
1
9
9
1
L
P
S
C
.
.
.
2
1
.
.
1
3
7
R Proceedings of Lunar and Planetary Science Volume 21, pp. 137-150 

Lunar and Planetary Institute, Houston, 1991 137 

Evolved Hypabyssal Rocks from Station 7, 
Apennine Front, Apollo 15 

G. Ryder 
Lunar and Planetary Institute, 3303 NASA Road 1, Houston, TX 77058 

R. R. Martinez 
Lockheed Engineering Management and Sciences Company, 

2400 NASA Road 1, Houston, TX 77058 

Three 4-10-mm coarse fines cataclasized particles from Station 7 on the Apennine Front, Apollo 15, 
have mineral phases and compositions similar to those in the quartz monzodiorites in 15405, from 
Station 6a. The chemical analyses of the Station 7 particles have lower trace-element abundances and flatter 
rare earth element patterns, and there is considerable disagreement among and between mineral norms 
and modes. The zoning of pyroxenes and the nature of their exsolution strongly suggest a common origin 
of the three particles and 15405 quartz monzodiorites in a hypabys.w environment. The differences then 
are a result of short-range differences in igneous modes considerably exaggerated by unrepresentative 
sampling of coarse rocks in small fragments. The parent hypabyssal rocks crystallized ( 4.35 Ga ago?) by 
fractionation of a poorly defined KREEP basalt magma, before the residual liquid reached any field of 
immisci.bility. An impact event, possibly that funning Aristillus, ejected the upper levels of the 
intrusion, some of the ejecta spraying the Apennine Front. 

INTRODUCTION 

Coarse-grained evolved lunar rocks are the product of 
extensive subsurface crystallization of magmas. For most 
evolved lunar rocks ( such as sodic ferrogabbros, ilmenite 
microgabbros, and granites) the parent magmas, their ages, and 
their crystallization processes have not been established Most 
samples are isolated small fragments; the relationships within 
them (i.e., How much cumulate? How much trapped liquid?) 
and among them ( i.e., Which are from the same pluton? Are 
they related by fractional crystallization?) are not obvious. A 
now well-known example of evolved lunar rock is the quartz 
monzodiorite found as small clasts in impact melt 15405, from 
Station 6a on the Apennine Front (Ryder, 1976; Taylor et al., 
1980). This rock type has very high incompatible-element 
abundances and was dubbed "super KREEP'' by Nyquist et al. 
( 1977). Using ion probe techniques, its zircons were dated 
as 4.35 Ga old (Compston et al., 1984), emphasizing the 
potential for elucidating lunar igneous processes that are 
among the earliest. These quartz monzodiorites ( from now on 
referred to as 15405 QMD) seems to have been derived from 
a KREEP basalt magma, but whether or not immiscibility was 
required in its formation and that of granites remains debated 
(Ryder, 1976; Taylor et al., 1980; Hess et al., 1989). Until 
recently the 15405 QMD have been unique among Apollo 15 
samples and distinct in petrography and chemistry from other 
evolved lunar rocks from other sites ( e.g., Taylor et al., 1980). 
Lunar breccia 15459, from Station 7, contains a sample with 
a mineralogy similar to that of the 15405 QMD (Lindstrom 
et al., 1988), although it contains only 2% silica. 

We have examined thin sections of the coarse fines ( 4-
10 mm) from Station 7 on the Apennine Front, 250 m from 
Station 6a, the locality of the 15405 QMD. We have identified 
three particles that have mineral phases with characteristics 
similar to those in the 15405 QMD. In particular, the particles 

contain finely exsolved Fe-pyroxenes, intergrowths of silica 
with potash feldspar, and evolved accessory phases such as 
troilite, zircon (rare), phosphate, and fayalite. All three 
particles have been severely cataclasized or brecciated, but the 
data presented in this paper suggest that each is dominantly 
the debris of a single lithology. Each has a different mode; we 
name them according to their modes rather than the chemical 
analyses (the mode actually represents more mass). We have 
made detailed petrographic and microprobe studies of these 
three particles, and for two of them we have made bulk-rock 
major- and trace-element analyses. In this paper we present the 
results and discuss the petrogenesis of the lithologies 
represented by the particles, their relationship with the 15405 
QMD, and how they may have reached the Apennine Front. 
Some preliminary results were presented in Martinez and 
Ryder (1989) and Ryder and Martinez (1989). Marvin et al. 
( 1990) have also obtained more fragments of quartz 
monzodiorite related particles from Station 6a fines, adjacent 
to the source boulder of 15405. 

SAMPLFS AND .METIIODS 

The three particles are all from 15434, the coarse fines 
sieved from 15430, which was one of several regolith samples 
collected from the north rim of Spur Crater at Station 7. The 
three were originally cataloged by Powell ( 1972), and from 
macroscopic observations all were grouped by him with tough 
nonmare crystalline rocks lacking igneous textures (,5, a group 
of 12 particles). Thin sections were made, but no work has 
previously been published about them, other than in the 
revised catalog of Apollo 15 coarse fines (Ryder and Sherman, 
1989). The genealogy and subdivisions of the three particles 
(,10, 120 mg; ,12, 620 mg; and ,14, 150 mg) are given in 
Table 1. Figure 1 shows the planned chipping in initial 
processing of the three particles. 
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'L\BLE 1. Genealogy of the three particles. 

