. It is evident that the QMD is a
product of extensive differentiation. The degree of differentia
tion, judging from the overall REE enrichment, is at least 60-70%.
Greater enrichment in light REE than heavy REE indicates mafic
mineral fractionation, probably pyroxene since it is a major com
ponent of KREEP basalt. Significant depletions in Sr and Eu re
lative to other LIL elements are due to the separation of plagi
oclase. Slightly lower K, Rb, and Ba than trivalent REE content
suggests a minor effect due to the crystallization of relatively
potassic plagioclase.

One can attempt to model these relationships more quantita
tively. As a first approximation, we assume that pyroxene and 
plagioclase are the only phases which are fractionating from the 
liquid. Then the equation 

C l

= (1 - X)D-1
Co 

( 1) 

{wher� C 1 = concentration in the liquid; C
0 = starting concentra

tion; X = percen� of liquid which has crystallized; and D = bulk 
distribution coe�ficient) can be applied (see Weill et al., 1974). 
We assume that the initial system is a liquid of KREEP basalt com
position and that the final liquid has· the composition of 15405 
QMD. We use the following distribution coefficients (Weill and 
McKay, 1975; 1200 ° C values): nEu = 1.0 oSr = 1 63 0sm = plag ' plag • ' plag
0.03; D

Eu 
= 0.02, oSr = 0.02, Dsm = 0.02. We then calculate that

px px px 
simultaneous enrichment of the liquid by 2.7-fold Sm and 1.8-fold 
Eu requires 64% crystallization, 83% of which is plagioclase and 
17% of which is pyroxene. A similar calculation using Sm and Sr

yields the same percentage of crystallization but a plagioclase/ 
pyroxene ratio of 66%/34%. The calculation of the plagioclase/ 
pyroxene ratio is sensitively dependent upon precise knowledge of 
the distribution coefficients and on the representativeness of the 
analysis for Sr and Eu. To obtain an estimate of the effect of 
non-representativeness one can repeat the calculation, using the 
higher Sr concentration of 190 ppm measured for the <44µ fraction 
of 15405,87 rather than the 154 ppm concentration measured for

15405,85. We assume that this difference arises primarily from

variation in plagioclase content. If so, the corresponding varia
tion in trivalent REE is expected to be small, so the measured Sm 
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concentration of 15405,85 is used for calculation. As before, 
64% crystallization is calculated, but with a plagioclase/pyroxene 
ratio of 53%/47%. 

The Al 2 0 3 contents of KREEP (�16-18%), KREEP plagioclase 
(�33%), and the QMD (11%) can be used to check the amount of plagi
oclase fractionation. Assuming no Al 2 0 3 is taken up by pyroxene 
or other phases, a mass balance calculation shows that 64% crys
tallization, 83% of which is plagioclase, is inconsistent with 
Al 2 0 3 contents. Crystallization in which plagioclase comprises 
1/2 to 2/3 of the crystallizing phases is, however, consistent with 
Al 2 0

3 
contents. Thus the trace element calculation using Eu is in

consistent with Al 2 0 3 mass balance. The calculation using Sr is 
consistent with Al 2 0

3 
mass balance. This is not surprising be

cause of the additional uncertainty in the Eu distribution coef
ficient that is due to its dependence on oxygen fugacity. 

We can reverse the calculation by assuming that equal amounts 
of plagioclase and pyroxene are crystallizing. If this is done, 
Et

i 
and Sr distribution coefficients of 1.7 and 2.1, respectively, 

can be calculated for plagioclase. These are reasonable values 
considering the low temperatures involved and the potassic nature 
of the plagioclase. We conclude that the derivation of 15405 QMD 
from a liquid of KREEP basalt composition by extensive fractiona
tion (�64%) of approximately equal amounts of plagioclase and 
pyroxene is permitted by the available LIL and major element data. 

The location of the QMD composition at the Q-An-Px cotectic 
suggests that it could also have formed as a consequence of partial 
melting of a suitable source material. The source material must 
be quartz-normative to obtain the first liquid at the Q-An-Px 
cotectic. We are unable to identify a suitable lunar composition 
for this source material with the exception of KREEP basalts them
selves. It would be possible to generate the QMD by �36% partial 
melting of a KREEP basalt rather than by 64% crystallization from 
a KREEP basalt liquid, as the preceding arguments are invariant to 
the direction of temperature change. The Rb-Sr and other age data 
to be discussed next place some constraints on possible heat 
sources for this hypothetical partial remelting of KREEP basalts. 
Remelting cannot have been as late as the formation of breccia 
15405 itself. If Apollo 15 KREEP basalts were formed as igneous 
lavas 3. 9 AE ago, a later remelting seems untenable. If, however, 
Apollo 15 KREEP was itself remelted to the Imbrium event 3.9 AE 
ago, then a partial remelting to form compositions similar to the 
QMD seems quite possible, perhaps even probable. 
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RB-SR DATA 

Nyquist et al. (1976) reported Rb-Sr data for mineral sepa
tes of QMD fragment 15405,87. These data showed that the Rb-Sr 
system of that fragment was severely disturbed. Figure VI-4 up
dates the 15405,87 data and shows the location of the analysis of 
"whole rock" 15405,85. The high model age of 5.4 AE (Nyquist 
et al., 1976) for the extremely radiogenic K-spar + silica mineral 
separates of ,87 is conclusive evidence of Rb loss. The Rb-Sr 
system for ,85 is also disturbed due to Rb loss, as shown by its 
location to the left of the 4. 6 AE reference isochron and its model 
age of 4.9 AE. This fragment has been less severely disturbed than 
15405,87, however, suggesting that there may be a possibility of 
finding a QMD with an undisturbed Rb-Sr system. 

An "unmixing" calculation similar to that described by Nyquist 
et al. (1976) yields the result that ,85 contained �52 wt. % of 
ilmenite + pyroxene (Ilm+Px), �15 wt. % of plagioclase (plag), and 
�33% wt. % of (K-spar + silica). This compares to �47%, �29%, and 
�24%, respe6tively, for the <44µ fraction of ,87. [These latter 
percentages have changed slightly from those given by Nyquist 
et al. (1976) due to redefinition of end-member components as a 
result of the Plag II and (Ilm+Px)IIIanalyses.] Comparison of 
these figures to the mode given by Taylor (1976) suggests that ,85 
was relatively deficient in plagioclase. This is also qualita
tively implied by Figure VI-4. As mentioned earlier, this may 
cause the Sr and Eu values for ,85 to be slightly low, but should 
not affect the first order conclusions to be derived from REE 
abundances. 

The Rb-Sr data for matrix sample 15405,117 is shown with that 
for ,85 in Figure VI-5. The Rb/Sr ratio of ,117 is among the high
er values for KREEP. Its model age of 4. 4 AE is distinctly higher 
than that of 15386 or other Apollo 15 igneous KREEP samples which 
have model ages of. :$ 4. 3 AE. In this respect , 117 resembles other 
varieties of glassy and brecciated KREEP (cf. Nyquist et al., 
1974). Whether this difference is fundamental or whether, as we 
suspect, it reflects some slight (2-3%) Rb loss from the glasses 
and breccias has not been clearly resolved. 

The Sr isotopic systematics of 15405,87 and 15405,85 definite
ly show that Rb was lost from these samples. The unusually high 
K/Rb (= 350 for 15405,85 relative to other KREEPy samples) is 
another manifestation of Rb loss (cf. Gibson and Hubbard, 1972). 
The K/Rb ratio and the U-Th-Pb study of Tatsumoto and Unruh (1976) 
deduce that the QMD suffered at least two disturbances of the 
U-Pb system between 0.6 and 1.5 AE ago. We cannot determine how
many disturbances there were of the Rb-Sr system. Thus, for
simplicity, we model the situation by assuming a single distur
bance 1.0 AE ago. The heating experiments of Gibson and Hubbard
(1972) and Gibson et al. (1973) showed that significant Rb losses
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can occur while K losses remain negligible. Thus, because the 
Rb loss for 15405,85 was comparatively small, we assume the K 
loss was negligible. Finally, we assume that the QMD is deriva
tive from a KREEP liquid and that the K/Rb was not significantly 
changed during differentiation. The justification for this 
assumption stems from the observation that the K/Rb ratio of the 
highly evolved granitic portion of 12013 is essentially the same 
as that of the KREEPy dark phase (Schnetzler et al., 1970; Hubbard 
et al., 1970) and of KREEP in general. Specifically, the average 
K/Rb ratio of six samples of the light phase of 12013 analyzed by 
Schnetzler et al. (1970) is 295 whereas that of four dark phase 
samples is 310. Both values are within the KREEP range. 

With the foregoing assumptions we can "correct" the Rb/Sr 
ratio of 15405,85 as shown in Figure VI-5. Undisturbed evolution 
for K/Rb = 288, as in ,117, leads to a corrected model age of 4.2 
AE relative to an initial 8 7Sr/ 86Sr = 0.699. Because of the very 
radiogenic nature of the Sr in 15405,85, an uncertainty in ini
tial 8 7Sr/ 86Sr causes relatively minor uncertainty in age, and the 
model age should be a good approximation of the true age. 
Furthermore, if the QMD is indeed derived from a KREEP liquid, the 
data of ,117 and ,85 should lie on the isochron giving the time 
of differentiation. With this assumption the age of ,85 cannot be 
older than 4.4 AE, the model age of ,117. In the model presented 
above, an age of 4.4 AE for 15405,85 corresponds to K/Rb = 308, 

.essentially the average K/Rb for KREEP and equal to that in 15386 
KREEP. Thus the model we have presented is internally consistent 
for an age of 4.2-4.4 AE, and K/Rb = 290�310. 

Ryder (1976) has suggested that the QMD differentiated from 
KREEP liquid 3.9 AE ago. In the model we have presented this 
would require K/Rb to be �270-275 in the QMD in order that both 
15405,117 and 15405,85 lie on a 3.9 AE isochron (Fig. VI-5). 
Alternatively, one could argue that one of our model assumptions 
has been violated. Concomitant loss of K with Rb would allow a 
higher K/Rb ratio in the QMD while the main features of the model 
were preserved. Thus we cannot exclude the possibility that the 
QMD was formed as late as 3.9 AE ago. Formation. at much later 
times would require us to assume unreasonably large Rb losses. 
In particular, the assembly of 15405 was probably responsible for 
the recent disturbance of the U-Th-Pb and Rb-Sr systems, but can
not have been responsible for formation of the QMD . 

The age of 4. 0 ± 0 .1 AE derived for the QMD by Tatsumoto and 
Unruh (1976) on the basis of very complex lead data is apparently 
in disagreement with the model age of 4.2-4.4 AE derived here. 
However, the lead age is itself model-dependent. In view of the 
probable connection of the QMD to KREEP and in view of earlier 
arguments for a primary age of 4. 3-4. 4 AE for KREEP, we still con
sider it very probable that all trace element enriched systems, 
including KREEP, 12013 granite (Lunatic Asylum, 1970), and the QMD, 
were derived early in lunar history. 
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THE GRANITE CONNECTION 

There has been considerable speculation concerning the 
origin of lunar granites. The close spatial and chemical associ
ation among KREEP basalts, QMD, and granite in 15405 led Ryder 
(1976) to propose that these rock types were genetically related 

by a simple differentiation process. Trace element and isotopic 
studies of 15405 granites could be used to test this hypothesis. 
Unfortunately, such data are still totally lacking. However, let 
us assume for illustration that the LIL element chemistry for the 
light portion of 12013 is characteristic of lunar granites in 
general, and will turn out to be characteristic of 15405 granites 
in particular. Then the five-fold-lower REE abundance in the 
"granite" relative to the assumed QMD parent liquid is difficult 
to interpret in terms of simple fractionation of common major 
minerals. Accessory minerals that have extremely high solid/liq
uid distribution coefficients (>>l) are required. Nagasawa (1970) 
gives distribution coefficients of 50-100 for REE in apatite 
phenocrysts relative to granitic groundmass. Moreover, the pat
tern of REE distribution coefficients is concave downward, and is 
therefore at least qualitatively complementary to the pattern in 
12013 granite, which is concave upward. The distribution coeffi
cients for whitlockite should be similar to those of apatite. 
Thus, in view of the presence of whitlockite in the QMD and its 
high measured Nd 2 O 3 and Ce

2
O

3 
concentrations, it seems quite 

probable that the REE pattern of lunar granites was produced from 
late-stage KREEP differentiates such as the QMD by fractionation 
of whitlockite from a residual liquid. 

On the other hand, Rutherford et al. (1976) have successfully 
reproduced the major element composition of lunar granitic 
materials by liquid immiscibility. Ryerson and Hess (1975) have 
reported preliminary partition coefficients for trace elements 
between immiscible silicate melts. These indicate efficient 
partitioning of P and REE into the Fe-rich liquid relative to the 
granitic liquid. McBirney (1975) has stressed the pr6bable in
volvement of liquid immiscibility in the differentiation of the 
Skaergaard intrusion. These results lend support to the hypoth
esis that liquid immiscibility was involved in the production of 
lunar granites. Trace element and isotopic studies of 15405 
granites would serve to constrain the possible genetic links with 
the other trace element-enriched materials of this breccia. 
Isotopic systematics provide a vital time constraint and are a 
very important aspect of such a study, providing that suitably 
undisturbed samples can be analyzed. 
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CONCLUSIONS 

The LIL and major element chemistry of the quartz-monzo
diorite in 15405 are consistent with its formation from a liquid 
of KREEP basalt composition by crystal-liquid fractionation as 
proposed by Ryder (1976). The chemical relationships also permit 
the QMD to be formed by partial melting of KREEP basalt. The 
interpretation of Rb-Sr isotopic systematics is severely com
plicated by recent disturbances of the isotopic systems in the 
QMD. The Rb-Sr and K/Rb data cannot exclude the possibility that 
the QMD was formed 3.g AE ago, either by fractional crystalliza
tion of a KREEP liquid or by partial melting of KREEP basalt. 
However, we prefer to interpret the Rb-Sr and K/Rb data for the 
QMD as evidence that the major chemical differentiation that 
formed the QMD occurred �4.2-4.4 AE ago. We also continue to 
prefer this time for the major chemical differentiation that gave 
rise to KREEP. This early formation time favors the formation of 
QMD directly from KREEP liquid, because the partial melting hypoth
esis, which requires solidification of the liquid prior to partial 
remelting, implies a more complicated and lengthy history. It is 
worth noting that the QMD may not be as exotic as previously 
thought. The bulk composition of the QMD estimated by Taylor 
(1976) is similar (but not identical) to the composition of "high
K Fra Mauro Basalt" as reported in a survey of Apollo 15 glass 
types by Reid et al. (1972). The high-K Fra Mauro basalt compo
sition plots on the Px-An cotectic in Figure VI-5 close to, but 
not at, the Q-Px-An point. K2O contents of high-K Fra Mauro 
basalts are also close to those of the QMD. Thus these two compo
sitions seem closely related. The probability that the varieties 
of KREEP and the QMD belong to the same differentiation series 
seems to be high. The possibility that lunar granites also belong 
to this series �an be tested by chemical and isotopic analyses of 
suitable samples from 15405. An experimental petrological study 
that uses the correct QMD composition is also important. 
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VII. SAMPLE 15445

PETROLOGY (Graham Ryder and Janice F. Bower) 

INTRODUCTION 

Sample 15445 consists of white clasts set in a dark-colored, 
competent, fine-grained matrix. See Marvin (1976, Volume 1) for 
macroscopic descriptions. The original cutting photographs desig
nated the clasts A, B, ... etc. (see Volume 1, Fig. X-2). The 
Consortium uses a different identification scheme, and for clarity 
both designations are given here (� Clast A/Lithology 45E). 
The thin sections we have studied are listed in Table VII-1. 

The essential petrology of 15445 was described by Ryder and 
Bower (1976, Volume 1); earlier descriptions were given by Ridley 
et al. (1973) and Anderson (1973). Documentation records allow 
us to compare our data and observations directly with those of the 
earlier studies. Since the publication of Volume 1 we have con
centrated our petrographic studies on an analysis of the matrix; 
our analyses and the results of Instrumental Neutron Activation 
Analysis (INAA) of clasts and matrix of 15445 by Blanchard et al. 
(this volume) add to the data of Ridley et al. (1973). We have 

made a petrographic study of rock 15455, the other black-and-white 
rock from Station 7, for comparison. This study, which indeed 
shows the two rocks to be very similar, is reported in Section 
VIII of this volume. 

LITHIC CLASTS 

Several types of lithic clasts occur in 15445, and some dis
tinctions between them can be made macroscopically (Marvin, 1976, 
Volume 1). Some macroscopically similar lithologies are quite dif
ferent microscopically, however. Spinel troctolite, norite, and 
anorthosite are the predominant clast types. A macroscopically 
identified gabbro lithology has not been observed microscopically. 
Other lithic clast types are present, but, significantly, do not 
include polymict breccia fragments or such other surface-derived 
fragments as basaltic-textured clasts. 

Spinel Troctolite 

Spinel troctolite is represented by Clast A/Lithology 45E, 
by Clast F/Lithology 45C, and by smaller undesignated fragments, 
one of which is sampled by the thin sections. Spinel was not ob
served macroscopically in Clast F/Lithology 45C (Marvin, 1976, 
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Volume 1), probably because this clast is partially covered by a 
patina. Descriptions of Clast A/Lithology 45E and analyses of its 
constituent minerals are given by Ridley et al. (1973), Anderson 
(1973), Steele and Smith (1975), and Ryder and Bower (1976, Volume 
l); Smith and Steele (1977) also give some attention to this clast. 
Some authors refer to it as a peridotite, but macroscopic observa
tions and thin section studies indicate that the clast contains 
too much plagioclase (30-40%) to be a peridotite; the term spinel 
troctolite is preferable. A summary of compositional data from 
Clast A/Lithology 45E is given in Table VII-2; spinel compositions 
are given in Table VII-3 and Figure VII-1. Some variability is 
apparent in the clast. It is free of meteoritic contamination 
(Gros et al., 1976, Volume 1) and is a crushed, friable, once 

coarse-grained (>2 mm), plutonic or metamorphic rock, notable for 
its Mg-rich olivine and its Mg-Al spinel (pleonaste). Steele and 
Smith (1975) remarked on the extremely low Ca content of the 
olivine, which is the lowest found in any analyzed lunar olivine 
and makes this olivine distinct from those in the 72415-7 dunite 
and the 76535 troctolite. The low Ca content is interpreted as 
resulting from a slow-cooling and/or deep-seated origin. 

We have not found pyroxene in Clast A/Lithology 45E. We have 
found small amounts of pyroxene in a spinel troctolite clast in 
thin sections 15445,145-,147. Low-Ca pyroxene is more abundant 
than high-Ca pyroxene, and is more Fe-rich (En 87 vs. En 92 ) and 
much less aluminous (Ryder and Bower, 1976, Volume 1) than the 
pyroxene Ridley et al. (1973) and Anderson (1973) report for Clast 
A/Lithology 45E. Analyzed olivines and spinels from the spinel 
troctolite clast are compositionally similar to those in Clast A/ 
Lithology 45E. 

Clast F/Lithology 45C is petrographically similar to these 
other spinel troctolite clasts, but no analyses of its mineral 
constituents have been made. 

Ridley et al. (1973) report REE data for Clast A/Lithology 
45E, and Blanchard et al. report REE data for Clast F/Lithology 
45C (this volume). These are compared in Figure VII-2; both pat
terns show low abundances of light REEs and exceptionally low Eu, 
but Clast A/Lithology 45E is enriched in heavy REEs, while Clast 
F/Lithology 45C has low abundances of heavy REEs, producing a 
"normal" looking pattern. Ridley et al. (1973) believe that a 
history involving garnet accumulation accounts for the enrichment 
in heavy REEs found in Clast A/Lithology 45E, but such a history 
would have produced a pattern with a steep slope showing a con
siderable enrichment of Yb over Tb. Instead, the analysis of 
Clast A/Lithology 45E shows an enrichment en masse in heavy REEs. 
If this pattern represents REE abundances accurately, Clast A/ 
Lithology 45E is substantially different from Clast F/Lithology 
45C, and the reason for its enrichment in heavy REEs remains 
elusive. (We suspect that the pattern may not be an accurate 
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Table VII-2. Summary of Clast A/Lithology 45E spinel troctolite data for 15445. 

Mineral Proportion Composition 

a) present a) Fo91-aa
Olivine b) >40% b) Fo91

c) ~50% c) Fo90-92 

d) Fo
92 

a) minor a) An98
Plagioclase b) 5% b) An90-95 (?)

c) 30-40% c) An99_95

a) present a) En92
, Al

2
0

3 
2-3%

Pyroxene b) <40% b) En91, Al
2

0
3 

5%

c) not found

a) present a) 13% Cr20 3, 9.5% FeO

Pleonaste b) 15% b) 14% Cr
2

0
3
, 9.4% FeO

c) 10-20% c) 10.2-15.3% Cr
2

0
3
,

8.0-12.6% FeO

Others 
b) traces b) rutile(?), armalcolite

c) traces c) unidentified opaques

Key: a) Ridley et al. (1973)

b) Anderson (1973)

c) This study
d) Steele and Smith (1975)



Table VII-3. Spinels in Spinel Troctolite clasts in 15445. 

MgO 20.l 19.4 20.0 19.3 19.9 20.5 19.7 
Al2o3 59.0 57.2 58.9 55.l 59.2 57.5 58.8 
Ti02 0.05 0.06 0.05 0.05 0.04 0.05 0.06 
Cr203 10.8 12.6 12.4 15.3 11.8 14.7 12.5 
FeO 8.8 9.1 9.1 9.8 12.6 9.5 9.1 

SUM* 98.94 98.35 100.44 99.7 103.63 102.31 100.14 

MgO 21. 5 21.5 21.5 22.0 21.2 21.5 
Al
2
03 58.7 58.9 59.2 60.l 60.7 61.3 

Ti02 0.05 0.03 0.05 0.02 0.02 0.03 
Cr203 12.7 12.6 12.5 12.3 10.2 10.3 
FeO 8.6 8.6 8.7 8.7 8.0 8.2 

SUM* 101. 71 101.67 101. 89 103.05 100.20 101.28 

Anderson (1973) Ridley et al. (1973) 

Mgo 20.4 range 20.10 20�25 20.26 20. 71 
Al
2
03 57.3 (53.9-57.2) 56.97 57.41 57.32 59.03 

Ti0
2 

0.03 (0. 03-0. 08) 0.01 0.00 0.02 0.00 
Cr203 14.0 13.40 13. 23 13. 72 11.84 
FeO 9.3 (9.3-10.0) 9.52 9.54 9.59 9.24 

SUM* 101.0 100.06 100.49 100.97 100.88 

* Sums include small amounts of other minor elements.
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representation, but may be due to an analytical or computational 
error. ) We assume that the analysis of Blanchard et al. (this 
volume) is a representation of the true REE abundance pattern of 
the spinel troctolite lithology. 

The low REE abundances and the distinct negative Eu anomaly 
make this pattern interesting. The pattern is similar to that 
of the 76535 troctolite, but 76535 has a positive Eu anomaly and 
has even lower total REE abundances (Haskin et al. , 1974). The 
negative Eu anomaly in the 15445 spinel troctolite cannot be pro
duced directly by accumulation of olivine, plagioclase, or spinel 
(or garnet). It suggests that the spinel troctolite crystallized 
from a liquid with a substantial negative Eu anomaly. The liquid 
must have had REE abundances several times greater than those of 
chondrites. Alternatively the spinel troctolite may have been 
involved in subsolidus equilibration with an external plagioclase 
buffer, but this is less likely, because REEs are resistant to 
subsolidus diffusion. The 15445 spinel troctolites are modally 
and mineralogically similar to a small fragment (commonly known 
as PST) found in breccia 67435, but PST has preserved its cumu
late texture (Prinz et al., 1973). Spinel troctolite fragments 
in the Apollo 17 soils are mineralogically similar but contain 
more plagioclase, about 60-70% (Bence et al., 1974). Dymek et al. 
(1976) report more iron-rich (olivine Fo 72 ) plagioclase-rich 
spinel cataclasites from an Apollo 17 boul_der. The restricted 
compositional range of olivine within a sample is an outstanding 
feature of all these samples. Unfortunately, none of these spinel 
troctolites has been analyzed for rare earth elements. [We stress 
that this group of coarse-grained spinel troctolites is distinct 
from the basaltic-textured "(spinel-)troctolites" found among 
highland rocks, in particular at the Apollo 16 site.] 

The spinel troctolites are probably cumulates that underwent 
slow cooling and possibly some post-crystallization equilibration; 
alternatively, Bence and McGee (1976) have proposed that they are 
the residuum of partial melting deep in the crust. If ·they are 
direct cumulates, the parent magma must have been very aluminous 
(~20% Al 2 0 3) and magnesian for spinel to have crystallized. For 
spinel to have been preserved, it must have been very efficiently 
separated from the liquid, or the liquid itself must have been 
spinel-normative (i. e. it lay outside of the Ol-Si-An pseudoternary 
system). If the spinel troctolites were produced as cumulates it 
would be extremely interesting to know if their parent liquid was 
part of the primary lunar differentiation or was produced by 
partial melting at a later stage of lunar evolution. 

Norite 

Norite is represented by the largest single clast in 15445, 
Clast B/Lithology 45D, and by another fragment that may be part of 
Clast E/Lithology 45B (see sub-section below). Clast B/Lithology 
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I 

45D is described by Ridley et al. (1973) and by Ryder and Bower 
(1976, Volume 1). Ridley et al. (1973, Table 1, p. 622) give a 

bulk chemical analysis under the label "white matrix." Although 
the clast is brecciated, it is free of meteoritic contamination 
(.Gros et al., 1976, Volume 1). It consists of 60-65% plagioclase 
(An94-9s) and 35-40% low-Ca pyroxene (En77_81; cf. Ridley et al., 
1973, En _ ). Silica and an opaque mineral (ilmenite?) are 

. 
h
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f 1 ( d f minor p ases; a minor vein system o Fe-meta secon ary, rom 
formation of the matrix??) cuts the pyroxene locally (Volume 1, 
Fig. V-12b). Ridley et al. (1973) report accessory armalcolite 
and ilmenite in this clast. The mineralogy of Clast B/Lithology 
45D is broadly similar to the 78235 norite and to the norite clast 
in 15455, except that these norites have an abundant variety of 
minor phases. Occasional relict textures suggest that Clast B/ 
Lithology 45D was originally coarse textured (>lrnm) and may have 
been poikilitic, compatible with an origin involving accumulation 
from a silicate melt. The nature of the gray-green material ob
served macroscopically (Volume 1, Fig. X-5) is unknown. 

Whole-rock REE data for the 15445 norite clast was reported 
by Ridley et al. (1973); a new analysis is reported by Blanchard 
et al. (this volume). These are compared in Figure VII-3. The 
REE abundance levels and patterns are very similar, and have some
what higher absolute abundances than the spinel troctolite. The 
positive Eu anomaly strongly suggests plagioclase accumulation. 
The pattern and abundance levels are similar to those in the 78235 
norite (Winzer et al., 1975) but differ significantly from those 
of the 72255 Civet Cat norite (Blanchard et al., 1975) and the 
77215 norite (Winzer et al., 1974). The 72255 and 77215 norites 
have higher total REE abundances and negative Eu anomalies. (For 
a discussion of the 15455 norite REE pattern, see Section VIII 
in this volume.) Presumably the similarity in mineralogy and 
trace element chemistry between the 15445 norite and the 78235 
norite allow the arguments of Winzer et al. (1975) concerning the 
origin of the 78235 norite to be applied to the 15445 norite, al
though mineral separates were not analyzed in the case of 15445. 
Winzer et al. suggest that the norite was in equilibrium with a 
liquid of approximately low-K Fra Mauro composition, which is 
compatible with constraints on the liquid derived from the norite 
mineralogy alone (see Ridley et al., 1973). 

Anorthosites 

A number of small undesignated clasts observed in the thin 
sections consist entirely, or almost entirely, of brecciated and 
subsequently annealed plagioclase (see Volume 1, Fig. X-9 for an 
example). The relatively large size of some of these clasts 
(several millimeters in diameter) suggests that they are from 
anorthosites per se, or that if they are merely monomineralic 
fragments broken out of multi-phase rocks, these multi-phase rocks 
were very coarse-grained (>5rnm). Several of the clasts studied 
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macroscopically by Marvin (1976, Volume 1), including Clast, E/ 
Lithology 45B, appeared to be virtually all plagioclase. Thin 
sections of this clast provide conflicting evidence, however, and 
will be discussed separately below. 

"Gabbroic" Clasts 

Marvin (1976, Volume 1) observed rare "gabbroic" clasts that 
contain yellow-brown pyroxene, in contrast to the green pyroxene 
present in the norite (Clast B/Lithology 45D). These have not 
been sampled as lithic clasts in the thin sections, so their 
character remains unknown. Rare monomineralic fragments of augite 
in the matrix suggest the presence of a gabbroic lithic type in 
15445. 

Clast E/Lithology 45B 

Macroscopically this clast is white, and free of pink spinels 
and green mafics (Marvin, 1976, Volume 1). A small (2x3 mm) thin 
section of Clast E/Lithology 45B (15445,139) consists mainly of 
plagioclase {>95%), with minor amounts of a crushed mafic phase 
and very rare small grains of ilmenite and Fe-metal. The plagio
clase has been intensely cataclasized and granulated, but was sub
sequently sintered, so little pore-space remains. On the evidence 
of 15445,139, Clast E/Lithology 45B is an anorthositer this con
clusion is supported by the REE pattern and the low abundance of 
FeO reported for Clast E/Lithology 45B by Blanchard et al. (this 
volume). 

According to the documentation, thin section 15445,221 also 
comes from this clast, but this section is entirely different 
(Fig. VII-4A). It is heterogeneous, and consists of zones of 

crystalline plagioclase + olivine, and crystalline plagioclase + 
low-Ca pyroxene. The whole is injected by a brownish glass (most 
of which has devitrified into a fine-grained mass) that contains 
inclusions of plagioclase, olivine, and pyroxene, as well as a 
vein-like mass of ilmenite/ulvospinel. The composition of the 
glass (Table VII-4) is troctolitic, and distinct from the matrix 
of 15445. In the crystalline clast zone, both olivine and pyrox
ene show crystalline grain boundaries with plagioclase and ap
pear to have a cumulate texture (e.g. Fig. VII-4B), but there is 
no evidence that pyroxene and olivine coexist in the same lithol
ogyr rather, it appears as if two distinct lithic types, a norite 
and a troctolite, were mixed and injected by the glass veins. All 
of the olivine in the section is Fo82_84 r all the pyroxene is
En80_82 Wo 3

_
4, with minor elements similar to the pyroxene in clast 

B/Lithology 45D. Plagioclase is more abundant than either pyrox
ene or olivine, and compositions range from Ang 3 to Ans1i no dis
tinction can be made between the compositions of plagioclases 
associated with pyroxene and plagioclases associated with olivine. 
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Figure VII-4A. Photomicrograph of thin section 15445,221 (plane polarized 

light). White areas are plagioclase-rich norite and troctolite. Gray 

areas are glassy veins. Black area in center is ilmenite/lilvospinel 

in vein. 

Figure VII-4B. Detail of thin section 

15445,221, showing igneous texture in 

norite (crossed polarizers). opy, 

pyroxene; plg, plagioclase. 

Figure VII-4C. Detail of thin section 

15445,220 (plane polarized 

light). Glass vein cuts plagi

oclase-rich clast. Dark area to 

right is matrix. 



Table VII-4. Defocused-beam analyses of brown glass veins in 15445,221. 

Wt. %

Si02 40.2 42.2 43.4 

Ti0
2 

0.18 0.17 0.21 
A!i03 25.4 25.4 24.5 
Cr203 0.15 0.16 0.14 

FeO 4.8 4.7 4.9 

MnO 0.08 0.09 0.09 
MgO 13.7 13.6 13.7 

cao 13.7 13.8 13.6 

Na20 0.45 0.51 0.52 

K2 0 0.07 0.07 0.07 

Bao 0.03 0.04 0.02 

P20s 0.01 0.03 0.02 

Sum 98. 77 100.76 101.24 

No. of points 9 20 10 
(25µ) 

MgO/MgO+FeO • 74 .74 .74 

Fo 24.2 23.6 23.7 

Fa 6.7 6.4 6.6 

En 0.0 o.o 0.0 

Fs 0.0 o.o o.o

Wo 8.3 5.1 2.2 

Or 0.4 0.4 0.4 

Ab 3.8 4.3 4.3 

An 49.1 55.7 61.3 

Ilm 0.3 0.3 0.4 

Cr 0.2 0.2 0.2 

Cor 6.9 3.9 0.9 

Ap 0.0 0.1 o.o
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On the evidence from section 15445,221, therefore, Clast E/ 
Lithology 45B is a complex clast, not a simple anorthosite. 

Whether or not this section is from Clast E/Lithology 45B, 
(there is always the possibility of an error in documentation), 

it has some interesting features. (1) Troctolite in 15445,221 is 
more Fe-rich than the spinel troctolite described above; it is 
also more Fe-rich than the 76535 troctolite. It is not known if 
the troctolite in 15445,221 is meteorite-free. (2) Troctolitic 
glass, whose normative mineralogy is compatible with derivation 
by total shock-melting of the troctolite lithology, is present. 
The normative corundum (Table VII- 4) may indicate that spinel was 
present in the parent. If this glass was produced by total shock
melting, as seems likely, then the troctolite contained about 70% 
plagioclase and 30% olivine (Table VII-4 ). If it was produced by 
the event that created the matrix of 15445, then the troctolitic 
glass was prevented from mixing with the matrix melt for some 
reason, and was also prevented from crystallizing to the same ex
tent as the 15445 matrix. Another thin section, 15445,220, whose 
location within 15445 is unknown, contains identical-appearing 
brown glass that forms a vein through a plagioclase-rich clast 
(which forms one edge of the section) and partially surrounds this 

clast (Fig. VII-4C). Part of the glass surrounding the clast is 
mixed with matrix; part occurs as well-defined shards or clasts. 
It appears that the glass was formed by shock-melting of a troc
tolite lithology during the event that formed the matrix of 15445, 
but was chilled to a great extent (perhaps during a ballistic phase, 
or merely because of contact with cold clasts) prior to incorpor
ation in the matrix, and was therefore prevented from mixing with 
the matrix to any great extent. The norite phase, which is minera
logically identical to Clast B/Lithology 45D, contains further 
remnants of cumulate texture (Fig. VII-4B) rather than metamorphic 
triple junctions, etc., supporting the eviden8e for an igneous 
cumulate origin for this lithology. 

Other Lithic Clasts 

Most other small clasts are monomineralic aggregates. Poly
gonalized olivines are clasts with a polygonal granoblastic tex
ture, consisting solely of olivine. The largest observed in thin 
sections has a diameter of 3 mm, and the clasts invariably have 
smooth, curving boundaries. In the two clasts analyzed, olivine 
has a fairly constant composition of Fo87_88• The protolith was 
either a dunite or a coarse-grained (>3 mm) granoblastic troctolite. 
Metamorphism preceded the formation of 15445. Spherulitic plagio
clase masses (up to � 1 mm in diameter) are most frequently round
ed and smooth, but some are irregular. At least some clearly 
crystallized in situ from the circumference inward. The teardrop
or lapilli-shape of several of these masses suggests that at least 
some of the aggregates crystallized from a plagioclase liquid, and 
are not the result of maskelynite devitrification. Rare granu
litic ANT clasts are small fragments with a triple-junction texture 
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and a plagioclase-mafic mineralogy (Fig. VII-SA); an analytical 
study of these fragments has not yet been made. Single-crystal 
mineral clasts, which are abundant, will be discussed in the 
section on matrix (below). 

MATRIX 

Lithology·45A, the matrix of 15445, is dark-colored, coher
ent, partly stratified, and vesicular. It was described by Ryder 
and Bower in Volume 1. The matrix crystallized from a silicate 
melt to some extent, as demonstrated in particular by the presence 
of euhedral, skeletal olivines (Volume 1, Fig. X-14b). We have now 
made many analyses of mineral grains and another analysis of the 
bulk matrix composition, using the defocused-beam method (DBA). 
These DBAs, and the analyses of Ridley et al. (1973) are given in 
Table VII-5. REE data are given by Ridley et al. (1973) and by 
Blanchard et al. (this volume). The matrix has siderophile 
abundances within the normal range for meteorite-contaminated 
highlands breccias (Gros et al., 1976, Volume 1) and is probably a 
fragment-laden impact melt. 

The matrix is an aggregate of mineral clasts and minerals 
that crystallized from the silicate melt. Except for the larger 
mineral grains, which are obviously clasts, and skeletal olivines 
and needles of opaques, which are obviously the products of 
melt crystallization, distinction between elastic and crystallized 
melt phases is not an objective exercise; the finest elastic 
material and the coarsest melt material overlap in grain size. 
For this reason, the distinction between melt groundmass and bulk 
matrix (= groundmass + clasts), which is theoretically possible 
[and made by James (1976) for a similar matrix texture in rock 
73215], is not much more than an approximation in the present case. 
Obviously elastic material includes plagioclase, olivine, pleonaste 
spinels, very minor augite, and minor opaques including chromite. 
These obviously elastic materials were avoided in the DBAs; none
theless, the DBAs must include some unknown amount of elastic 
material. The melt phase crystallized plagioclase, olivine, at 
least some low-Ca pyroxene, and opaque phases. Most of the latter 
are needles of ilmenite, but opaque phases may include armalcolite 
and chromite. Metal and sulfide grains are scattered throughout 
the matrix. 

Textural Characteristics of the Matrix 

While mineral and lithic clasts are abundant, perhaps as much 
as 70% of the matrix is a finer-grained mass of interlocking 
anhedra of olivine and plagioclase, mainly 5-20µ in diameter, with 
intergranular needles of ilmenite (Fig. VII-SB). Scattered 

skeletal olivines, which are an integral part of this mass, dem
onstrate that much of this crystallized from a silicate melt. 
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Some of the euhedral olivines are more than 100µ long (Volume 1, 
Fig. X-14b). Bulk analyses of the matrix (Table VII-5) indicate 
that pyroxene is present in the matrix, but mineral analyses 
(below) include only rare low-Ca pyroxene in grains large enough 
for analysis; it is possible that many mafics of the finest grain
size are pyroxene. Some of the matrix tends to a micropoikilitic 
texture, with stubby plagioclase chadacrysts enclosed in olivine 
oikocrysts (Fig. VII-Sc). Interstitial glass is present in the 
matrix, but rare. Although the matrix texture is fairly homoge
neous, local variations exist, particularly near the borders of the 
large lithic clasts (e.g. Volume 1, Fig. X-14C). The eutaxitic 
structure results fromaifferences in grain size, vesicularity, and 
and mineralogy. Flow around the larger clasts is indicated. 

Mineral Fragments and Clast-Matrix Interactions 

Many analyses of matrix mineral fragments have been made, but 
as noted above, distinction between elastic material and crystal
lized melt material in situ is not always possible. Most of the 
grains identified as elastic in Figure VII-6 are fairly obviously 
elastic and are >50µ in diameter. The other grains, most of which 
are <50µ in diameter (except for euhedral, skeletal grains) pro-

bably include some elastic material, but are identified primarily 
as grains that crystallized from the melt. 

The mineral clasts, usually less than 200µ and rarely larger 
·than 1 mm in diameter, are predominantly plagioclase and olivine,
with less abundant pleonaste, rare augite, and rare chromite. A
single, unusually translucent, 150µ grain of chromite was also
observed and analyzed. Plagioclase clasts are only slightly more
abundant than olivine clasts. Ridley et al. (1973) reported rare
Fe-rich orthopyroxene clasts; we have found none. Pyroxenes with
such compositions overgrow augite clasts, however, and occur in
rare, small, melt-crystallized groundmass grains (see below).

Plagioclase. Analyzed fragments have a compositional range from
An 97-An 65 , but most are in the more calcic part of this distribu
tion (Fig. VII-6). No appreciable primary zoning occurs in any of
these grains, but in a few cases detectable zoning in the outer
few microns, produced by reaction with the matrix, is present.
Several fragments contain inclusions; a few grains contain abundant
inclusions of silica. The compositional distribution is not parti
cularly diagnostic of the source rocks of these fragments, since
these calcic plagioclase fall into the range for the 15445 lithic
clasts described above, and indeed into the range for many other
lunar lithologies. The occasional presence of more sodic plagio
clases, however, indicates a source not sampled among the lithic
clasts.
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Figure VII-5. A) Granulitic ANT 

clast in 15445,147 (crossed 

polarizers). B) Typical matrix 

texture in 15445,147, (reflect

ed light). Dark gray, plagi

oclase; light gray, mafics; 

white laths, mainly ilmenite; 

very dark patches are vesicles 

and plucked areas. C) More 

poikilitic matrix in 15445,147 

, . 

(reflected light). Key as in 
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Table VII- 5. Analyses of matrix of 15445. 

15445,92 15445,147 15445,25 
Wt. % Matrix Matrix Matrix 

SiO2 45.7 45.3 44.6 
TiO2 1.56 1.70 1.47 1.49 
Al2O3 17.3 17.5 16.66 16.2 
Cr2O3 0.18 0.15 
FeO 7.9 9.5 9.83 10.2 
MnO 0.11 0.16 0.14 
MgO 13.4 15.7 16.0 15.5 
CaO 11.5 9.7 10.04 9.6 . 