Group Particle Location Subsplit Location TS 

,IO 39 mg RSV [ ,51 30 mg RSV ,136 
,178 41 mg P.I. 

,12 23 mg RSV [ ,52 cons. [,138 
,65 238mg P.I. ,139 

15434,5 ,179104mg P.I. 

,14 40mg RSV [ ,54 cons. [,142 
,175 18 mg RSV ,143 
,17622mg RSV 

9 other particles 
RSV= returned sample vault, NASA Johnson Space Center; TS= thin sections or probe mounts. 

(a) 

(b) (c) 

Fig. 1. Presplitting photographs of the three particles. (a) 15434,10 (NASA Photo S-72-32961); (b) 15434,12 (NASA Photo S-72-33595); 
(c) 15434,14 (NASA Photo S-72-32968). 
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TABLE 2. Norms and modes of the three particles and 15405 QMD. 

Phase 15434,10 15434,12 15434,14 15405 QMD 
,136 ,138 ,142 ,51 (a) 

+,139 

Silica 
K-spar 
Plag 
Pyrox 
Ihn 
Troll 
Phosph 

M 

22? 
33? 
<1 
31 

6 
4 
2 

(1) 

N 

15 
13 
13 
53 

2 

3 
(2) 

M N 

3 15 
1 4 

41 28 
53 50 

2 2 
tr 
tr 1 

(3) (4) 

M N M N 

25? 11 15 13 
25? 7 11 12 
20 36 35 30 
30 40 36 39 

4 2 5 
tr tr 

2 1 1 
(5) (6) (7) (8) 

Norms are from data given in Tables 3 and 4. Other phases present not listed in modes include Jilyalite, 
and traces of zircon and ulvospineL Numbers in parentheses indicate rock type: ( 1) = alkali granite; 
( 2) = melagranite or quartz monzodiorite; ( 3) = quartz gabbro; ( 4) = quartz monzodiorite or 
granodiorite; ( 5) = quartz monzodiorite or granite; ( 6) = quartz monzodiorite; ( 7) = quartz 
monzodiorite; (8) = quartz monzodiorite. 

All thin sections were examined with the microscope, and 
microprobe analyses and backscattered images were made on 
one thin section from each sample. The modal data (Table 2) 
were obtained from maps made of these thin sections, with 
phases identified using microscopic observations, microprobe 
backscattered imaging, and microprobe energy-dispersive 
methods. In this study no attempt was made to determine the 
silica polymorph, and it is referred to throughout merely as 
"silica." Microprobe analyses were made using standard 
techniques on the NASA Johnson Space Center OSC) Cameca 
microprobe, using a beam current of about 30 nA and an 
accelerating voltage of 15 kV. Most elements were analyzed 
using kaersutite as a standard; P, Mn, and Cr used phosphate, 
garnet, and chromite standards, respectively. Most analyses 
were made with a finely focused stationary beam, but many 
pyroxene bulk compositions and some areas of fine-grained 
multiphase brecciated materials were analyzed using a beam 
rastering over 20 µm Similar analyses were made of the 
standards and showed no loss in intensity from stationary point 
analyses; multiple analyses on single pyroxenes were consistent 
with each other. Similar analyses were made on a 15405 QMD 
clast for comparison (thin section 15405,57). 

Chemical analyses of 15434,10 and 15434,12 were made 
using microprobe fused bead ( major and minor elements) and 
instrumental neutron activation (FeO, minor, and trace 
elements) techniques at the JSC. A 41-mg chip of 15434,10 
was split into two pieces: One (B) of 14 mg was crushed and 
analyzed by neutron activation, the second piece (A) was 
homogenized by grinding to a fine powder and a portion 
analyzed by microprobe; 13 mg were analyzed in a second 
neutron activation run. A 104-mg chip of 15434,12 was 
homogenized by grinding into a fine powder; a portion (B) 
was analyzed by microprobe and a portion was lost in a 
breakage within the reactor. A second portion (A) was 
analyzed by microprobe and 19 mg analyzed in the second 
neutron activation run. The analyses are given in Table 3. A 
sample of 15434, 14 was allocated to another investigator for 
chemical analysis but was returned unanalyzed. For comparison 
purposes in this paper we tabulate chemical data for a fine-
grained Apollo 15 KREEP basalt analyzed in this study ( among 
the least evolved, but the actual choice is of little significance), 

and for the 15405 QMD. These data are those used in some 
of the figures. We used microprobe rastering techniques to 
analyze parts of 15434,14,142; these data are given in Table 4. 
The norms of the chemical analyses are given in Table 2 for 
comparison with the modes. 

PETROGRAPHY, MINERALOGY, AND CHEMISTRY 
OF CATACLASTIC GRANITE 15434,10 

There is only a single thin section, 15434,10,136, of this 
small particle, measuring 3.5 X 2 mm. The section is wedged 
and plucked, and the particle is cataclasized, all of which make 
petrographic investigation difficult. 