Na2O 0.62 0.81 0.55 

K2O 0.22 0.18 
Bao 0.06 0.11 
P2O5 0.18 0.27 0.21 
Ni 0.04 
s 0.04 0.06 

Sum 99.01 101.12 

Method DBA(l00]J) DBA(l00µ) XRF 

No. of 10. 10 Ridley et al. (1973) 
Points 

MgO/MgO+FeO .63 .62 .62 .60 

Fo 10.8 17.3 10.6 
Fa 4.3 7.3 5.4 
En 18.4 13.9 19.2 
Fs 6.6 5.3 8.9 
Wo 5.2 1. 2 2.5 
Or 1.3 1.1 1.0 
Ab 5.3 6.8 4.8 
An 44.3 43.2 43.8 
Ilm 3.0 3.2 2.9 
Cr 0.3 0.2 0.3 
Ap 0.4 0.6 0.5 
Tr 0.1 0.2 
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Figure VII-6. Compositions of monomineralic clasts and melt phases in matrix of 15445 (see text). 



Olivine. A considerable range is apparent in the histograms of 
olivine compositions (Fig. VII-6). As in the plagioclase, no 
primary zoning has been detected, but in some cases reaction with 
the matrix melt produced �20µ-wide borders that are slightly 
more Fe-rich. In a few cases, an olivine grain has a corona of 
a different olivine that trapped blebs of fledspar and Fe-metal 
(Fig. VII-7A) during its growth. The single analyzed grain of 
this type was Fe-rich (�Fo 65 ) with a more magnesian corona �Fo 75 ). 

Olivines occasionally contain inclusions of other phases, such as 
chromite. One such analyzed grain has an Mg-Al chromite phase 
(Fig. VII-1) in a host that is Foss· Many of the elastic olivines 
have compositions that are clearly compatible with their deriva-
tion from the spinel troctolite lithic type, and others are com
patable with derivation from the observed troctolitic lithic type. 
The more Fe-rich olivines are not represented in lithic clasts 
analyzed in 15445, but have been observed in other lithic clasts 
from the lunar highlands .(�. Ryder et al., 1976, Fig. 8). 
Future analyses may prove that they occur in the rare granulitic 
ANT clasts observed in 15445. 

Pyroxene. Augite is a rare elastic phase, and is always overgrown 
with pigeonite (Figs. VII-6,7B). This overgrowth zone, a few 
microns wide, contains trapped inclusions of ilmenite and plagio
clase. Augite has not been observed in any of the lithic clasts 
in 15445 thin sections, but its presence as clasts suggests the 
involvement of a gabbro in the constructional history of 15445. 
None of these augite clasts is greater than about 50µ in diameter. 
Low-Ca pyroxene is conspicious by its absence: we have not obser
ved a definite clast. Ridley et al. (1973) reported rare ortho
pyroxene clasts, but these are similar in composition to those we 
believe crystallized from the melt, and Ridley et al. (1973) did 
not distinguish a melt phase. The absence of clasts of low-Ca 
pyroxene is particularly interesting, since the largest lithic 
clast in 15445 is a friable norite, and we might therefore expect 
low-Ca pyroxene to be an important contributor to the mineral clast 
population. That it is not is enigmatic. 

Pleonaste. Although pleonaste (pink spinel) is not abundant, it is 
ubiquitous, and is locally enriched in schlieren. Single grains 
are rarely larger than �50µ in diameter. Compositions of t�ese 
elastic spinels are given in Table VII-6 and Figure VII-1; they 
clearly have a range similar to those in the spinel troctolites, 
but appear to be slightly enriched in Fe, probably because of 
reaction with the matrix. All the pleonaste grains in the matrix 
have a very narrow (1-2µ) corona consisting of an opaque phase 
that has the optical characteristics of iilvospinel and minor 
plagioclase. 
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Chromite. Most of the chromite occurs as rare small opaque grains, 
which we have not analyzed. There is one large, extremely unusual 
translucent grain (Fig. VII-7D). This 150µ long by 30µ wide grain 
is isotropic, translucent through the 30µ thickness of the thin 
section, and red-brown. The grain is not a thin edge, but passes 
vertically and completely through the entire section; the color is 
uniform across the grain. Analyses (Table VII-6) show that this 
chromite is also compositionally distinctive, having high Mg and· 
low Ti contents similar to some terrestrial (non-opaque) chromites. 
The chromite is compositionally similar to those included in the 
olivine clast (Fo

88
) noted above, except that the latter chromites 

contain more Ti. The only other lunar chromites reported to have 
similar compositions are less magnesian chromites from 76535 
troctolite (Dymek et al., 1975, and others) and chromites from 
72415-7 dunite (Dymek et al., 1976); none of these are reported as 
translucent. The shape of the chromite grain (Fig. VII-7C,7D), 
suggests that it has reacted with the melt, and its composition is 
slightly more Fe-rich towards the edges, presumably from such re
action. A corona of an opaque phase (iilvospinel?) exists, but is 
even narrower than those on the elastic pleonastes. The chromite 
contains a small, unidentified, anisotropic opaque inclusion, but 
there is no sign of any type of symplectite intergrowth like that 
found in 72415,7 dunite and several troctolites (�. Dymek et al., 
1975). It seems likely that the chromite is derivecf from a 
magnesian, olivine-rich lithic type. 

Melt Phases 

Most of the melt phases large enough to analyze are olivine 
and plagioclase,. in approximately equal amounts. Other phases 
include laths of ilmenite, at least some pyroxene, and rare in
terstitial glass. Fe-metal and troilite blebs appear to have 
crystallized from a vapor phase. 

Plagioclase. Small plagioclases ( <50µ) have compositions ranging 
from An

96 
to Anez' with a peak in the distribution at about An

90
;

they are more soctic overall than the large, obviously elastic 
plagioclases (Fig. VII-6). Thus the elastic assemblage is more 
refractory than the melt assemblage. 

Olivine. The small olivines have compositions ranging from Fo
86

to 
Fo

71
, with a normal distribution peaked at Fo78_79 (Fig. VII-6). 

The skeletal olivines are zoned in the range of �Fo85 _8 0 compa
tible with their early crystallization from a melt phase. ·over
all, these small olivines are more Fe-rich (less refractory) than 
the obviously elastic material. 
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Figure VII-7. A) Clast-matrix rimming relation in 15445,146
(crossed polarizers). Clast is olivine (FoGs),
rim is more magnesian olivine and plagioclase.

B) Clast-matrix rimming relation in 15445,135
(crossed polarizers). Opaque area between

pigeonite rim and augite clast is mainly ilmenite
and plagioclase.

C) Chromite fragment in 15445,147 (reflected
light}. Shape is probably du� to reaction with
the matrix melt. 

D) Plane polarized light photomicrograph of
chromite fragment in VII-7C, illustrating its
translucency.

E) Typical Fe-metal/troilite particle in 15445,
.147 (reflected light). fe, Fe-metal with 5-9% 
Ni; tr, troilite. 
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Figure VII-7. 



Table VII-6. Spinels in matrix of 15445. 

MgO 19.0 20.4 19.3 19.2 21. 2 21.3 19.9 21.6 20.7 

Al20 3 55.7 58.6 56.2 57.8 63.8 61.4 59.9 59.9 57.7 

Ti02 .14 .09 .46 .06 .07 .05 .07 .04 .05 

Cr20
3 

14.0 11. 9 12.4 12.5 7.7 9.8 12.0 12.0 11.9 

FeO 11. 0 9.8 10.2 9.4 8.7 9.0 9.7 9.1 9.3 

Sum* 100.21 100.81 99.98 99.04 101.62 101.66 101.82 102. 71 99.75 

MgO 10.4 13.1 12.7 12.6 12.4 13. 2 11.8 

Al20
3 

18.8 18.9 20.0 19.3 19.8 20.5 20.5 

Ti02 .61 .52 .50 .67 .55 .51 .55 

Cr20
3 

48.0 48.5 49.3 48.3 48.3 48.5 47.9 

FeO 22.4 18.7 18.9 19.3 19.3 18.1 20.0 

Sum* 100.14 99. 72 101.27 100.11 100.36 100. 77 100. 77

Key: 1-9: pleonaste 

10-16: translucent chromite 

* Sums include small amounts of other minor elements.
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Pyroxene. Only one small discrete grain of pyroxene was analyzed, 
but pigeonite, which clearly crystallized from the melt, overgrows 
the augite clasts. Compositions are given in Figure VII-6. It 
seems likely that much of the finest-grained mafic material is 
low-Ca pyroxene, since the norm of the bulk analyses contains 
abundant pyroxene. 

Fe-metal and troilite. Particles of Fe-metal and troilite are 
scattered through the matrix, and are often associated with vesi

cles, as noted in the macroscopic observations (Marvin, 1976, Vol
ume 1). Several of the grains are more than 100µ in diameter. 
Most frequently the bulk of any given grain is Fe-metal; troilite 
blebs tend to occur around the edges of the metal (Fig. VII-7E). 
Occasionally troilite occurs as tiny discrete particles in the 
matrix. Microprobe analyses show that the Ni content of the 
metal ranges from 5-9%, with the complete range occurring within 
the larger single grains; one maverick analysis had 16% Ni. 
The metal is probably internally structured, but etching experi
ments have not been done. The compositions are similar to those 
of metals in the 15455 black matrix (analyzed by Hewins and 
Goldstein, 1975) but we do not have data for Co. The association 
of Fe-metal and troilite with vesicles suggests that they crystal
lized from a vapour phase late in the formation of the 15445 
matrix; definite elastic metal has not been recognized. 

SUMMARY AND CONCLUSIONS 

15445 is an assemblage of magnesian plutonic and metamor-
phic lithic clasts of deep-crustal (not surficial) origin, em
bedded in a matrix of mineral fragments bonded by a melt phase. 
The melt phase has a Mg-rich Low-K Fra Mauro composition and 
contains plagioclase, prominent olivine, and a cryptic pyroxene 
component, as well as opaques. The textural, mineralogical, and 
chemical characteristics show that the 15445 matrix is similar to 
that of the other black-and-white rock from the Apollo 15 site, 
15455, and to all intents and purposes 15445 and 15455 are 
identical. These two rocks are entirely different from any of the 
other large (>25 gm) breccia samples collected at the Apollo 15 
site. Of all of the Apollo 15 samples they are most likely to 
represent an impact melt produced by the Imbrium impact. We 
believe that the two rocks do in fact represent Imbrium impact 
melts. The two rocks are compositionally similar to the 
poikilitic boulders at the Apollo 17 site, except that the latter 
are less magnesian. If the Apollo 17 boulders represent a Sereni
tatis impact melt and the Apollo 15 black-and-white rocks represent 
Imbrium impact melts, the finer grain size of the matrices of the 
Apollo 15 black-and-white rocks suggests that they crystallized 
in a thinner melt sheet than occurs at the Apollo 17 site (or 
in a discontinuous one). This is to be expected, because the 
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Apollo 15 site is substantially farther from the transient cavity 
rim of Imbrium than the Apollo 17 site is from the transient 
cavity rim of Serenitatis. The Apollo 15 black-and-white rocks 
15445 and 15455 are probably our best samples ot deep lunar 
crustal materials excavated by the Imbrium event. 

_CHEMISTRY (D.P. Blanchard, J.C. Brannon, L.A. Haskin, and J.W. Jacobs) 

The contents of FeO, Na20, rare earth elements, and several 
other trace elements in a bulk sample and clasts from 15445 were 
determined by Instrumental Neutron Activation Analysis (INAA). 
Data are reported in Table VII-7, and rare earth element patterns 
are shown in Figure VII-8. 

Table VII-7. INAA analyses of subsamples from 15445. 

Lithology* 45A 45D 45C 45B 
Subsample ,118 ,104 ,103 ,113 

FeO (%) 10. 3.90 6.4 0.53 
Na20 0.54 0:32 0.14 0.31 

Sc (µg/g) 17.6 7.1 3.43 1.90 
Cr 190 1710 6900 228 
Co 47.4 10.3 50.4- 2.64 
Ni 550 n.d 820 70 
Hf 7.4 1.36 0.74 0.60 
Ta 1.1 0.13 n.d. 0.19 
Th 2.4 0.82 0.27 0.94 
La 20.4 4.02 2.86 1.15 
Ce 54 10.8 n.d. -3. l
Sm 10.3 1.81 1.19 0.61
Eu 1.64 0.87 0.31 o. 77

Tb 2.4 0.46 0.26 0.15 
Yb 7.2 1. 72 0.90 0.49 
Lu 0.98 0.28 0.136 ·0.069

n.d. - analyzed but not detected
* Original consortium lithology designations. See Figure VII-8 for �ey.
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VIII. SAMPLE 15455:
A PETROLOGICAL SURVEY

G. Ryder and J.F. Bower

Center for Astrophysics, 60 Garden St. 
Cambridge, Massachusetts 02138 

• 

INTRODUCTION 

Sample 15455 was collected approximately ten meters east of a 
1.5-m breccia boulder on the north rim of Spur Crater on the 
Apennine Front. The 937.2-g sample appeared to be one of many 
fragments in the general area (100 m 2 ) that are characterized by 
the presence of high-albedo clasts (Swann et al., 1972). The col
lection site is close to that of 15445 (described in Section VII, 
this volume), which was found only 0.6 m from the 1.5-m boulder, 
and indeed may have been a fragment broken from it. Samples 15445 
and 15455 look very similar, consisting of white clasts embedded in 
a black competent matrix. This similarity in appearance invites a 
comparison of the petrology of 15445 with that of 15455, on the 
grounds that they might have been part of the same bedrock unit at 
the Ap�nnine Front, and might thus provide complementary information 
concerning their petrogenesis. Few studies of 15455 have yet 
been published. The most significant are chemical analyses of a 
white clast and of a matrix sample, reported by Taylor et al. (1973), 
and analyses for meteoritic trace elements by Ganapathy et al. (1973) 
in similar materials; the white clast analyzed by Ganapathy et al. 
was found to be free of meteoritic contamination. 

Because no petrographic study of 15455 had been published, 
other than a preliminary description in the Apollo 15 Lunar Sample 
Information Catalog (1971), we obtained thin sections 15455,26 and 
15455,28 for microscopic examination and microprobe·analyses. The 
thin sections are two in a group of serial sections. Both consist 
of a cataclasized norite which is cut by a 3 to 4 mm-wide vein 
(Fig. VIII-1); the black vein, which contains small lithic clasts, 

is a part of the matrix of 15455. 

NORITE 

The large white clast which forms the bulk of the two thin 
sections is a norite, consisting mainly of plagioclase (�70%) and 
orthopyroxene (�30%). The compositions of these two major phases, 
shown in Figure VIII-2, are similar to those in the norite in 15445. 
A variety of accessory phases is also present. The norite is 
cataclasized and friable (Figs. VIII-lA and VIII-3A,B), in sharp 
contrast to the competent black matrix (Fig. VIII-3D); in spite of· 
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this cataclasis, primary textures have frequently been preserved in 
the norite (Figs. VIII-3A,B,C). 

The orthopyroxenes, which are En
80

_8 3Wo 1 _3, contain 1% 
Al 2O 3 , �0.4% TiO 2 , and �0.5% Cr 2O 3 , and are thus very similar to 
those in the 15445 norite. Augite, a minor phase, contains lower 
abundances of these minor elements than the orthopyroxene contains, 
implying that augite and orthopyroxene are not in equilibrium: 
under equilibrium conditions the augite would contain greater 
abundances of these elements. The minor element distribution be
tween pyroxenes, as well as the interstitial nature of the augite 
(Fig. VIII-3C), suggests that the norite is igneous, and that the 

augite crystallized much later than the orthopyroxene, following 
depletion of the magma in Al 2O 3 , TiO 2 , and Cr 2O 3 • Plagioclase, 
An 91• 5-An

95 , has a slightly wider range than in the 15445 norite. 

In contrast to the 15445 norite, the 15455 norite contains a 
variety of accessory phases. Silica, armalcolite (75% TiO 2 ; 16% 
FeO; 8% MgO), chromite (6.7% MgO; 9-10% Al 2O 3 ; 55% Cr 20 3 ; 25-30% 
FeO), ilmenite (3% MgO) with areas of rutile exsolution, a phos
phate, zircon, baddeleyite, Fe-metal, and troilite have been
identified. In some cases these accessory phases occur toaether in
interstitial areas (Fig. VIII-3C) and probably crystallized from a 
residual liquid. Armalcolite and some of the chromites occur as 
tiny discrete grains embedded in plagioclases and pyroxenes, and are 
not interstitial. The presence of these minor phases suggests an 

. igneous origin for the norite, a suggestion supported by the relict 
textures observed in the norite (Figs. VIII-3A,B,C), which are not 
(metamorphic) triple junctions. It seems most �ikely that the 
norite is a cumulate, and that the accessory phases (with the excep
tion of the Fe-metal, armalcolite, and chromite grains, which 
probably crystallized at an earlier stage) crystallized from a trap
ped residual liquid. Fe-metal in a white clast (referred to as the 
anorthositic facies of 15455) was analyzed by Hewins and Goldstein 
(1975) and was found to contain up to 10% Co; Hewins and Goldstein 
(1975) believed that a correlation between Ni and Co was· suggestive 
of an igneous fractionation trend. The thin section that they 
studied, 15455,31, probably contains the same norite clast we are 
describing here. Taylor et al. (1973) analyzed a sample they claim 
is a norite, and the major elements reported in this analysis are 
reproduced here in Table VIII-1. We have not yet determined if this 
analyzed norite is the same as the one which occurs in our thin 
sections. A CIPW norm derived from the analysis contains 20% 
olivine and only 7% pyroxene (Table VIII-1) and has the norm of a 
troctolite, not a norite. Either the clast is a troctolite or the 
analysis is in error; it is not likely that a rock modally devoid 

· of olivine could produce such a CIPW norm. The rare earth element
data for this norite reported by Taylor et al. (1973, Fig. 2),
also differs from data for other lunar norites, in that the total
abundances are low, and the pattern has a steep negative slope
similar to that normally associated with plagioclase alone. The
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pattern is distinctly different from that of the 15445 norite 
(Blanchard et al., this volume; Ridley et al., 1973). We cannot 
be certain of the petrographic characteristics of the sample 
analyzed by Talyor et al. (1973); we suspect that it was an 
unrepresentatively plagioclase-rich sample of a norite, although 
this does not explain the olivine-normative nature of the analysis. 

OTHER LITHIC CLASTS 

A few small cataclasized lithic clasts are enclosed by the 
black vein, and include anorthosite and troctolite (Fig. VIII-lB). 
The troctolite clast, which is 2 mm long, consists of olivine, 
plagioclase, and minor augite, in a brecciated mass whose grains 
are usually <100µ in diameter. The composition of the olivine is 
Foss, while plagioclase ranges from An9�_96. An unidentified 
opaque occurs in this .clast. The anorthosite clast is also a fine
grained cataclasite, and is cut by a matrix stringer (Fig. VIII-lB); 
plagioclase compositions range from An 91 _95, with a peak at an 
Ang 3, and the clast is therefore more sodic than anorthosites like 
the large sample 15415. Although mafics do not occur in this clast, 
no conclusion can be made as to whether the parent rock was 
anorthosite or some coarse-grained mafic-bearing rock. Spherulitic 
plagioclase aggregates, similar to those observed in 15445 (Section 
VII, this volume), occur as clasts in 15455. 

MATRIX 

The black competent matrix intrudes the norite and other 
clasts (Fig. VIII-lB) and clearly behaved as a fluid during the 
formation of the 15455 parent unit. The overall characteristics 
of the matrix (Figs. VIII-lA,B,C) are similar to those of the matrix 
of 15445, and the presence of skeletal olivines (Fig. VIII-1D) not 
only confirms this similarity but emphasizes the presence of a 
silicate-melt component in the matrix. Presumably the matrices of 
both 15445 and 15455 were produced by impact melting. 

The portion of the matrix studied in the thin sections has a 
texture similar to that of the matrix of 15445, but exhibits a 
finer grain size (Fig. VIII-3D). The more rapid cooling that 
caused the finer grain size was probably a result of the injection 
of the melt as a narrow vein, and it seems likely that elsewhere 
the matrix of 15455 has a coarser grain size, perhaps similar to 
that of 15445. 
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Figure VIII-1. Photomicrographs of 15455,28: 

A) General view of 15455, showing cataclasized
norite with plagioclase twins, and fragment-laden

matrix (crossed polarizers).

B) General view of matrix vein (black) cutting the
norite, and containing rounded lithic clasts (plane
polarized light).

C) Matrix texture, showing abundant small clasts
and common large clasts (crossed polarized light).
Inset is Fig. VIII-1D.

D) Detail of VIII-lC (crossed polarized). Arrows 
point to euhedral, melt-crystallized olivines.
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Figure VIII-2. Compositions of pyroxenes and plagioclases in the large white 

norite clast in 15455. 



Figure VIII-3. Photomicrographs of 15455,28. 

A-C) Details of norite illustrating mineralogy and igneous 

textures (reflected light). si, silica; plg, plagioclase; 

opy, orthopyroxene; z, zircon; p, phosphate; b, baddeleyite; 

er, chromite; aug, augite. 

D) Typical matrix texture, showing similarity to 15445

matrix, except for finer grain-size (reflected light).

Dark gray, plagioclase; light gray, mafics; white laths,

mainly ilmenite; very dark patches are vesicles and plucked

areas.



Table VIII-1. Analyses of a norite clast and matrix in 15455. 

DBA, 35 points 
Taylor et al. (1973) 100µ beam 

Wt. % norite matrix matrix 
Si02 44.4 47.3 43.6 
Ti02 <0.07 1.35 1.34 
Al20 3 26.2 17.1 20.5 
Cr2o 3 0.064 0.26 0.17 
FeO 4.2 8.79 8.1 
MnO o.os

MgO 10.9 13.3 14.0 
cao 14.3 10.6 10.8 
Na20 0.36 0.58 0.58 

l<20 <0.06 0.17 0.14 
PzOs 0.00 
Bao 0.07 

Sum 100.6 99.5 99.4 

CIPW norm 
Fo 15.5 6.5 18.5 
Fa 4.8 3.0 7.4 
En 4.9 24.1 8.8 
Fs 1.4 9.9 3.2 
Wo 0.5 3.8 0.4 
Or 0.4 1.0 0.8 
Ab 3,0 4.9 4.9 
An 69.4 43.9 53.2 
Il 0.1 2.6 2.6 
Cr 0.0 0.4 0.2 
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Figure VIII-4. Compositions of minerals in matrix of 15455. Solids are large 

(>50µ, elastic)_ grains, unshaded are small (_<50µ, mainly melt} grains, 

as in 15445 diagrams. 

We have analyzed mafic and plagioclase ·grains in the matrix of 
15455,28, and these are shown in Figure VIII-4. A comparison with 
the data for the matrix of 15445 (Fig. VII-6} shows that there is 
po significant difference between the minerals of the two matrices. 
Pink spinel, ilmenite, Fe-metal, troilite, and other minor phases 
occur in the matrix. Apart from one large clast of cataclasized 
orthopyroxene, (mineralogically identical to pyroxenes in the 
norite clast, from which it was evidently torn off) pyroxene is 
apparently absent from the matrix clast population, as it virtually 
is from the 15445 matrix. We have also analyzed Fe-metal grains 
in the matrix of 15445. These are texturally identical to those 
of 15445, and our analyses, and those of Hewins and Goldstein (1975) 
show that their Ni contents cover a similar range (5-9%). 

Analyses of the matrix of 15455 (Table VIII-1), reported by 
Taylor et al. (1973) and determined by us using a defocused-beam 
technique, show that it is a magnesian low-K Fra Mauro composition 
chemically similar to the matrix of 15445 (Table VII-5}. A matrix 
sample was analyzed for meteoritic trace elements by Ganapathy 
et al. (1973) and both the abundances and inter-element ratios are 
similar to those of the 15445 matrix (Gros et al., 1976, Volume 1}. 

68.



CONCLUSIONS 

15455 matches 15445 closely in its overall appearance, lithic 
clast population, and mineral fragment population, and in the tex
ture, mineralogy, and chemistry of its matrix. The close spatial 
association of the two rocks on the Apennine Front suggests that 
they were once part of the same bedrock unit, and were excavated 
by the Spur Crater impact. The 1.5-m boulder and other nearby 
unsampled fragments that contain high-albedo clasts are probably 
derived from the same bedrock unit. 

15445 and 15455 are distinct from any other rocks, virtually 
all of which are regolith breccias, collected at the Apennine 
Front. 15445 and 15455 appear to be a part of a single bedrock 
unit of magnesian low-K Fra Mauro composition, probably produced 
in a impact. The clast population of these black-and-white rocks, 
and the fact that low-K Fra Mauro is not the composition of the 
upper part of the lunar crust (Taylor et al., 1973) suggests that 
the inferred impact was not a small-scale local event. The 
black-and-white rocks have analogs in several boulders sampled at 
the Apollo 17 site, which are generally believed to derive from 
the Serenitatis melt sheet (�. Winzer et al., 1977). Signifi
cantly, the meteoritic signatures of the Apollo 15 black-and-white 
,rocks, though similar to each other, are distinct from those of 
the Apollo 17 boulders (Higuchi and Morgan, 1975). Thus 15445 and 
15455 are unlikely to be remnants of the Serenitatis melt sheet. 
We believe that 15445 and 15455 are fragments·of a bedrock unit 
that was created as a melt rock sheet (perhaps a discontinuous one) 
by the Imbrium event, and that these rocks are our best samples of 
deep crustal material excavated by that event. 
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IX. THE DISTRIBUTION OF PRE-IMBRIUM AND IMBRIUM EJECTA
BASED ON TRACE ELEMENT INTERRELATIONS IN BRECCIAS

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

Chemistry Division, Argonne National Laboratory, 
Argonne, Illinois 60439 

INTRODUCTION 

Our approach to the Imbrium Consortium breccia problem paral
lels the approach we took to the Apollo 16 and 17 breccias 
(Jovanovic and Reed, 1975a, 1976a). We rely on trace element 
interrelations to identify the source region(s) of the breccia 
components (Jovanovic and Reed, 1976b). The important diagnostic 
element pairs used are Cir/P 2O 5 , cir/Brr, Ru/Os, and cii/Bri
Subscripts r and i refer to residue and hot water leach. We pro
pose that ci and P2O5 were well mixed in the early lunar magma
ocean by convection in closed cells. Thus any particular 
cir/P2O5 ratio (most samples fall into one of three ratio groups)
is a signature for a given cell. Each cell is characterized by 
samples representing both the origina� anorthositic upper crust 
and the basic lower crust. The residual cir and Brr help resolve
whether the labile cii and Bri on sample surfaces are due to
deposition from a vapor cloud or to exsolution from rock fragments. 
The vapor cloud approach is useful in identifying samples mobilized 
by or subjected to the same event. In addition to samples from 
Consortium breccias [14064, 14082, 14312, (14318, not yet measured), 
15405,and 15445), we include in our considerations other Apollo 14 
and 15 lithic breccias and some soils and samples from other mis
sions that are pertinent to the Imbrium problem. 

In this report no attempt has been made to explore and docu
ment relevant considerations in the literature. Hawke and Head 
(this volume) have summarized the status of the Imbrium problem 
from the points of view of a number of disciplines. 

REGIONS OF ORIGIN OF THE BRECCIAS 

Table IX-1 lists the ci, Br, I, u, P2O5, and Te contents in
Imbrium Consortium samples. These samples are grouped in Table 
IX-2 according to their cir/P2O5 ratios. The regions of the moon
included in the convection cell with which the samples are asso
ciated are indicated in Figure IX-1. The Imbrium .basin lies in our 
liquid or Cell III, which is characterized by a cir/P_2O5 ratio of
0.004 ± .001. Apollo 12 and 15 basalts represent igneous rocks 
from this region. The original crust was either (or both) ejected 
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by the impact and/or buried by subsequent lava flows, since only 
one anorthositic sample with the Cell III Ci�/P2O5 ratio is iden
tified so far among our samples from these sites. 

Apollo 15 Site 

The Apollo 15 site is at the rim of the Imbrium basin and has 
been molded by the flow, probably subaerial, of ejecta. We find 
only one part of a breccia, 15455-white, to be derived from the 
Imbrium (liquid III) region. Other Apollo 15 front breccias 
15205, 15405, and 15455-dark matrix, green glass soil 15427, and 
all the other Apollo 15 soils belong to liquid II. To the ex-
tent that soils are comminuted local material, no significant 
Imbrium source region material is present. This seems to be con
trary to the suggestion that the Imbrium deposits overlie 
Serenitatis material (Hawke and Head, Section XI, this volume). These 
breccias could be material from southwestern Serenitatis, which 
lies in Cell II. (Fig. IX-1). Highly anorthositic breccias 15418 
and 15415 and breccia 15455-dark may be ejecta from a fourth cell 
(Clr/P2O5 �. 0.001) , the cell containing Orientale (Fig. IX-1; see 

also Jovanovic and Reed, 1976b)� Sample 15455-white is especially 
interesting since it is the most Al-rich member of our liquid III 
cell and, along with 14082, the closest example of the original 
crust for the region of this cell. The occurrence of 15455-white 
(.Imbrium? ) in 15455-dark (Orientale?) suggests a two-stage evolu
tion: first, ejection from the (Imbrium) Cell III region to the 
pre-Orientale region and second, consolidation with the ejection 
of Orientale material to the Apollo 15 site. 

We have reported previously that .there is little or no 
evidence that the apparent ray at the 15 site originated at 
Aristillus or Autolycus (Jovanovic and Reed, 1975b) . These craters 
are in Cell III and excavated Imbrium-related material, no evidence 
of which was found. This result is consistent with our discussion 
above. 

Apollo 14 Site 

At the Apollo 14 site we may expect to find pre-Imbrium 
breccias, and Imbrium breccias excavated by Copernicus. 
(Copernicus should also have ejected liquid III-type basalts, al
though none have at the Apollo 14 site.) The 340-meter Cone Crater 
is the major feature at the Apollo 14 landing site and could have 
excavated breccias from the Fra Mauro formation. White rocks on 
its rim are dominant, and most of our samples are presumably re
lated to this rock type. It may be noted that three of four 
samples from on or near Cone Crater rim, 14064 bulk, 14321,. and 14053, 
are Cell II types and therefore local [the Apollo 14 site is in 
Cell II, as are Apollo 11, 15-front, and Luna 16 (Jovanovic and 
Reed, 1976b)]. Both the matrix and an inclusion in 14064, which 
differ somewhat in major element composition, belong to the local 
group. The Cone Crater impact could have caused the admixture or 
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Figure IX-1. Boundaries of regions (the terms cell and liquid are used interchangeably) from 
which various samples are derived. Arrows indicate source regions of rocks we interpret 
as being exotic to the site where they were found. The relationship of the Apollo 15 

site, south Serenitatis, and Cell II is depicted. Note that Fra Mauro also falls in 
Cell II. The basis for our identification of source regions is given in Jovanovic and 
Reed (1976b). 



Table IX-1. Halogens, uranium, P205, and tellurium in Apollo 14 and 15 
Imbrium Consortium samples. 

Sample Lithology 
F cir cit Brr Br

R, 
It 

2
u P205 Te 

(ppm) (ppm} (ppb) (ppb) (ppm) (wt.%} (ppb) 

14064,7 1 breccia; bulk rock 17 4.5 73 86 16 2.3 0.17 
14064,29 clast; coherent 40 20 2.3 376 67 40 1.6 0.23 16 

melt breccia 
14082,38 1 breccia; bulk rock 20 9.9 123 267 23 2.0 

14312,26 1 breccia; bulk rock 225 18 3.6 48 40 63 3.1 0.65 

15405,62 1 matrix; melt rock 52 1. 3 213 10 0.6 3.1 0.57 

15445,125 matrix 12 9.8 72 21 29 5.6 0.17 0 

1Data previously reported in Jovanovic and Reed (1976b)
2I detected in leach only.

Table IX-2. Imbrium Consortium and related sample groupings based on 
residual ct and P20s ratios.1

ct /P2os ratio 'v0.009 'v0.004 r 

Source region Cell II Cell III 

14053 basalt 14082 breccia 
14064 breccia 14305 breccia 
14064 clast 14312 breccia 
14321 breccia 

15455 white 
15205 breccia material 
15405 matrix 
15445 matrix 

1see Figure- IX-1 for cell boundaries and locations.
2see Jovanovic and Reed (1976b).
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Cell IV2 

14310 basalt 

15445 dark 
material 
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could merely have excavated a previously mixed breccia. Only 
14082, a chip from a 1.25-meter boulder, may be ejecta from the 
Imbrium region, possibly re-excavated by Cone Crater. Breccias 
14312 and 14305 are more remote from Cone Crater. They have the 
liquid III (Imbrium) signature and may be related to the projec
tiles that formed the Triplet and Doublet craters. The nearby 
soils 14163 and 14259 are local. This suggests no blanketing of 
the site by an exotic (Imbrium) ejecta layer thick enough to 
permit subsequent comminution to yield a soil layer representative 
of such ejecta. 

Similar evidence concerning boulders and rock weathering re
lative to local soils, including a rock fillet at the Apollo 15 
site, indicate no relation between the soil and rocks in the cases 
studied (Jovanovic and Reed, 1975b). 

VOLATILE DEPOSITS ON BRECCIA SURFACES 

We have noted that the �2O-soluble C�i and Br£ �n lunar sa�ples 
of all types tend to fall into three main groups with respective 
C££/Bri ratios of �20, �40, and �so (Jovanovic and Reed, 1975b).
As in the case of the majority of the Apollo 17 boulder and 
breccia samples, Apollo 14 breccias (14064 bulk and inclusion, 
14082, and 14321) and basalt 14053 fall in the group with C£

£/Br£
ratio �40 (Table IX-3). Of these, only 14082 is from Cell III 
(Imbrium); the others are Cell II samples (i.e. local). The 
other two "Imbrium" breccias, 14305 and 143�fall in the �20 
and �80 groups, respectively. The implication of these results 
is that the former group of samples was exposed to the same vapor 
cloud. The 14305 and 14312 breccias arrived later and had been 
exposed to very different vapors. In this context, 14082 
acquired its surface deposits of ct and Br under the same condi
tions as the local Fra Mauro material. 

The fact that most Fra Mauro and Apollo 17 breccias fall in 
the Cti/Bri ratio �40 group suggests that either an extensive
vapor cloud was involved or that a process occurred at both sites 
that caused breccias or fragments presently in breccias to be 
exposed to individual clouds of vapor of the same GOmposition. 
The residual Ctr/Brr ratios of the samples from both sites are 
80 to 170. It would require rather special conditions for each 
sample to acquire a Cti/Bri ratio �40 by an exsolution process. 

At Apollo 15, only front breccias 15265 and 15455-white and 
-dark and basaltic clod 15515 fall in the Cti/Bri ratio �40
group, suggesting that most Apollo breccias were not exposed to
the same vapor cloud as the Apollo 14 and 17 breccias.
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It should be noted that the ci/Br ratio �40 is the primordial 
or meteoritic ratio. This is also the ratio of the gas released 
at room temperature from deep drill core samples in the Horai 
experiment (Jovanovic and Reed, 1977b). 

BRECCIA FORMATION HISTORY BASED ON RU, OS, AND HG 

Hg, Ru, and Os were determined for only two Consortium samples 
(Table IX-4). We have suggested that the relative amounts of Ru 
and Os in Apollo 16 and 17 breccias may be accounted for by admix
ture of a fractionated component and a primitive component with 
Ru/Os rations of 0.6 and 1.7, respectively (Jovanovic and Reed, 
1976a). The Apollo 14 breccias contain a more highly fractionated 
component (Ru/Os = 0.38), but the same primitive complement. Soils 
14163 and 14259 and Apollo 16 North Ray soils also have this more 
highly fractionated Ru-Os (Fig. IX-2). Only these two kinds of 
fractionated Ru-Os have been observed among the lunar breccias. 

Seven 14305 breccia samples have been measured. Two fall near 
the primordial ratio, two along the 0.38 fractionated line, and 
two appear to be mixtures of these (Fig. XI-2). That soils 14163 
and 14259 (liquid II) contain the highly fractionated Ru-Os 
suggests that this is the local, Fra Mauro, pattern. The North 
Ray soils are also liquid II and also contain this Ru-Os. Either 
bre.ccia 14305 (liquid III) incorporated this Ru-Os after arriving 
at the Apollo 14 site, or this degree of fractionation also existed 
at its site of origin. A similar observation might be made for 
most of the Apollo 17 breccias (liquids II and III) and the Apollo 
16 breccias (liquid I) which have the 0.6 Ru/Os fractionated com
ponent. 

We may gain insights into processes and mechanisms during 
breccia formation by examining the seven 14305 samples. Five of 
the samples were 100- to 140-mg chips and two were aliquots from a 
crushed 700-mg chip; all were taken from different locations in 
an �o.5 x 0.5 x 3 cm 3 fragment. Five were measured isotopically 
and found to contain apparently anomalous Hg (Jovanovic and Reed, 
1977a) which was released at low temperatures from two samples and 
at high temperatures from the others. This fact, the Hg thermal 
release patterns, and the Ru-Os ratio trends are used to support 
the following evolution of this breccia. (1) Fractionated and 
primitive Ru-Os material was grossly mixed at the lunar surface 
by cratering events. (2) Isotopically anomalous material was 
later accreted by the moon. (3) Cratering events caused further 
brecciation and incorporation of exotic material into breccias. 
In addition, the degree of mixing between the fractionated and 
primitive Ru-Os-bearing material varied from very little to ex
tensive. (4) Samples (14305) were ejected to their present 
locations. 

75.



Table IX-3. Ratios of water soluble ct and Br in Imbrium 

Consortium and related samples. 

'\,4Q '\,SQ 

14305 breccia 

14310 basalt 

14064 breccia 14312 breccia 

14064 clast 

14082 breccia 

14321 breccia 

14053 basalt 

Table IX-4. Mercury, ruthenium, and osmium in two 

Imbrium Consortium breccias (ppb). 

Sample 

14064,7 breccia 

14312,26 breccia 

Hg 

4.8 

1.4 

76. 

Ru 

<5.8 

16 

Os 

5.2 

9.2 
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Figure IX-2. Ru-Os trends showing the primitive ratio, the 0.6 

fractionated ratio, and the displacement of the latter by 

admixing of a primitive composition. The 0.38 fractionated 

trend is defined by two 14305 samples (symbols 1-7), soils 

14163 and 14259, three North Ray Crater soils, an Apollo 

17 breccia and an Apollo 15 breccia. Note that 14305 samples 

also fall along the primitive trend line and in the area of 

mixture between the primitive and fractionated trends. 
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Hg measurements by stepwise heating suggest possible thermal 
histories of the seven 14305 samples. (1) The samples containing 
mixtures of fractionated and primordial Ru-Os contain 1% or less 
Hg in more retentive (>450 °C) sites, suggesting a high degree of 
degassing. Samples falling along the fractionated and primordial 
trend lines contained 4% and 6% retentive Hg. (2) The apparently 
isotopically anomalous Hg found in 14305 samples is released at 
130 °C and 175 °C for the "degassed" samples and at 450 °C and 1200 °C 
for those with retentive Hg. The conclusion is that the breccia
tion process that produced the intimate mixing was intense enough 
to cause release of the anomalous Hg from its original sites, and 
this Hg was subsequently retrapped at lower temperatures on sur
faces and in grain boundaries. This is consistent with the 
meteoritic results that anomalous Hg was initially trapped in 
retentive sites (Jovanovic and Reed, 1976c). 

CONCLUSIONS 

(1) We identify 14082, 14305, 14312, and the white lithology in
15455 as breccias derived from pre-Imbrium crustal material. 
Breccias 14305 and 14312 were late arrivals at the Apollo 14 site; 
14082 was early enough to have been buried so that it could be 
re-excavated by Cone Crater. There is no evidence for post-mare 
ejection, by Copernicus for example, -of Procellarum or Imbrium 
basalts (14310 and 14053 are the possible candidates) to the 
Apollo 14 site. 

(2) Most other breccias and all soils at the Apollo 14 and 15
sites are local. Thus, Apollo 14 sampled ·primarily Fra Mauro 
material which was little, if at all, diluted by ejecta from the 
Imbrium target area; i.e. there is no evidence for the Fra Mauro 
formation being an Imbrium ejecta deposit. Similiarly, in spite 
of its proximity (outer rim) to the Imbrium crater, the Apollo 15 
site is dominated by south Serenitatis related material. 

(3) Evidence for the complex nature of the processes that
occurred is found in samples 15455 and 14305. 15455 contains 
Imbrium region ejecta which formed a breccia with "Orientale" 
material, and this was in turn transported to the Fra Mauro site, 
probably when the "Orientale" impact occurred. 

A diverse set of observations on seven samples from breccias 
14305, involving the relative Ru-Os contents, isotopically 
anomalous Hg, and thermal controls based on Hg release during 
step-wise heating, can be related in a remarkable way to yield a 
picture for the time sequence, the mixing, and the heating that 
14305 material was subjected to. 
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ABSTRACT 

Models for the depth distribution of KREEP basalts in the 
lower crust and their subsequent dispersal onto the lunar surface 
during the Imbrium event are evaluated in light of spectral re
flectance measurements within the Imbrium ejecta blanket. The few 
telescopic reflectance data from these highland areas exhibit FeO 
contents of greater than ten percent by weight, as evaluated by 
the method of Charette and Adams (1977a). Glass and lithic frag
ment analyses by the Apollo Soil Survey (Reid, 1974) show that 
medium- and high-K Fra Mauro basalts uniquely correspond to these 
compositions. Orbital x-ray fluorescence, y-ray, and spectral re
flectance observations outside of the KREEP-rich zone surrounding 
the Imbrium basin detect primarily anorthosite and anorthositic 
gabbro compositions, implying that an anorthosite-KREEP-layered 
stratigraphy may have existed within the pre-Imbrium crust of the 
region. 

INTRODUCTION 

The goal of this group within the Imbrium Consortium is to map 
the spatial distribution of Imbrium ejecta on the lunar surface 
using spectral reflectance techniques. To be successful, one must 
first establish the parameters necessary to identify such basin 
ejecta, and then determine where materials displaying these para
meters can be found on the lunar surface. The review of previous
ly published models of crustal developments and basin-forming pro-· 
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cesses (below) provides background information. We then evaluate 
telescopic measurements obtained in areas surrounding the Imbrium 
basin, using a new technique developed by Charette and Adams 
(1977a). This method yields the FeO content of bulk soils, which 
is a useful parameter for differentiating between anorthosites, 
anorthositic gabbros, and Fra Mauro basalts. Finally, we relate 
the observed rock type distribution to a possible pre-Imbrium 
crustal stratigraphy in the Imbrium basin area based on ground
based reflectance observations and orbital experiment data. 

CRUSTAL MODELS 

The differences in chemical compositions observed in lunar 
rocks can be attributed to heterogeneities associated with the 
original accretion of the moon or later large-scale solid-liquid 
phase separation processes. Geochemical arguments (Ganapathy and 
Anders, 1974; Taylor and Jakes, 1974) postulate a relatively homo
geneous accretion. Furthermore, rapid accretion (Mizutani et al., 
1972) could have produced an early liquid outer shell extending to 
a depth of at least several hundred kilometers. Almost all models 
for the subsequent geochemical evolution of the moon from this 
initial global igneous complex relate the main lunar rock types to 
each other in a simple sequence of crystallization and/or partial
melting processes. 

KREEP-rich lithologies form a large family of lunar highland 
•rocks with marked enrichment in a number of minor and trace ele
ments (�. K, P, and REE) that are not readily incorporated into
the crystal lattices of the major rock-forming minerals. A few of
these rocks, such as 15386, have igneous textures, but most of
them are breccias, primarily of the polymict variety. These rocks
have major element compositions that cluster along solid-liquid
saturation curves of the (Mg,Fe)2SiO4-SiO 2-CaA1 2Si 2O 8 pseudoterna
ry phase diagram of Walker et al. (1972), suggesting that they
have evolved as a result of liquid separations from equilibrated,
partially molten phase assemblages within the pseudoternary system
(Walker et al., 1973). Using the phase equilibria depicted by
this phase diagram and the solid/liquid distribution coefficients
for a number of key elements, it is possible to relate the propor
tions of solid and liquid during differentiation to the resulting
trace element fractionation trends (Weill et al., 1974). Converse
ly, given the trace element concentrations in an assumed parent
assemblage and its derivative, one can calculate the proportions of
the major phases involved in the fractionation process and check
for compatibility with the pseudoternary phase diagram.

Using the above approach, Weill and McKay (1975) demonstrated 
that it is improbable that KREEP-rich rocks were derived by igneous 
fractionation from what is estimated to be the average highlands 
composition (Taylor and Jakes, 1974). Weill and McKay (1975) also 
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investigated the possibility of deriving KREEP liquids by one
step equilibrium partial melting or crystallization of composi
tions similar to those proposed for the whole moon (Ganapathy and 
Anders, 1974; Taylor and Jakes, 1974). They concluded that such 
an origin is consistent with the known constraints of phase 
equilibria and trace element distribution behavior if a few per
cent of KREEP liquid had equilibrated with a mineral assemblage 
of olivine, Ca-poor pyroxene, and plagioclase. 

McKay and Weill (1976) later considered the possibility of 
a multiple-step derivation of KREEP and the relationships between 
KREEP-rich compositions generated at successive stages of evolu
tion. They proposed a model in which low-K Fra Mauro (LKFM) 
basalt-type material was produced by fractionation of large amounts 
of olivine and lesser amounts of plagioclase (and possibly other 
minor phases) from undifferentiated lunar material at �4.4 AE. 
During the same episode of igneous activity, some LKFM material 
differentiated to form a series of more evolved members of the 
KREEP suite, including material of the peritectic bulk composi
tion of the (Mg,Fe)2SiO 4-SiO2-CaA12Si 4O 8 pseudoternary system. 
In a later igneous event at �3.9 AE, some of this peritectic 
material differentiated further, producing more highly evolved 
KREEP such as sample 15386. McKay and Weill (1976) found this 
model to be consistent with phase equilibria, major and trace 
element partitioning, and Rb-Sr isotopic data. 

The depth of the KREEP source has been placed at 40-60 km 
below the ·lunar surface by Taylor and Jake� (19741. Solomon (1975) 
has pointed out, however, that the densities of KREEP basalt liq
uids are substantially less than that of the lunar highland crust. 
He argues that if KREEP basalt liq�ids were once concentrated more 
or less uniformly beneath the lunar crust, it would be difficult 
to explain why such liquids did not rise to high levels through
out the lunar crust, producing a more spatially even distribution 
of KREEP on the present lunar surface than is observed (Metzger 
et al., 1973). Solomon (1975) believes that local melting events, 
either impact-generated (Warner et al., 1974) or volcanic, are 
more likely to have produced such· KREEP basalts. Such a possi
bility has not been ruled out by Taylor and Jake� (1974). We pre
sent evidence that the 40-60 km layer for the KREEP source is 
consistent with the telescopic data, implying that the lunar 
anorthosite layer above the KREEP source (Taylor and Jakes, 1974; 
Wood, 1975) may have been essentially impervious to such residual 
liquids. 

BASIN-FORMING PROCESSES 

Given this first-order view of the petrologic constraints for 
the evolution of KREEP basalts, we now turn to ah evaluation of 
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the basin-forming process that excavated these samples. The top 
10-20 km of the crust has been mixed and overturned by the satu
ration bombardment that produced 50-100 km diameter craters. The
present surface is also saturated with ringed basins, of which 43
have diameters greater than 220 km (Howard et al., 1974). There
are order-of-magnitude differences in the estimates of the maxi
mum depth of excavation, from �30-40 km (Baldwin, 1973; Head
et al., 1975) to 230 km (Dence et al., 1974), with several inter
mediate values (Moore et al., 1974). Head et al. (1975) estimate
a maximum sampling depth for Imbrium of 27 km. This estimate
does not preclude the possibility that the initial crater of ex
cavation extended to greater depths and that deeper material may
be randomly mixed into the fallback deposit lining the crater in
terior. An alternative geometry for the primary ejecta volume
(such as an inverted right cone) yields a maximum sampling depth
of �40 km (Head et al., 1975).

The investigation of lunar samples provides information on 
the source regions of these rocks. A relatively deep-seated 
origin has been suggested for dunite 72415 �ymek et al., 1975; 
Laul and Schmitt, 1975; Papanastassiou and Wasserburg,· 1975). 
Comparison of deformation features observed in 72415 with similar 
features produced in small-scale shock-loading experiments per
formed with terrestrial peridot (Snee and Ahrens, 1975) suggests 
that 72415 was shocked at �350 kb. Models of the shock stress 
distribution for the Imbrium event (O'Keefe and Ahrens, 1975) 
allowed Snee and Ahrens (1975) to infer a maximum depth of exca
vation for 72415 of �so km, which is still �10 km above the base 
of the crust as defined by seismic studies (Toksoz et al., 1974). 
The absence of abundant subcrustal rocks in the Apollo samples 
suggests that the Imbrium event did not penetrate below about 60 
km. 

The early work of Shoemaker (1961) and Gault et al. (1963) 
demonstrated that the materials excavated from greatest depth 
during an impact are deposited near the rim of the newly-formed 
crater, with the uppermost layers of the pre-existing country 
rock being thrown toward the outer reaches of the ejecta blanket. 
This inverted ejecta stratigraphy and the radial thickness vari
ation in lunar basin deposits was quantified by McGetchin et al. 
(1973). Many uncertainties affect any geometric model of basin 

formation developed primarily from terrestrial analogs of lunar 
craters, causing predictions of ejecta thickness and volume on 
the moon to range over at least an order of magnitude (Pike, 
1974). The models of McGetchin et al. (1973) may be used, how
ever, to provide minimum estimates of ejecta thickness and have 
been applied by Morgan et al. (1974) to geochemically character
ize basin-forming projectiles. For the Imbrium basin, McGetchin 
et al. (1973) estimate ejecta thickness as great as 50 meters 
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at 1700 km from the center of the basin (i.e. the location of 
the Apollo 16 landing site), implying that a large component of 
the present highland regolith, especially in the eastern portion 
of the visible face, is derived from this event. 

DISCUSSION 

Crustal models and the effects of basin-forming events are 
summarized in Figure X-1. There is general agreement that the 
outer few hundred kilometers of the moon were melted during the 
later stages of accretion (Fig. X-lA). The Rb-Sr (Papanastassiou 
and Wasserburg, 1972), U-Th-Pb (Tera et al., 1974), and Sm-Nd 
(Lugmair et al., 1975) studies indicate that large-scale differ-

entiation in the crust ended �4.4 AE (Fig. X-lB). It is proposed 
that an anorthosite-rich layer then formed above a region of low
K Fra Mauro basalt composition (Taylor and Jakes, 1974) and 
material of the peritectic bulk composition of the (Mg,Fe) 2 SiO4-
SiO 2-CaA1 2 Si 2 O 8 pseudoternary system (McKay and Weill, 1976). 
At �3.9 AE, some of the peritectic material differentiated further 
(Fig. X-lC), producing more highly evolved KREEP (McKay and Weill, 
1976). Shortly after this last melting sequence, the Imbrium 
event excavated this KREEP-rich zone (Fig. X-lD) but fell short 
of the crust-upper mantle boundary (Toksoz et al., 1974). The 
resultant ejecta distribution (McGetchin et al., 1973) continues 
to dominate the present-day regolith on the near-side. 

We now evaluate spectral reflectance measurements and orbit
al geochemistry obtained from areas within the Imbrium ejecta 
blanket to examine the validity of this prpposed stratigraphy. 

OBSERVATIONAL DATA 

Lunar soils consist of mineral and lithic fragments and, 
with maturity, of glass that typically welds these particles in
to agglutinates. The reflectance spectrum of an immature soil 
is dominated by abs�rption bands at approximately 0.9-1.0µm and
l.9-2.2µm due to Fe + crystal-field transitions in pyroxenes
(Burns, 1970; Adams, 1975). A mature, agglutinate-rich soil, on
the other hand, has a spectrum dominated by the broad Fe2+ glass
bands near l.lµm and 2.0µm. The minima positions of these glass
bands remain constant in most cases, but the intensity of the
bands does increase linearly with increasing concentration of
iron (Bell and Mao, 1972).

Charette and Adams (1977a) have calculated the band depth 
of the lµm absorption feature in mature, glass-rich lunar soils 
and have developed determinative curves for FeO versus band depth 
for both highland (Figure X-2) and mare soils based on Bell and 
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Mao's (1972) work. To determine the band depth of the lµm fea
ture quantitatively, metallic iron continua were fitted to labo
ratory spectra (Charette et- al., 1976) and a Gaussian was fitted 
to the residual absorption feature. The value of the Gaussian's 
maximum was taken as the depth of the composite band for the 
mature bulk soil (Figure X-2}. The spectral resolution of these 
laboratory data was reduced to that of the telescopic spectra 
prior to the application of the fitting program to permit direct 
comparison between band depths derived from laboratory and tele
scopic data. 

Telescopic data in mature highland regions, the maturity 
being ascertained by standard spectral reflectance techniques 
(McCord et al., 1972; Charette et al., 1974), were acquired near 
0 ° phase angle in order to minimize phase effects (McCord, 1969). 
Band depths were calculated from the data, and the FeO contents 
of seven unvisited highland regions were extrapolated from the 
data shown in Figure X-2. These values, together with their re
spective locations are presented in Table X-1. 

The data obtained from FeO abundances by the spectral re
flectivity technique (Table X-1) are sufficiently precise to 
enable useful geochemical information to be extracted. The work 
of the Apollo Soil Survey (Reid, 1974) provides a data base for 
ground-truth comparisons, since their approach provides the key 
link between the surface samples and the·remote sensing data by 
providing enough data for statistical grouping of preferred 
glass compositions. The data in Table X-2 show the relation be
tween rock type and FeO content, indicating that high FeO con
tents (9-10%) are indicative of the presence of a substantial 
Fra Mauro basalt component in highland soils. 

The telescopic spectral reflectance data indicate that 
medium/high-K Fra Mauro basalt compositions dominate the soils 
in the vicinity of the Imbrium basin at the observed localities 
(Copernicus, Eratosthenes, Plato rim, Archimedes, and Fra Mauro), 
which is consistent with the orbital y-ray data of Metzger et al. 
(1973). We infer from the work of Gault et al. (1963) that such 
compositions exist in the deepest region excavated by Imbrium 
(�40-50 km), a conclusion that supports the predictions of Taylor 

and Jakes (1974; Fig. X-1D). The asymmetry of the KREEP dis-
tribution towards the Fra Mauro region does not effect the result, 
since a KREEP-anorthosite/anorthositic gabbro sequence appears 
to be maintained radially from the center of the Imbrium basin 
(Adler et al., 1973). 

The areas far removed from the Imbrium basin should have 
regoliths that are still dominated by its ejecta (McGetchin et al., 
1973), however orbital x-ray data (Adler et al.., 1973) generally 
show anorthosite to anorthositic gabbro compositions. Some areas 
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TABLE X-1. Iron content of unvisited highland surfaces 

Area Location FeO (wt%) of Bulk Soil 

Archimedes 3 28°05 1 N, 4 °35 1w 10.5 ± 0.3 

Archimedes 4 24°30'N, 3 °30'w 10.6 ± 0.3 

Copernicus floor 10.6 ± 0.5 

Eratosthenes floor 10. 3 ± 0.5

Fra Mauro 8 1°15 1 s, 17°08 1W 10.1 ± 0.3 

Fra Mauro 14 3 °55 1 s, 17°40 1 w 10.5 ± 0.3 

Plato Rim 49°50 1 N, 7°15'W 10.8 ± 0.3 

Moltke Highlands South 1 °55 1 N, 24°05'E 9.2 ± 0.3 

Piccolomini 1 28 °50 1 S, 30°40'E 8.9 ± 0.3 

Table X-2. Highland rock types as ·derived from glass 
analyses (from Reid, 1974). 

Number of 
Rock type % FeO % Ti02 Mission particles 

averaged 

Anorthosite 0.67 0.06 L-20 22 
1.41 0.60 L-20 7* 

Gabbroic anorthosite 3.4 0. 32 L-20 20* 
3.46 0.35 A-16 30 

Anorthositic gabbro 4.62 0.43 A-16 111 
5.5 0.42 L-20 63* 
5. 77 0.39 L-20 176 

Low-K Fra Mauro 6.89 0.75 L-20 29 

basalt 8.6 0.64 L-20 25* 
9.36 0.79 L-20 44 
9.67 1.25 A-15 82 

Medium/high-K Fra 9.52 1.43 A-15 90 
Mauro basalt 10.25 2.08 A-15 29 

10.9 2.1 A-14 224 
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appear to have Al/Si ratios that are similar to the low-K Fra 
Mauro basalts in the area of Mare Nectaris {Adler et al., 1973) 
and the FeO contents derived from two sites in this area by 
spectral reflectance (Moltke Highland South and Piccolomini; 
Table X-1} confirm this finding. This implies that low-K Fra 
Mauro material may have intruded into the anorthosite layer 
(Fig. X-1}. Further telescopic observations and theoretical ob

servations are necessary to resolve this question. 

FUTURE STUDIES 

Two avenues for potentially fruitful research are available 
with the existing technology. The first possibility has been 
described previously, that being high spectral resolution spectral 
reflectance measurements acquired along a radial to the Imbrium 
basin in order to derive the FeO contents of the surficial soils. 
Additionally, since a linear relationship exists between the 
ratio of intensities at 0.80 and 0.95µm and band depth (Charette 
and Adams, 1977a}, vidicon imagery (McCord and Westphal, 1972; 
Johnson et al., 1975; Pieters and McCord, 1976) or photometer 
scanning (Soderblom, 1970; Soderblom and Boyce, 1976) at these 
wavelengths may also be used to obtain FeO contents of the soils. 

The other possibility involves acquisition of high spectral 
resolution data (perhaps from the telescope.but more likely from 
orbiting spectrophotometers) from fresh rocky craters within the 
highlands. Laboratory studies (Adams and Charette, 1975; Charette 
and Adams, 1977b} have demonstrated that the known highland rock 
types have distinct spectral features that are unique to their 
particular mineralogy, bulk composition, and texture. KREEP 
basalts, in particular, have spectral reflectance characteristics 
that are considerably different from the ANT suite rocks as well 
as the highland breccias (Charette and Adams, 1977b}. Thus, in 
the future it may be possible to obtain direct evidence of the 
KREEP distribution within the highlands rather than relying on 
the indirect evidence provided by regolith compositions. 
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.. 

XI.. LOCAL VS. IMBRIUM BASIN MATERIAL AT THE APOLLO 14 SITE: 
SOME OBSERVATIONS AND SUGGESTIONS 

B. Ray Hawke and J. W. Head
Department of Geological Sciences 

Brown University, Providence, Rhode Island 02912 

The Fra Mauro Formation has generally been interpreted as 
a portion of the ejecta blanket deposited during the impact
formation of Imbrium basin. Four samples collected from the 
Fra Mauro at the Apollo 14 site were included among those to 
be investigated by the Consortium. The results of recent 
cratering experiments (Oberbeck et al., 1974; 1975) and photo-
geologic studies (Head and Hawke, 1975) suggest that the Fra 
Mauro Formation in the area of the Apollo 14 landing site is 
actually a two-component mixture composed of Imbrium primary 
ejecta and local material excavated by the impact of the Imbrium 
material .. A major goal of the Consortium is to develop criteria 
to distinguish between these two components. 

AMOUNT OF IMBRIUM PRIMARY EJECTA PRESENT AT THE APOLLO 14 SITE 

An attempt has been made to calculate the percentage of 
Imbrium primary ejecta present in the Fra Mauro Formation at the 
Apollo 14 site. Calculations were made using equations and 
assumptions· presented by Oberbeck et al. (19.75) and were based 
on the diameters of the Imbrium secondary craters (0.5 to 12 km) 
observed by Head and Hawke (1975). These calculations were made 
for projectiles ejected at 15 ° and 30 ° from the horizontal and 
travelling at 1.25 km/sec and 1.10 km/sec respectively. The 
results suggest that between 12% and 33% of the Fra Mauro is 
actual Imbrium primary ejecta. In the area of the landing site, 
the secondaries are about 1-2 km in diameter,which would imply 
the presence of 15-20% Imbrium material. 

These numbers probably represent minimum percentages. If 
the Imbrium material arrived at the Apollo 14 site over an 
interval of time,the effect would be to dilute the concentration 
of local material and gradually build up the content of Imbrium 
ejecta. The amount of dilution would depend on the size and 
sequence of· arrival of projectiles from Imbrium,as well as the 
number of impacts involved. The importance of this dilution 
effect is difficult to evaluate. There is evidence from exper
imental cratering studies that the ejecta arrives over a very 
short interval of time, but geologic mapping and crater counts 
around large lunar craters suggest that at least some of the 
ejecta arrives late and forms secondary craters on top of the 
ejecta blanket. 
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THE WHITE ROCKS AS IMBRIUM EJECTA 

The samples collected from the vicinity of the White Rocks 
(14063, 14064, 14082, and 14083) have long been considered prime 
candidates for actual Imbrium ejecta because they were excavated 
from deep within the Fra Mauro by Cone Crater and their 
feldspathic composition corresponds to that of material which 
might reasonably be excavated from deep within the lunar crust. 
Indeed, mixing-model calculations suggest that the Apollo 14 
soils contain anorthositic material in roughly the same propor
tion as the amount of Imbrium material expected at the site 
(Schonfeld and Meyer, 1972; Lindstrom et al., 1972). Therefore, 
is it likely that material similar to the White Rocks represents 
the elusive Imbrium component at the Apollo 14 site? 

There is evidence to support such a suggestion. Schonfeld 
and Meyer (1973) pointed out that on the basis of orbital gamma
ray data, the Haemus Mountains south of Mare Serenitatis, a 
region clearly sculptured by Imbrium ejecta, were apparently more 
anorthositic and less KREEP-rich than the Fra Mauro region. They 
also noted that the orbital x-ray experiments have shown that the 
Haemus Mountains, as well as regions covered by ejecta from the 
Crisium, Smythii, Fecunditatis, and Nectaris basins, are rich in 
Al and apparently "anorthositic" in composition. While admitting 
the possibility of an asymmetry in the types of material excavated 
and distributed by Imbrium, they concluded that the Fra Mauro in 
the Apollo 14 region should be "anorthositic" in composition and 
suggested that the White Rocks might represent such material. 
Papike and Bence (1972) noted the presence of inverted pigeonites 
in samples of the White Rocks and interpreted these to be from 
plutonic rocks excavated by the Imbrium event. 

The White Rock samples are weakly annealed and have only 
been subjected to low�rade thermal metamorphism. This is con
sistent with the suggestion that Imbrium ejecta at the Apollo 14 
site would have been deposited in a relatively cold mode (Dence 
and Plant, 1972). 

A MODEL FOR THE IDENTIFICATION OF IMBRIAN EJECTA 

Dence (1976) has recently presented a model for the shock 
levels anticipated to be present in Imbrium ejecta at the Apollo 
14 site. The assumptions made by Dence appear valid,and the 
ejection angles and velocities in his model are close to the 
values used in the calculations presented earlier in this paper. 
Dence concludes that, based on Hugoniot data, primary Imbrium 
ejecta at the Apollo 14 site can be expected to be at maskelynite 
grades of shock metamorphism or higher. If this model is 
accepted and the shock criteria applied to the Apollo 14 samples, 
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it may be possible to gain some insight into the problem of Imbrium 
vs. local origin. Material which exhibits abundant evidence of 
at least maskelynite-grade shock metamorphism can be considered 
a candidate for Imbrium primary ejecta, although a local origin 
cannot be ruled out. Materials that exhibit only weak shock 
features would be prime candidates for local material, and if 
Dence's model is valid, must be local material unless their 
shock features were somehow destroyed by later impact melting 
or intense recrystallization. 

THE WHITE ROCKS AS LOCAL MATERIAL 

Petrographic observations suggest that there is abundant 
unshocked to weakly-shocked material in the White Rock samples. 
Englehardt et al. (1972) describe 14082,10 and ,11 and 14063,56 
as being composed of inclusions of highly-shocked rocks enclosed 
in a breccia that exhibits no strong shock effects such as 
deformation lamellae and isotropization. Ryder and Bower (1976a) 
report that plagioclase grains comprise 60-70% of the monominer
alic fragments in the matrix of 14082, and that these fragments 
are only rarely shocked. Dence (written communication) describes 
14082,49 as a elastic microbreccia with ANT materials as major 
components. In addition to various impact melts, glasses, and 
meta-breccias, he notes the presence of crushed ANT clasts with 
no obvious shock deformation and describes the matrix as composed 
of crystal clasts with shock deformation generally absent. 

The relationship of 14064 to the other White Rocks samples 
is not clear. Dence (written communication)· describes 14064, 17 
as a very high grade meta-microbreccia which contains abundant 
melt clasts plus shocked and recrystallized lithic clasts. 
Ryder and Bower (1976a) describe material that is similar in 
sections cut from 14064,9, with the exception that it has been 
crushed to produce a low-grade fragmental matrix that is not 
well mixed. They note that the component rocks all seem to have 
been involved in high-temperature metamorphic and/or melt events 
of various kinds. One major difference between 14064 and the 
other White Rocks samples seems to be the absence in 14064 of 
the abundant unshocked to weakly..-.shocked material that was seen 
in the other samples. Still, as noted by Ryder and Bower (1976a), 
although each rock appears to be assembled from somewhat 
different materials, they all contain a number of lithic clasts 
in common, suggesting that the samples are related. 

It would appear that much of the material comprising the 
White .Rocks samples is not Imbrium ejecta, based on the observed 
levels of shock metamorphism. The Imbrium ejecta component must 
be sought among the more intensely shocked lithic and mineral 
clasts. It is possible that no Imbrium component is present in

the samples, because there is no requirement that Imbrium primary 
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ejecta be thoroughly mixed with the local material, at least on 
the scale represented by the lunar samples; it is also possible, 
but less likely, that the White Rocks represent material 
eicavated from beneath Fra Mauro by Cone Crater. 

Ryder and Bower (1976b) have recently described an 
interesting group of poikilitic KREEP impact melts in the Apollo 
14 White Rocks. If these impact melts were formed and crystal
lized at the Imbrium target site and later excavated and trans
ported to the Apollo 14 region, the melt matrix would be expected 
to show abundant evidence of shock deformation. Lack of such 
evidence would support a local origin for these impact melt 
clasts. 

In summary, there would appear to be a substantial local 
component in the White Rocks. This local material was probably 
excavated and subjected to varying degrees of shock and thermal 
metamorphism by the numerous pre-Imbrium (Phase I) craters that 
are present in the Apollo 14 region (Head and Hawke, 1975). 
During the Imbrium event, the local material was excavated by 
the impact of Imbrium primary ejecta and mixed with the primary 
material to varying degrees. The resulting mixture then flowed 
across the lunar surface as a debris surge. The result was the 
various layers and flow features seen in the White Rocks on the 
rim of Cone Crater and sampled by the Apollo 14 astronauts. 

HIGH-ALUMINA MARE BASALT AS LOCAL MELTING 

There is another class of material at the Apollo 14 site 
which may be largely of local origin: the high-alumina mare 
basalt. Clasts of this material are found in the Apollo 14 
breccias (Grieve et al., 1975; Ridley, 1975; Ryder and Taylor, 
1976), and their presence has often been cited as evidence for 
mare volcanism at the Imbrium target site. Grieve et al. (1975) 
describe a series of high-alumina mare basalts in 14321 and note 
that evidence of shock metamorphism is limited to fractures 
which are concentrated at the outer edges of the clasts. 
Schiirmann and Hafner (1972) state that 14053 does not exhibit 
any sign of shock effects. Dence (written communication) 
reports an unshocked feldspathic basalt clast in 14312. The 
results of experimental shock metamorphism of basalt indicate 
that shock pressures of 250 kb should produce plagioclase which, 
in cross-polarized light, varies from crystals with slightly 
reduced interference colors to completely isotropic crystals; 
that is, there is partial to complete vitrification to maske
lynite (Gibbons et al., 1975). The apparent lack of shock 
features in many of those samples of high-alumina mare basalt 
for which such information is available suggests that the source 
of at least some of this material was local and that deposits 
of high alumina mare basalt were present in the Fra Mauro region 
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during pre-Imbrian time. These basalts were probably excavated 
and incorporated into the Fra Mauro by the impact of Imbrium 
primary ejecta. 

CONCLUSIONS 

In this �eport, an attempt has been made to identify 
material among the Apollo 14 samples that may be of local 
origin. Two prime candidates for this local material are the 
Apollo 14 high-alumina mare basalts and much of the material 
comprising the White Rocks. 
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XII. PRE-IMBRIAN GEOLOGIC HISTORY OF THE APOLLO 14 REGION:
RELATION TO FRA MAURO FORMATION SAMPLE PROVENANCE

B. Ray Hawke and James W. Head
Department of Geological Sciences 

Brown University, Providence, Rhode Island 02912 

INTRODUCTION 

A major objective of the Apollo 14 mission was to sample mate
rial comprising the Fra Hauro Formation, a distinctive ridged and 
furrowed unit that has been interpreted as a portion of the ejecta 
blanket deposited during the impact-formation of the Imbrium basin 
(Swann et al., 1971; Eggleton, 1964; Wilhelms, 1970). Major con

troversy has centered on questions of the mode of emplacement of 
the Fra Mauro Formation, the provenance of materials within the 
unit, and the sources of the range of metamorphic effects exhibited 
by the returned samples. Head and Hawke (1975) presented the 
results of an investigation of the processes and events dominating 
the history of the Apollo 14 region. It was concluded that the Fra 
Mauro Formation was formed by a process which included the erosion 
and excavation of local pre-Imbrian material by Imbrium primary ejecta, 
and mixing of this Imbrium ejecta with local crater deposits, to pro
duce an ejecta blanket dominated by the locally derived material. 
'rhis would imply that the majority of the Fra Mauro Formation consists 
of locally derived products of pre-Imbrian cratering events rather than 
breccias transported from the Imbrium target site. Similar conclu
sions have been reached by other workers, based on laboratory 
cratering experiments, photogeologic analysis, and the levels of 
shock metamorphism exhibited by the Apollo 14 samples (Oberbeck 
et al., 1973, 1974, 1975; Morrison and Oberbeck, 1975; Oberbeck, 
1975; Hawke and. Head, Section XI, this volume). If locally derived 
material is the dominant component of the Fra Mauro Formation, as 
the results of the various studies suggest, a more detailed knowl
edge of the pre-Imbrian geology of the Fra Mauro region is critical 
to the understanding of events represented in the samples returned 
by the Apollo 14 mission. The purpose of this study is to investi
gate more fully the pre-Imbrian history of the Fra Mauro region and 
to attempt to characterize the deposits present in the region just 
prior to the Imbrium impact event. 

METHOD 

Impact structures are the dominant pre-Imbrian landforms that 
can be identified with certainty. Since impact cratering undoubt
edly played a key role in the history of the Fra Mauro region, an 
effort was made to identify pre-Imbrian impact structures in a 
large area surrounding the Apollo 14 site (Figs. XII-1 and XII-2). 
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The existence of many of the larger and/or better preserved struc
tures has long been known, but other, generally smaller and more 
degraded, craters are reported here for the first time. A wide 
variety of Lunar Orbiter, Apollo, and Earth-based telescopic photo
graphy was utilized in this investigation, but low-sun Apollo 16 
metric and Earth-based photogra�hy provided the bulk of the data. 
Topographic data was provided by the new NASA 1:250,000 Lunar Topo
graphic Orthophotomaps, the Lunar Astronautical Charts, and the 
Apollo 16 laser altimetry experiment. 

Valuable assistance was rendered by previous studies of the 
Fra Mauro region (Eggleton, 1964, 1965, 1970; Offield, 1970; 
Wilhelms, 1970; Head, 1977; Head and Hawke, 1975). Some pre-Imbrian 
craters are indicated on the U.S.G.S. geological maps of the area 
shown in Figure XII-2 (Howard and Masursky, 1968; Wilhelms, 1968; 
Schmitt et al., 1967; Holt, 1974; Trask and Titley, 1966). Much of 
the information on the size and location of lunar basins is from 
Stuart-Alexander and Howard (1970), Hartmann and Wood (1971), Howard 
et al. (1974), Wilhelms and McCauley (1971), and McGetchin et al. 
(1973). The locations of many pre-Imbrian craters are shown by 

Wilhelms and Davis (1971). 

Criteria were developed for the identification of pre-Imbrian 
craters. All are .. <4. 2 on the relative age scale developed by Pohn 
and Offield (1970) and are equivalent to the Class I craters 
described by Head (1975). The fresher impact structures have sub
dued rim crests, walls with coalesced terraces and channels, wide 
floors with little trace of central peaks, barely discernible rims, 
and a high density of superimposed craters. Glose to the Imbrium 
basin, pre-Imbrian craters were greatly subdued by the regional 
ejecta deposits. Wall channels are often radial to the Imbrium 
basin, and Head (1975) has shown that they are locally continuous 
with extensive Imbrium secondary crater chains visible in inter
crater areas. 

The more subdued craters mapped in this study are· Class 5 by 
the crater classification of Arthur et al. (1963) and <2 on the Pohn 
and Offield relative age scale. These craters exhibit an extremely , 
battered appearance, and portions of their rims have often been 
totally destroyed. These extremely degraded craters have been 
identified by the presence of partial rim crest segments and 
circular and semicircular areas of elevated terrain surrounding 
shallow depressions. Semicircular and arcuate mare-highland 
boundaries, crudely circular wrinkle ridges, and arcuate patterns of 
isolated highland remnants were used to locate pre-Imbrian craters 
in the maria. 

The positions of the pre-Imbrian craters located in this study 
are shown in Figures XII-2 and XII-3. The high crater density in 
the vicinity of the Apollo 14 site is a reflection of the greater 
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Figure XII-1. Major lunar basins. Enclosing line delineates the approximate 
position of the major topographic prominence that defines the basins 

· (positions after Stuart-Alexander and Howard, 1970; Hartmann and Wood,
1971; and.Howard et al., 1974). The position of South Procellarum
Basin is indicated by the dashed line NW of Humorum. The basin centered

near Copernicus is directly south of Imbrium Basin. The Apollo 14 site
lies just inside the outer ring of this structure.
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Figure XII-2b. Sketch map of Phase I crater and basin locations in the region shown 

in Figure XII-2a. Basin rings are indicated by a dashed line (positions after 
Wilhelms and McCauley, 1971). The level of certainty with which each crater 
is identified and positioned is indicated by the type of line used to delineate 

the rim crest. Solid lines, alternating dots and dashes, and dashed lines in
dicate high, intermediate, and low certainty, respectively. The uncertainty 
refers not to the existence of a given crater, but to its exact size and posi

tion. The dotted line is the Apollo 16 ground track for which topographic data 

is plotted in Figure XII-4. Crater names in quotes and lower case are informal. 



Figure XII-3a. Earth-based telescopic view of the Apollo 14 region at low 

sun angle, showing major features generally radial to the Imbrium 

basin (to the north) and numerous pre-Imbrian craters (portion of 

Plate El4, U.S.A.F. Consolidated Lunar Atlas). 
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effort made to identify impact structures in this area. Diameters 
were determined by fitting a circle to the feature on a base map 
(�. Fig. XII-2a). The levels of certainty are shown on the sketch 
maps. These generally refer not so much to the reality of a parti
cular crater but are more a reflection of uncertainty in the exact 
size of the feature. In some cases, it was difficult to determine 
whether the topographic feature was a single crater or two over
lapping impact structures. Care was taken to avoid the inclusion 
of subdued Imbrium secondary craters (Head and Hawke, 1975). 

An attempt has been made to establish the relative ages of the 
pre-Imbrian impact structures that most influenced the Apollo 14 
site. In places, the relative age is clearly established by super
position relationships. The states of crater degradation were used 
where superposition relationships were ambiguous. The sequence of 
formation of pre-Imbrian craters and basins is difficult to estab
lish with certainty because of (1) the varying degradational effects 
of multi-ringed basin ejecta on pre-existing craters as a function 
of range (Head, 1975) and (2) the variation in degra�ation rate as 
a function of crater size (Pohn and Offield, 1970). 

Many of the craters shown in Figures XII-2 and 3 deposited 
significant quantities of ejecta at the Apollo 14 site. In order 
to adequately characterize a given ejecta deposit, the following 
information is needed: (1) the thickness of ejecta delivered to 
the site, (2) the extent of depositional mixing with local material, 

, (3) the impact stratigraphy of the parent crater target site, (4} 
the depth of origin in the target, and (5) the shock levels to which 
the material has been subjected. Work to fully characterize the 
pre-Imbrian stratigraphy of the Apollo 14 site is in progress. This 
report presents the results obtained to date. 

Attempts were made to estimate the thickness of ejecta de
posited at the site by each of the craters in the vicinity. Dis
tances were measured from the rim crest of the pre-Imbrian craters 
to the present location of Cone Crater, and calculations were made 
using the equations of McGetchin et al. (1973). While there are 
uncertainties in calculations of this sort (see Pike, 1974; Settle 
et al., 1974) they yield the best available estimates of ejecta 
thickness actually delivered to a given location and make no allow
ance for any local mixing that may occur as the material is depos
ited. Estimates of the extent of local mixing can be obtained using 
techniques given by Oberbeck et al. (1974, 1975) and Morrison and, 
Oberbeck (1975). 

Determination of the depths of origin of material excavated 
from lunar craters presents a variety of problems. Chief among 
these are uncertainties concerning transient cavity depth and the 
maximum excavation and sampling depths. These problems are dis
cussed in detail by Head et al. (1975), Head (1976a), and Settle 
and Head (1976a, 1977) and are summarized by Herz et al. (1976). 



Based on a synthesis of the above research and following the sug
gestion of Pieters et al. (1975), a maximum sampling equal to l/8D 
was calculated for each crater. This value represents a reasonable 
upper limit to the maximum depth from which material was excavated. 
The bulk of the material excavated and deposited on a crater rim is 
derived from greater depths within the target and shallower material 
is found at greater relative distances from the parent crater. 
Discussions of the depth of origin of specific ejecta units at the 
Apollo 14 site are based largely on the results of laboratory 
cratering experiments reported by Steffler et al. (1974, 1975) and 
Oberbeck and Morrison (1976). 

Information on the levels of shock to which an ejecta deposit 
was likely to have been subjected was obtained by the methods out
lined by Dence (1976) and determinations were based on the experi
mental shock data of McQueen et al. (1967). 

RESULTS AND DISCUSSION 

In a previous paper (Head and Hawke, 1975) the history of the 
Fra Mauro region was divided into three phases (Phase I, II, and 
III). The time prior to the Imbrium event was termed Phase I. We 
have further divided Phase I into three subdivisions (IA, IB, and 
IC) on the basis of the inferred relative ages of the pre-Irnbrian 
impact structures. 

THE EARLIEST EVENTS (PHASE· IA) 

Gargantuan Basin 

The first recognizable impact event to have influenced the 
Apollo 14 site .may have been the formation of Gargantuan Basin. 
Cadogan (1974) first proposed the existence of the basin to explain 
the lunar nearside-farside asymmetry and the localization of KREEP
rich material in the Oceanus Procellarium--Mare Imbrium region. He 
described Gargantuan as being centered at 23 °N, 29°W and having a 
diameter of 2400 km, and suggested an age > 4.3 b.y. The Apollo 14 

.site lies within the rim of this proposed structure. An impact 
with sufficient energy to produce Gargantuan Basin must have had a 
profound effect on the lunar lithosphere in terms of the amounts of 
material melted, brecciated, fractured, and excavated. 

It should be noted that the existence of Gargantuan Basin has 
not been firmly established. While there is some photogeologic 
evidence for the existence of this basin, other problems are noted. 
First, an impact with enough energy to form a 2400-km basin should 
have penetrated the lunar crust and excavated considerable quan
tities of mantle material from depths of 60-200 km. Taylor (1975) 
notes that compositional evidence for such deeply excavated mate
rial appears to be lacking. Of course, it could be argued that 
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mantle material excavated by such an ancient structure was later 
thoroughly mixed with lunar crustal material or covered by lunar 
impact and volcanic processes. 

Cadogan {.1974) suggested that the Gargantuan impact removed 
the lunar crust from this area of the moon and that this crust was 
replaced by KREEP basalts. Since KREEP basalts are generally 
thought to be derived from the crust (see Meyer, 1977; Taylor, 
1975), a source for the KREEP which supposedly flooded Gargantuan 
appears to be lacking. Cadogan's figure 2 shows KREEP rising from 
the mantle, which is not generally considered to be a likely source 
region for KREEP. 

One possible solution to the above problem is suggested by the 
morphology of lunar multi-ringed basins. If the rim indicated by 
Cadogan is the outer ring, a smaller ring may represent the true 
crater of excavation. If so, a shallower depth of excavation is im
plied. A smaller impact cratering event would have excavated smaller 
amounts of mantle material and would not have affected as large an 
area of the crust. The possible implications of the Gargantuan event 
are of such importance that further study is warranted. The results 
of research now in progress (E. Whitaker, personal communication) may 

provide evidence to confirm the existence of Gargantuan Basin. 

Other Early Basins 

In addition to Gargantuan, three other very old basins are 
close enough to have affected the Fra Mauro region. These are (1) 
the basin centered near Copernicus (South Imbrium), (2) Nubium 
Basin, and (3) South Procellarum Basin. The relative ages of the 
three impact structures are uncertain, but Wilshire and Jackson 
(1972) indicate that the basin centered near Copernicus formed 

first, and was followed by Nubium, and finally by South Procellarum. 

The basin centered near Copernicus (Wilhelms and-McCauley, 
1971; Howard et al., 1974) is possibly the largest and oldest of 
the three post-Gargantuan Phase IA basins and may have played an 
important role in the early evolution of the Fra Mauro region (Figs. 
XII-1 and 2). While this basin has no formal designation, it is
often informally referred to as the South Imbrium basin and this
usage will be followed in this paper. The characteristics of this
basin have not been described in detail, but its presence is infer
red from a circular and concentric series of topographically high
terra remnants surrounding a regional low which has subsequently
been flooded by mare basalt. Two partial rings have been tenta
tively identified by Wilhelms and McCauley (1971). The state of
preservation indicates that it is one of the oldest recognizable
features in the Fra Mauro region. The degraded state of the rings
makes difficult the confident assignment of these structures to
analogous rings in younger basins (�.,basin rim, transient crater
rim) (Head, 1974; Howard et al., 1974). Although the structure is
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not perfectly circular, an average outer ring diameter of �940 km 
can be determined. The estimated diameter of the inner ring is 
about 600 km. The outer ring-inner ring diameter ratio does not 
permit a unique solution to the problem of ring assignment, since 
the value (�1.57) is slightly greater than either the outer ring
intermediate ring ratios or the intermediate ring-central peak 
ring ratios recently calculated for less degraded lunar basins by 
Head (1976b). Still, there is limited evidence that the inner ring 
of South Imbrium represents the transient crater rim. There is 
little trace of additional rings inside or outside of the two 
recognized rings. It could be argued that a peak ring might have 
existed but was easily destroyed because of its proximity to 
Imbrium Basin. Any ring that formed outside of the mapped outer 
ring should still be visible since it would have been less degraded 
by the Imbrium event. Assuming that South Imbrium was originally 
a 3-ringed basin and that the central peak ring was subsequently 
destroyed by the Imbrium event, the present inner ring would be 
equivalent to the transient crater rim (see Head, 1974; Head, 
1976b). 

If the above arguments are correct, the Apollo 14 site, which 
is about 118 km south of the inner ring and just north of the 
outer ring (Figs. XII-2 and 3), occupies a position with respect to 
South Imbrium that is roughly analogous to that of the Apollo 15 
site with regard to Imbrium. Ejecta thickness calculations suggest 
South Imbrium may have contributed �580 m of material to the Apollo 
14 site. This material was largely excavated from depths in ex
cess of 10 km and should have been subjected to shock pressures 
> 100 kbars. Since ejecta interaction with local material is 
probably not extensive close to the transient cavity rim, the South 
Imbrium ejecta at the Apollo 14 site was likely to have been 
emplaced as a unit consisting primarily of weakly shocked crustal 
material. 

Nubium Basin lies to the south of the Apollo 14 region 
(Wilhelms and McCauley, 1971). This large degraded structure is 

centered at 17 °S, 19 °W (Figs. XII-1 and 2). Several diameters have 
been reported for the associated circular features (195 and 425 km, 
Hartmann and Wood, 1971; 360 km, Short and Forman, 1972; 750 km, 
Stuart-Alexander and Howard, 1970), and there is considerable 
uncertainty in determining which structure represents the crater of 
excavation. McGetchin et al. (1973) estimated that 60 m of Nubium 
ejecta was contributed to the Apollo 14 site if the 360-km ring 
represents the rim of the transient cavity. 

Another Phase IA multi-ringed basin (hereafter referred to 
informally as South Procellarum Basin) lies west of the Fra Mauro 
region in the southern part of Oceanus Procellarum (Wilhelms and 
McCauley, 1971; McCauley, 1973). There is less evidence for the 
existence of this structure than for South Imbrium or Nubium. 
McCauley (1973) noted that this vague multi-ringed structure 
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appeared to control the irregular shoreline of Oceanus Procellarum 
and to explain the alternating structural highs and lows in the 
vicinity of the craters Hansteen and Billy. The outermost recog
nizable ring is almost 700 km in diameter as opposed to an inner 
ring diameter of approximately 450 km. If the inner ring repre
sents the transient cavity rim, South Procellarum could have con
tributed �42 m of .ejecta to the Apollo 14 site. Compared with 
South Imbrium ejecta, the material deposited by the South Procel
larum event (1) was derived from shallower depths within the crust, 
(2) suffered more extensive shock damage (>200 kbars), and (3)
mixed more extensively with local material during deposition.

LARGE CRATERING EVENTS IN THE REGION SURROUNDING THE APOLLO 14 SITE 
(PHASE IB) 

A number of large craters have been mapped in the region 
surrounding the Apollo 14 site (Fig. XII-2). Superposition rela
tionships show that these craters formed after the multi-ringed 
basins of Phase IA but before such relatively undegraded craters 
as Fra Mauro, Bonpland, and Parry. Table XII-1 lists and presents 
data for those Phase IB craters that may have influenced the 
development of the pre-Imbrian stratigraphy of the Fra Mauro region. 
The sequence of listing represents an estimate of the order of 
formation but considerable uncertainty exists. 

One of the earliest events in Phase IB was the formation of 
the 250-km "west Alphonsus" crater (Fig. XII-2). The Apollo 14 
site lies just over one crater diameter from the rim of this struc
ture, and calculations suggest that about 23 m of material that had 
been subjected to shock pressures of at least 140 kbars was depos
ited at the site. While many other large impact structures can be 
recognized in the area generally east of the landing site, only 
"big northeast" appears to have contributed significant quantities 
(�19 m) of ejecta to the pre-Imbrian section of the Apollo 14 
region. 

The area west of the landing site contains at least five 
Phase IB impact structures which appear to have been important in 
the history of the Fra Mauro region because of their size, proxim
ity, and relative age (Table XII-1 and Fig. XII-2). The 135-km 
"northwest" crater is calculated to have delivered the greatest 
thickness of ejecta (206 m) to the Apollo 14 region and is among 
the oldest features which formed during Phase IB. The landing 
site is only about 25 km (0.37R where R = crater radius) from the 
rim crest of "northwest" crater and the bulk of ejecta should 
consist of relatively unshocked crustal material excavated from 
depths not greater than 10-15 km. However, Howard and Wilshire 
(1975) and Hawke and Head (1977) have shown that deposits of 
impact melt can occur around craters of this size and can extend 
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Table XII-1. 

Data concerning the major Phase I craters and basins in 
the Fra Mauro region. See text and Figures XII-1, 2,

and 3 for crater locations and discussion. 

Estimated Distance from Calculated 

CRATER Approximate maximum crater rim to ejected 
PHASE 

diameter depth of Cone Crater thickness 

(km) excavation(km) (km) (m) 

Fra Mauro X 18 2.2 16 5.5 lC 

• "Fra Mauro 2 II 16 2.0 40 0.5 lC 
"Fra Mauro l" 24 3.0 33 2.8 lC 

. 
"east" 8 1.0 5.5 4.8 lC 
"site B" 10 1.2 15 1.2 lC 
"site A" 13 1.6 8 8.4 lC 
"site" 25 3.1 0 150.6 lC 
"north" 22 2.8 43 1.2 lC 

Parry 46 5.8 118 1.0 lC 
Bonpland 59 7.4 115 2.4 lC 
Fra Mauro 95 11.9 22 129.1 lC 
"central B" 17 2.1 24 2.0 lC 
"central A" 27 3.4 14 18.9 lC 
"central" 33 4.1 10 44.6 lC 
"far north" 34 4.2 71 1.4 lC 

"northwest A" 52 6.5 35 20.l lC 
"northwest B". 57 7.1 92 3.7 lC 
"Fra Mauro 3" 61 7.6 82 5.8 lC 

"Fra Mauro 4" 50 6.2 63 5.8 lC 
"Fra Mauro 5" 46 5.8 104 1.4 lC 
"Fra Mauro 6" 65 8.1 123 2.8 lC 
"big northeast A" 40 5,0 58 3.6 lC 
"straight wall" 195 24.4 540 2.5 lB 
"crater near Lalande A" 141 17.6 254 5.5 lB 
"crater near Lalande B" 142 17.8 277 4.6 lB 

"Cognitum" 230 28.8 164 54.5 lB 
"big west" 193 24.1 102 78.5 lB 
"northwest" 136 17.0 25 206�2 lB 
"north Riphaeus" 191 23.9 133 49.5 lB 
"south Reinhold" 122 15.2 178 8.1 lB 
"east cognitum" 173 21.6 135 33.2 lB 
"far east" 121 15.1 178 7.9 lB 

"big northeast" 87 10.9 75 18.7 lB 
"southeast" 96 12.0 145 6.3 lB 
"west Alphonsus A" 120 15.0 221 4.7 lB 

"west Alphonsus" 250 31.2 290 22.6 lB 

South Procellarum 450 56.2 478 41.9 lA 

South Imbrium 598 74.8 118 579.7 lA 
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for distances of up to about lR from the crater rim. Since the 
Apollo 14 site is well within the lR limit, it is likely that 
impact melt deposits, derived largely from the upper portion of 
the "northeast" crater target site, were emplaced in the area of 
the landing site. Large amounts of impact melt remain on the 
interiors of craters of this size (Howard and Wilshire, 1975; 
Dence, 1971), so later impacts on or near "northwest" crater could 
have excavated and ejected solidified melt rock to the 14 site. 
For example, "big west" crater is superimposed on "northwest" 
crater, and this later impact event contributed almost 80 m of 
material to the Apollo 14 pre-Imbrian section. 

Three craters in the vicinity of Mare Cognitum also made 
important contributions of material (�137 m) to the area near the • 
landing site (Fig. XII-2). "Cognitum" crater is the largest 
(D = 230 km) and most recent, and could have delivered about 55 m 
of ejecta that had been exposed to minimum shock pressures near 
100 kbar to the Apollo 14 region. The "east Cognitum" (D = 173 km) 
and "north Riphaeus" (D = 191 km) impact structures contributed 
smaller quantities of less shocked material. 

THE EFFECT OF THE LATER PRE-IMBRIUM BASINS (PHASE IB-IC) 

McGetchin et al. (1973) showed that four additional pre
Imbrian basins had contributed >l m of ejecta to the Fra Mauro 
region: (1) Crisium (4.6 m), (2) Humorum (46.0 m) (3) Nectaris 
(10.4 m), and (4) Serenitatis (23.8 m). Upper crustal material 
deposited at the Apollo 14 site from these relatively distant 
multi-ringed basins should exhibit extensive shock damage and 
could have mixed thoroughly with pre-existing deposits in the 
landing area. These basin-forming events occurred during Phases 
IB and IC and comprise only 8% of the material calculated to have 
been deposited at the Apollo 14 site during this time. The depos
its of the large craters comprise 92% of the total Phase IB and IC 
ejecta deposits, which are calculated to be about 1 km thick. 

THE MOST RECENT PRE-IMBRIUM EVENTS (PHASE IC) 

The locations of a great many Phase IC craters are shown in 
Figures XII-2 and 3, and data concerning those which may have 
affected the landing site are presented in Table XII-1. Most of 
these Phase IC craters are relatively small and contributed only 
minor amounts of ejecta, largely of near-surface origin, to the 
Apollo 14 area. While the larger, nearby Phase IC craters such as 
"central" and "northwest A" did deliver significant thickness of 
ejecta (�65 m), it is clear that the Phase IC deposits are domina
ted by the contributions of the Fra Mauro and "site" craters. 
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Fra Mauro Crater, about 95 km in diameter, lies only 22 km

{0.46 R) south of the landing site. The Fra Mauro event could 
have contributed �129 m of ejecta, the bulk of which was probably 
subjected to only low shock pressures. Since the Apollo 14 site 
is within 1 R of the crater rim, some shock-melted material may 
have been emplaced on top of the weakly shocked bulk ejecta 
deposit. 

The Cone Crater target site was near the inferred rim crest 
of 25-km "site" crater {Fig. XII-3). The relative "youth" and 
proximity of "site" crater strongly suggest that its deposits may 
have dominated the Apollo 14 site area just prior to the Imbrium 
event. Calculations indicate that �151 m of material were excav
ated from depths up to 2-3 km and deposited on the rim of "site" 
crater. The bulk of this rim deposit did not suffer shock damage, 
but small quantities of shock-melted material may have been pre
sent as a veneer, or as thin flows and ponds overlying the rela
tively unshocked bulk ejecta {Howard and Wilshire, 1975; Hawke 
and Head, 1977). 

EVIDENCE FOR PRE-IMBRIUM VOLCANIC DEPOSITS IN THE APOLLO 14 REGION 

The Apollo and Luna missions returned samples which appear 
to represent pre-mare highland volcanic rock types {KREEP basalts, 
,high-Al basalts, high-K Fra Mauro basalts, etc.; see Taylor, 1975). 
Clasts of such material, as well as high-alumina mare basalt, are 
abundant in the Apollo 14 breccias {Wilshire and Jackson, 1972; 
Grieve et al., 1975; Ridley, 1975; Ryder and Taylor, 1976). The 
presence of clasts of probable volcanic origin has often been taken 
as an indication of pre-Imbrian volcanism at the Imbrium target 
site {see Wilshire and Jackson, 1972). However, if the Fra Mauro 
Formation contains a large component of local pre-Imbrian material, 
the igneous clasts could largely be the products of Phase I 
volcanic activity in the Fra Mauro region. There is g·eologic and 
geochemical evidence for pre-Imbrian volcanism in the region: 

(1) The area surrounding the Apollo 14 site is topographically
low, at least in part due to the large Phase I cratering and basin
forming events. Such low regions provide ideal sites for future 
volcanic accumulation. Solomon {1975) noted that the hydrostatics 
of aluminous mare basalt liquids are consistent with the idea that 
these basalts might have partially filled many deep impact basins. 
In addition, any KREEP basaltic liquids that were generated or 
concentrated beneath or within the lunar crust should have risen 
to high levels, because KREEP basaltic liquids have substantially 
lower densities than the highlands crust {Solomon, 1975). Topo
graphic lows could have served to localize this material. 
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(2) Wood and Head (1975) have recently documented the occur
rence of spectrally distinct (red) pre-mare material of possible 
volcanic origin in southeastern Procellarum and Mare Cognitum. 
Malin (1974) suggested that similar areas may represent the sur
face manifestation of pre-mare basalts. Several areas occur as 
smooth plains patches (Herigonius Pi and Eta, and Darney Chi). 
The-se plains occu·r in association with patches of "red" hummocky 
uplands and with portions of degraded Phase I crater rims, such 
as the southern Riphaeus Mountains. Much of the area separating 
the "red" plains unit is embayed by younger mare material indica
ting that the plains may have originally been more extensive. 
The Riphaeus Mountain occurrence suggests that the "red" material 
may have been excava_ted by the 230 km "Cognitum" crater event. 
Wood and Head (1975) suggested that while the plains units may 
have had a volcanic origin, it has been modified by impact proces
ses. They conclude that whatever their specific mode of origin, 
the spectrally distinct materials appear to have originated in 
this region rather than to have been transported from other areas 
of the Moon, and that this material was involved in pre-Imbrian 
cratering in the Cognitum area. 

(3)· Figure XII-4 illustrates the relationship between local
topography and the orbital geochemical data. The ground track 
lies to the south of Fra Mauro Crater and crosses the craters 

-Bonpland, Parry, and Ptolemaeus as well as the Riphaeus Mountains.
'Major changes in chemical composition occur between the highland
region just east of Ptolemaeus and the Bonpland-Parry area.
Imbrium sculpturing occurs in both of these highland areas.
Morrison and Oberbeck (1975) have shown that the percentages of
Imbrium ejecta in the deposits emplaced by secondary craters of
the Imbrium basin are about the same (18%-19%) in both areas, so
it is reasonable to assume that the geochemical changes indicated
in Figure XII-4 reflect changes in the composition of local mate
rial present prior to the Imbrium event. In particular, there is
a dramatic rise in the concentrations of K, U, and Th elements,
which are thought to reflect the distribution of KREEP basalt.
The changes appear to be most pronounced around the topographic
inflection that forms the west rim of Ptolemaeus. Net radio
activity values rise to a peak near Parry, continue high across
the Mare Cognitum-Riphaeus Mountains region, and gradually decline
to the west. The data suggest that a large component of KREEP
rich material is present in highlands and beneath the mare basalts

- in the Fra Mauro region. The correlation of geochemistry with the
decline of elevation around Ptolemaeus (about 4.4 km from the area
east of Ptolemaeus to Mare Nubium) suggests that extensive early
KREEP volcanism may have occurred in the topographically low area
to the west and that some KREEP-rich material was later ejected
into the highlands surrounding Ptolemaeus by the large Phase I
impact events.
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Figure XII-4. Laser altimeter profile and orbital-geochemistry data for a portion 
of the Apollo 16 ground track. Laser altimeter data were supplied by Kaula 
and are presented in the form of altitude deviations from an assumed spherical 
moon of 1738 km radius. The orbital chemistry data are from Adler and Trombka 
(1976) except the net radioactivity values which are taken from Plate II, 

Volume 1 of The Proceedings of the Fourth Lunar Science Conference (Pergamon 
Press, New York, 1973). 



CONCLUSIONS 

(1) The Apollo 14 site is situated on an isolated uplands
area and is surrounded by a number of major Phase I impact 
structures. Many of these craters contributed ejecta to the land
ing site. Calculations suggest that a total ejecta thickness of 
almost 1700 m could have accumulated during Phase I time in the 
area of the ridge on which Cone Crater later formed. 

(2) The majority (55%) of the ejecta in the pre-Imbrian
section at the Apollo 14 site just prior to the Imbrium event was 
contributed by the numerous large Phase IB and IC craters in the 
vicinity and not by the lunar basins. If only the uppermost 1 km 
is considered, the deposits are �92% local crater ejecta. 

(3) Most of the material contributed to the site by Phase I
cratering events was derived from relatively shallow depth within 
the lunar crust and should exhibit a variety of shock effects. 
The landing site lies close enough to the rim crests of four of 
the craters to have received significant amounts of the impact 
melt generated by their formation. A larger number of craters 
probably excavated the melt deposits of pre-existing craters. 
Much of the material deposited at the landing site had probably 
been affected by one or more previous impact events. Such an 
impact history seems consistent with that inferred for the Apollo 
'14 samples. The deposits of "site" crater may be particularly 
important because of its proximity to the landing site. 

(4) Evidence exists for extensiv� pre-Imbrian volcanic
activity in the Fra Mauro region. Early KREEP volcanic deposits 
may have existed in the target sites of many of the Phase IB and 
IC craters and would have been incorporated into their ejecta. 
Later, high-Al mare basalts may have been extruded. 

(5) The deposits of these Phase I cratering events were
excavated by impact of filaments of Imbrium primary ejecta. The 
Imbrium primary ejecta mixed with local, pre-Imbrium material to 
form the Fra Mauro Formation, which was sampled by the Apollo 14 
astronauts. Pre-existing local material and not Imbrium primary 
ejecta may dominate the Apollo 14 sample collection. 
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XIII. GEOLOGY OF THE IMBRIUM BASIN
APENNINE MOUNTAINS AND RELATION

TO THE APOLLO 15 LANDING SITE 

Paul Spudis and James W. Head 
Department of Geological Sciences 

Brown University, Providence, Rhode Island 02912 

INTRODUCTION 

The Apennine Mountains form the southeast portion of the outer 
ring of the Imbrium basin and are part of the most prominent topo
graphy associated with this impact basin. The Apennine region 

· (Fig. XIII-1) was heavily influenced by the Imbrium event, which
was responsible for the emplacement of an extensive ejecta deposit
and the formation of the Apennine scarp (Wilhelms and McCauley,
1971; Hackman, 1966; Carr and El-Baz, 1971). In spite of the
extensive effects of the Imbrium ejecta emplacement, pre-Imbrium
material may be exposed at the surface in this region due to such
factors as structural uplift and exposure (Hackman, 1966); uplift
and shedding of Imbrium ejecta (Carr and El-Baz, 1971); and mixture
of pre-Imbrium material with Imbrium ejecta during deposit emplace
ment (Morrison and Oberbeck, 1975; Hawke and Head, Section XII,
this volume). The Apollo 15 mission explored the base of the
Apennines (Swann et al., 1972) and collected a suite of highland
samples. Detailed geologic mapping of this area has been under
taken to address the following problems: (1) What are the origins
of the major geologic units and structure, and how are they related
to the Imbrium basin event? (2) What are the characteristics and
origin of pre-Imbrium topography, and how did they influence the
Imbrium basin deposits and structure? (3) What effects do these
factors have in determining the provenance of highland samples
co�lected during Apollo 15?

GEOLOGY 

Detailed mapping of the Apennine Mountains has revealed the 
presence of several morphologically distinctive units (Fig. XIII-2): 

Massifs are large positive relief structures that are equant 
to elongate in plan view and greater than 20 km in average 
dimension (type area: 26 °37'N, 4 °7'E; Hadley LTO 41B4). They are 
concentrated on or near the Apennine front and stand distinctly 
higher than surrounding terrain. They define the Apennine scarp or 
front and rise up to 4 km above the terrain toward the basin and 
often stand 1 to 1.5 km above the adjacent Apennine backslope 
(Fig. XIII-4). The topographic distinctiveness and prominence of 
the massifs and their concentration along, and association with, 
the Apennine scarp are evidence for an origin associated with 
structural uplift and Imbrium basin formation. 
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Sub-massifs are positive relief features that are notably 
smaller than the massif units (4-20 km) (type area: 25 °15'N, 3 ° 33' 
E; Hadley LTO 41B4). Sub-massifs are equant to elongate in shape. 
They occur throughout the Apennines but are concentrated near the 
front. Most of the sub-massifs are correlative with mapped pre
Imbrian craters (see Fig. XIII-3) and appear to represent remnants 
of pre-Imbrian crater rim crests. In some cases, particularly near 
the scarp, the sub-massifs may represent fault blocks similar in 
origin to massifs but of smaller dimension. 

Concentrically lineated terrain is comprised of linear ridges 
parallel and subparallel to the Apennine front. Ridges vary from 
1 to 3 km in width and 2 to 12 km in length (type area: 21 °30'N, 
1 °20'E; Conon LTO 41Cl). Most concentrically lineated terrain is 
concentrated at or near the Apennine front. In many areas along 
the Apennine front the concentric lineations are formed by the 
margins of terrace-like segments producing "stairstep" topography 
extending away from the front in both directions. On the basis of 
these characteristics and the association with uplifted massifs and 
zones of major basin deformation (Head, 1976b), parts of this unit 
are interpreted as slump blocks that developed in association with 
the formation of the Apennine front. 

Radially lineated terrain typically occurs within the Apennine 
backslope, usually more than 100 to 200 km from the front (type 
area: 20 °20'N, 6 °15'E; Galen LTO 41C2). This unit consists of 
parallel to sub-parallel linear ridges, similar in size to the 
Imbrium basin (normal to the Apennine scarp). This unit primarily 
represents the product of sedimentary erosional and depositional 
processes associated with the emplacement of basin ejecta (Moore 
et al., 1974; Morrison and Oberbeck, 1975; Head, 1976a). In some 
areas of radially lineated texture the subdued remnants of elongate 
basin secondaries can be recognized, and these crater rim remnants 
make up the ridges that have a pronounced radial orientation. 
Although some radial ridges may represent fractures associated with 
basin formation, no such examples could be positively identified. 

The domical terrain is the most extensive unit exposed in the 
Apennine backslope (type area: 20 °30'N, 7 °30'E; Joy LTO 41B3). 
Relief is moderate to low (less than several hundred meters), and 
morphology is generally domical. The domes are typically on the 
order of 2 to 5 km in size. This unit is gradational in many places 
with other units, particularly the sub-massif unit, and morphologi
cally resembles the Alpes Formation (Page, 1970; Wilhelms and 
McCauley, 1971). Domical terrain is particularly prominent in the 
northern Apennines near Mare Serenitatis. Several origins have 
been proposed for terrain characterized by a domical surface tex
ture. 
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Figure XIII-1. Earth-based photograph of the Apennine Mountains (portion of Plate Cll, U.S.A.F. 

Consolidated Lunar Atlas). 
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Wilhelms and McCauley (1971) interpreted the Alpes Formation 
as erosionally degraded ejecta, structurally deformed pre-basin 
bedrock, or both. Head {1974a) interpreted materials of similar 
morphology between the outer Rook and Cordillera rings of the 
Orientale basin as basin rim radial ejecta that had been modified 
by slumping and formation of a basin megaterrace. In this case, 
movement of surface 4eposits during and just after their emplace
ment was one important factor in producing the domical texture. 
Moore et al. {1974) interpret the same material in Orientale to be 
of impact melt origin. No evidence was found to support an impact 
melt origin for the domical facies in the Apennine area. The 
following observations support an origin related to processes 
closely associated with basin formation and accompanying terrain 
modification, as opposed to long-term degradational processes: (1) 
topographic prominence of domes, (2) preservation of fine elements 
of radial texture, and (3) association of similar facies with 
fresher (Orientale) and more degraded (Serenitatis; Head, 1974b) 
basins, and (4) distribution patterns related to basin and pre
basin topography. 

Several of the geologic units recognized in the Apennines have 
analogous counterparts in the Orientale basin region (Moore 
et al., 1974; Head, 1974a). As in the Apennines, concentrically 
iineated terrain is intimately associated with the outer basin ring 
and the massif units that occur along the Cordillera scarp. The 
concentrically lineated terrain grades into radially textured 
facies away from the scarp in both basins, but the transition is 
better preserved in the younger and fresher Orientale basin. 
Elongate secondary craters radial to the basin are also encountered 
at both basins in this region. A notable difference between 
Imbrium and Orientale is the distribution of domical terrain. The 
domical facies at Orientale (Head, 1974a) is found primarily 
between the middle and outer basin rings. At Imbrium, domical 
terrain is distributed there (Alpes) but is also abundant along the 
Apennine backslope (Fig. XIII-2). 

PRE-IMBRIAN TOPOGRAPHY AND STRUCTURE 

Several large craters and basins (Fig. XIII-3) formed in pre
Imbrian time and exerted a marked influence on subsequent events 
and facies distribution. The topographic prominence of the 
Apennine region is in part due to the preservation of a positive 
terrain segment between depressions produced by pre-Imbrian events. 
The large basin centered near Copernicus (Wilhelms and McCauley, 
1971) is the oldest major feature detected in that area. This 
basin produced the regionally low topography there (Hawke and Head, 
Section XII, this volume) and in the western Apennines, where the 
trace of an outer ring of the basin has been mapped (Wilhelms and 
McCauley, 1971). The abrupt contact between mare and uplands 
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within Imbrium to the southwest of Archimedes (upper left corner, 
Fig. XIII-3) may be explained by the extension of this basin ring 
and its influence on the Imbrium event. The Aestuum basin 
(Wilhelms, 1968) has accentuated this depression in the southwest 
part of the area. A similar regional depression has also been 
produced by the Vaporum basin. The eastern Apennine area was 
radically affected by the formation of the Serenitatis basin, 
which created a large, multiringed depression and emplaced a 
significant ejecta deposit. Much of the eastern map area (Fig. 
XIII-3) lies between the second and outer ring of Serenitatis and
the Imbrium basin rim. Abundant smaller pre-Imbrian craters have
been mapped in the Apennines, and a decrease in density of these
features toward Serenitatis may be attributable to the effects of
ejecta from that event. Just prior to the formation of the Imbrium
basin, the Apennine region was a cratered highland region surround
ed by and strongly influenced by large crater and basin-related
depressions, and dominated by the deposits and topography of the
Serenitatis basin.

Figure XIII-4 shows three topographic profiles across the 
Apennine Mountains (topographic data taken from Lunar Topographic 
Orthophotomaps). Profile A-A' distinctly shows the plateau 
character of the northern Apennines. This plateau is bounded by 
the third Imbrium basin ring and the second Serenitatis basin 
ring, and this fact strongly suggests that pre-existing Serenitatis 
basin topography has controlled the present topographic configura
tion of the Apennines in this area. The greater than four-kilo
meter relief of the Apennine front strongly argues for original 
exposure of pre-Imbrium basin deposits, at least near the base of 
the front. Profile B-B' does not display the plateau character of 
profile A-A', since the second Serenitatis ring is not crossed. A 
very subdued topographic break seen in this profile corresponds 
well with the loc�tion of the third (outer) Serenitatis basin ring 
(Wilhelms and McCauley, 1971; Reed and Wolfe, 1975). An increase 
in slope toward the Haemus Mountains reflects the approach to the 
Serenitatis second ring. Profile C-C' clearly shows the topo
graphic break that corresponds to the edge of the Mare Vaporum 
crater (see Fig. XIII-3). Topographic depressions in the Apennine 
backslope are in part correlated with the presence of pre-Imbrian 
craters (Fig. XIII-3). These topographic data support the idea 
that pre-existing topography (particularly the Serenitatis basin) 
had a profound influence on the distribution of morphologic facies 
in the Apennine·backslope. 

CONCLUSIONS 

The following factors have been important in influencing the 
characteristics and distribution of the geologic units shown in 
Figure XIII-2: (1) Concentration of massif and sub-massif units 
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in the southwest Apennines appears to be due to the concentration 
of pre-Imbrian cratered highland topography there. (2) The more 
subdued morphology of the northeastern Apennines {primarily domical 
facies) appears to be due to the influence of the Serenitatis event 
in smoothing out previously cratered topography. (3) The plateau
like topography and regional slope reversals seen in the northeast 
reflect both Imbrium- and Serenitatis-related topography. (4) The 
more even decay of backslope topography in the central and south
ern regions reflects the effects of other, more subdued, pre
Imbrian topography {Vaporum, Aestuum) on the Imbrian event. (5) 
Many of the sub-massifs are the remnants of pre-Imbrian crater rims 
{compare Figs. XIII-2 and XIII-3). (6) The topographic prominence 
of the massifs along the front, the characteristics and distribu
tion of the concentrically lineated terrain, the truncation of a 
large crater along the front, and the abundance of pre-Imbrian 
craters support a model of basin formation where the outer basin 
scarp {Apennines) has been formed by downfaulting of a megaterrace 
along the base of intense basin rim uplift at a distance of 1.2 
to 1.5 crater radii from the crater rim crest {Head, 1976b). 

Detailed study of the geologic units of the Apennine Mountains 
has provided additional information on Apollo 15 highland sample 
provenance. The importance of major structural uplift associated 
with formation of the Apennine front is further emphasized by the 
geologic mapping and topographic data. The same information, in 
qombination with mapping of pre-Imbrian topography, shows that the 
Serenitatis basin was a dominant factor in the morphologic and 
petrologic characteristics of the Apollo 15 site just prior to the 
formation of the Imbrium basin. Detailed knowledge of the proven
ance of the highland samples collected by Astronauts Scott and · 
Irwin requires an advanced understanding of lunar slope processes, 
since the samples were obtained from talus at the base of massifs. 
However, the regional characteristics and setting of the site can 
provide important guidelines for models of sample provenance. On 
the basis of the preliminary results of this study, the following 
points argue for the importance of factors in addition to material 
derived from the Imbrium crater: (1) The Apennine Mountain scarp 
appears to mark the location of a ring formed outside the Imbrium 
crater rim {see Head, 1974a; 1976b) and is thus not the crater rim 
itself. The mass of crater ejecta falls off exponentially from a 
maximum near the crater rim crest, so less material derived from 
the crater would be expected at this distance. (2) Higher veloci
ties are required to transport material greater distances from the 
crater rim crest. As a consequence, ejecta material impacts at a 
higher velocity and incorporates higher proportions of local 
material into the resulting ejecta deposits {Morrison and Oberbeck, 
1975; Head and Hawke, Sections XI and XII, this volume). Inten
sive structural uplift associated with massif formation raises 
pre7Imbrian material to surface and near-surface levels. 
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(3) Downfaulting associated with basin megaterrace and outer ring 
formation produces a scarp whose relief is locally in excess of 
four kilometers. This value is considerably greater than estimates 
of Imbrium ejecta thickness in this area (see McGetchin et al., 
1973), implying exposure of a considerable thickness of pre-Imbrian 
deposits. 

Primary sources of pre-Imbrian material at the Apollo 15 site 
include Serenitatis basin ejecta deposits (The Apollo 15 site is 
located on the Serenitatis basin rim), local crater deposits (see 
Fig. XIII-3), and pre-Imbrian basin deposits (Vaporurn, Aestuurn, 
basin near Copernicus). Study continues on the significance of 
these factors and their relation to Apollo 15 sample provenance. 
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XIV. REGIONAL DISTRIBUTION OF IMBRIUM BASIN DEPOSITS:
RELATIONSHIP TO PRE-IMBRIAN TOPOGRAPHY AND MODE OF EMPLACEMENT 

James w. Head 
Department of Geological Sciences 

Brown University, Providence, Rhode Island 02912 

INTRODUCTION 

This paper presents a status report and a brief summary of 
preliminary results of a study of the origin and mode of emplacement 
of Imbrium basin deposits and structures. The study has several 
major objectives: 

(1) To determine the geography and geology of the _Imbrium area
prior to basin formation. What effect does this have on ring 
development and deposit emplacement? 

(2) To determine the characteristics of the major ring struc
tures. Which ring represents the crater rim and how did additional 
rings form? 

. (3) To determine the characteristics and distribution of major
·basin-related geologic units. What factors are responsible for 
unit characteristics and variations in distribution? 

(4) What is the relationship of Apollo site geology to the
Imbrium basin? What does the geology of the Imbrium basin tell us 
about Apollo and Luna sample provenance? 

PRE-IMBRIAN GEOLOGY AND GEOGRAPHY 

Pre-event topography, structure, and geology (characteristics 
and distribution of substrate units) are known to have important 
effects on the form and style of the cratering event (Gault et al., 
1968). A major factor in producing regional topographic variations 
in pre-Imbrian time was the formation of basins and large craters. 
Figure XIV-1 shows the location of these features in the Imbrium 
target region. Major crater and basin-related depressions existed 
in an arc from ENE clockwise to SW prior to the event. The arc from 
SW to NW is distinctive in that few remnants of pre-Imbrian or 
basin-related topography are visible through the mare. Although 
there is evidence of some settling of this region during mare 
emplacement (Whitford-Stark and Head, 1977) the area appears to have 
been a topographic depression at the time of the Imbrium event. The 
origin of this depression is uncertain: it may be related to a 
local, degraded impact basin; to a regional basin, such as the pro
posed Gargantuan basin (Cadogan, 1974); to an area of anomalous 
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crustal thickness or thermal history; or to enhanced subsidence due 
to the Imbrium event. From NW to NE, the pre-Imbrian terrain appears 
to have been cratered, but there is little evidence of major basins 
near the Imbrium site (see Lucchitta, in press). 

The Imbrium basin has undergone degradation and mare filling, 
and this produces some uncertainty in the details of ring definition 
and assignment, particularly when compared with the younger and 
relatively unflooded Orientale basin. However, much of the incom
pleteness and some of the eccentricity of the rings may be due to 
the effects of pre-Imbrian topography and structure. Preliminary 
analysis suggests the following: 

(1) The basin centered near Copernicus (BNC) may be responsible
for the patchy nature of the- Carpathian Mountains (Imbrium outer 
ring) (as the Aestuum basin is partly responsible for gaps near 
Eratosthenes), and for the lack of development of the second ring 
of Imbrium, which would have formed largely within the basin center
ed near Copernicus. The extension of the outer ring of BNC across 
the Apennines and into Imbrium coincides with the southwestern edge 
of development of the Imbrium second ring and the highlands near 
Archimedes (see Spudis and Head, Section XIII, this volume). 

(2) The North and South Serenitatis basins and a possible third
basin near eastern Frigoris (see Head, 1976) may combine to cause 
the apparent eccentricity of the Imbrium outer ring (Montes Caucasus) 
in this region. Detailed mapping of this area is presently in 
progress. 

(3) The Central Procellarum depression appears to be responsible
for the lack of prominent development of Imbrium basin outer and 
intermediate rings in this direction. The role of the Gargantuan 
basin, if it exists, would also be significant in this region. 

(4) Pre-Imbrian tectonic structure may be important in causing
local eccentricities and linear segments such as the Alpes Mountains. 
Pre-existing structure controls some basin topography in Orientale 
(Head, 1974a) and in other basins (Head, 1974b, pp. 386-388). 

LOCATION AND CHARACTERISTICS OF BASIN RINGS 

The characteristics of the major rings associated with the 
Imbrium basin have been described by Hartmann and Kuiper (1962), 
Hartmann (1963), and Hartmann and Wood (1971). Dence (1976) has 
emphasized the incompleteness and eccentricity of the rings and has 
suggested an alternative ring configuration that combines components 
of previously mapped second and third rings into a single ring. On 
the basis of morphologic comparisons (Head, 1974a; Howard et al., 
1974), the Apennine ring has been correlated with the Cordillera 
ring of the Orientale basin, the ring of the Imbrium Alpes mountains 
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has been correlated with the Outer Rook ring, and the Imbrium central 
ring of isolated mountains (la Hire, Spitzbergenensis, etc.) has been 
correlated with the central peak ring that forms the Inner Rook 
Mountains. 

Correlations of basin rings with crater features, and models 
for the origin of basin rings, have recently been proposed (Head, 
1977a, b). Examination of the morphology and morphometry of features 
spanning the transition from craters to three-ring basins (diameters 
about 140-435 km) shows that the two rings in peak-ring basins rep
resent a ring of expanded central peaks and a crater rim crest modi
fied (enlarged) by formation of imbricate terraces. Central peak 
ring diameter (Y) shows a linear relation to crater rim crest 
diameter (X) such that Y = 0.56X - 17.55. Examination of the morpho-
logy and morphometry (primarily ring spacing) of features spanning � 

the transition from peak-ring basins to multi-ring basins suggests 
that in three-ring basins the central peak ring is maintained and 
the intermediate ring closely corresponds to the crater rim crest. 
The outer ring apparently forms as a fault near the edge of intense 
structural uplift of the crater rim crest, and a large· portion of 
the rim flank collapses inward to form a wide megaterrace. Forma-
tion of the basin outer ring scarp appears to result from a specific 
change in the style of the modification stage of the cratering 
event, distinct from that of smaller peak-ring basins and craters 
(Head, 1977a). Formation of central peak rings appears to be 
correlated with impact kinetic energy, as opposed to gravitational 
potential energy (Head, 1977b). 

On the basis of ring assignments by Hartmann and Kuiper (1962), 
the central peak ring is 670 km in diameter, the Imbrium crater rim 
is 970 km, and the outer basin rim is 1340 km. The interpretation 
of the Apennine ring as representing failure along the edge of 
structural uplift is supported in the Apennine region by the char
acteristics and distribution of the massifs and concentrically 
lineated facies (see Spudis and Head, Section XIII, this volume). 

Detailed mapping of topography forming the basin rings is in 
progress in order to determine ring location more confidently and 
to distinguish between various crater geometries implied by the 
Dence (1976) or Hartmann and Kuiper (1962) ring assignments. Pre
liminary analysis suggests that (1) pre-Imbrian topography may be 
important in explaining lack of development and eccentricities of 
rings in some areas (see discussion above and Fig. XIV-1), and (2) 
post-Imbrium cratering events (Iridum, Plato, Archimedes) have 
obscured some ring structure. However, analysis of Mariner 10 and 
other imagery taken with a variety of illumination angles reveals 
a scarp underlying Iridum ejecta and extending along the trace of 
the second Imbrium ring of Hartmann and Kuiper (1962), and several 
massifs that can be seen underlying both the Plato and Archimedes 
ejecta deposits along the second Imbrium ring of Hartmann and 
Kuiper. Both the scarp and the massifs tend to extend arcs of 
Hartmann and Kuiper (H/K) rings and thus tend to strengthen their 
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ring assignments. 

The missing basin-facing segment of the Iridum Crater rim 
strongly argues that a major topographic change Cring) existed there 
at the time of the Iridum impact. However, both Dence and Hartmann 
and Kuiper propose rings in that region. 

CHARACTERISTICS AND DISTRIBUTION OF BASIN-RELATED UNITS 

Geologic mapping of basin-related units within and surrounding 
Imbrium is nearing completion. Preliminary conclusions are as 
follows: 

(1) The Fra Mauro Formation lies outside the H/K third ring of
the Imbrium basin. 

(2) The Alpes Formation in the Alpes Mountains is a facies
analog to the domical unit (.Head, 1974a) lying at a similar position 
within Orientale and is interpreted to have formed by the same 
mechanism (deformation of ejecta during slumping of rim and formation 
of megaterrace). 

(3) The Alpes Formation is developed locally in large patches
outside the H/K basin rim at radial distances normally characterized 
by'the radially textured Fra Mauro Formation. The areas of develop
ment are correlated with pre-basin topographic depressions (E, ENE, 
S, SSW) (Fig. XIV-1). The Alpes Formation in these areas may have 
formed by a similar ejecta modification process, perhaps caused by 
deposit instability related to slope variations. 

(4) The distinctive concentrically structured Montes Apenninus
unit (Wilhelms and McCauley, 1971) is restricted to the Apennine 
region. Present studies (Spudis and Head, Section XIII, .this 
volume) support an origin of this unit by structural uplift and 
subsequent downfaulting. Its concentration in the Apennine region 
and the topographic prominence of the massifs forming the Apennine 
ring may indicate preferential structural uplift in this direction. 
One means of producing asymmetric uplift is oblique impact (Moore, 
1976; Moore et al., 1974) with enhancement of structural uplift in 
a downrange direction. 

RELATIONSHIPS OF APOLLO SITES TO IMBRIUM BASIN GEOLOGY 

Studies are continuing on local Apollo site geology and its 
relation to the Imbrium event. In addition to the characteristics 
reported previously (Head and Settle, 1976; Head and Hawke, 1975; 
Head, 1974c) work has recently been completed on the Apollo 14 and 
15 sites and is reported elsewhere in this volume (see Sections XI, 
XII, and XIII). 
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These studies continue to show the significance of pre-Imbrian 
events in the geology of the Apollo 15, 14, and 16 sites, and 
emphasize that many of the samples collected at these sites are of 
local origin rather than ejecta from the Imbrium crater cavity. 
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