The source rock was originally coarsely crystalline but later 
cataclasized (Fig. 2). The thin section consists mainly of 
pyroxene and intergrowths of potash feldspar with a silica 
polymorph (Table 2). The sample contains much less 
plagioclase ( which is almost absent) than is present in the 
15405 QMD, and it is modally an alkali granite. The mode il! 
subject to large errors because of the coarse grain size, small 
particle size, and obvious heterogeneous phase distribution: 
Any one half of the thin section is quite different from its other 
half The norm of the chemical analysis of one of the chips 
is substantially different from the mode, containing much less 
silica and potash feldspar, and more plagioclase and pyroxene 
(Table 2). The norm is also a granite, but not an alkali granite. 
The difference of the mode and norm emphasizes the 
limitations of small samples, especially those with coarse grain 
sizes such as 15434,10, and demands caution in interpreting 
both the modal and the chemical data. The second chip (B) 
partially analyzed is even less like the mode, with the high FeO, 
Sc, and Co suggesting that this chip contained even more 
pyroxene. 

The heterogeneity of 15434,10,136 has led us to refer to 
it as consisting of four contrasting zones for clarity of 
discussion and analysis (Fig. 2). The original relationships of 
these zones is unknown: The boundaries may be fractured 
igneous grain boundaries, or they may be shear boundaries 
where materials have been' moved into juxtaposition Zone A 
(about 1 X 1.5 mm) contains abundant troilite (20%), ilmenite 
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TABLE 3. Oiemical analyses of 15434,10, 15434,12, and 15405 QMD and Apollo 15 KREEP basalt 
for comparison. 

10178 12179 AI5 KREEP BASALT 
A B A B QMD 15434,189 

MFBwt% 
SiO2 56.9 56.0 56.2 (55.0) 51.6 
TIO2 1.13 1.11 0.93 2.6 1.92 
Al2O3 6.4 9.8 9.8 11.9 16.4 
Cr2O3 0.17 0.27 0.22 0.31 
FeO 17.8 14.7 14.2 14.1 10.0 
MnO 0.28 0.27 0.27 0.18 0.14 
MgO 4.7 5.5 5.0 3.8 9.2 
CaO 8.3 10.5 10.1 8.9 9.8 
Na2O 0.56 0.66 0.71 0.81 0.80 
K2O 2.17 0.72 0.53 2.1 0.55 
P2Os 1.33 0.29 0.25 _M 0.47 
l 99.7 99.8 98.0 (100.) 101.2 

Mg' 0.32 0.40 0.39 0.33 0.62 

INAAwt% 
FeO 18.6 26.2 14.6 9.5 
Na2O 0.52 0.46 0.67 
Cr2O3 0.16 0.15 0.26 0.32 
K2O 0.72 0.55 

INMppm 
Sc 39.3 59.4 42.9 29. 19.6 
Co 23.3 81.4 17.6 8. 19.9 
Rb 62. 43. 18.9 40.6* 15.1 
Cs 0.48 0.46 0.56 I.I• 0.57 
Sr 118. 147. 154.* 197. 
Zr 1043. 727. 788. 1620. 930. 
Hf 30.3 25.3 22.8 44.7 23.5 
Ba 2039. 1560. 745. 1900. 678. 
Ta 3.9 4.9 2.0 10.1 2.61 
Th 23.0 16.4 10.7 39.4 10.55 
u 7.4 4. 3.1 11.1 2.86 
La 65.3 63.7 46.4 183. 63.4 
Ce 174.2 174. 123. 413. 167. 
Nd 101. 74. 
Sm 30.8 34.5 22.9 77.4 28.8 
Eu 1.54 1.34 1.70 2.75 2.45 
Th 7.0 8.2 5.3 5.66 
Yb 29.3 36.I 21.9 55.2 19.6 
Lu 4.26 5.6 3.03 8.2 2.70 

m4Appb 
Au <5. 18.6 <2. 

Mass(a) 13. 14. 19. 14.7 46. 
Mass(b) 27. 14. 104. 104. 14.7 95. 

Mg'= atomic Mg/(Mg+ Fe); (a) mass irradiated; (b) mass homogenized. 15405 QMD data from Taylor et 
al. (1980) and is INAA data for 15405,152 except asterisked data (1\yquist eta/., 1977; D. Blanchard, 
personal communication, 1979; both 15405,85). P2O5 is from modal data. 
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Th.BLE 4. Rastered beam microprobe analysis 15434,14,142. 

Wt% (a)Gl:wyZone (b) Breccia Zone 

Si02 54.0 51.1 
TI02 2.04 0.81 
Al203 12.5 16.9 
Cr203 0.15 0.25 
FeO 14.1 8.7 
MnO 0.17 0.12 
MgO 3.4 10.2 
eao 10.1 10.2 
Na20 1.33 1.05 
K20 1.16 0.25 
P20s 0.85 0.33 
l 99.8 99.9 

Mg' 0.30 0.68 

Nonn 
Qz 11.4 2.8 
Or 6.9 1.5 
Ab 11.3 8.9 
An 24.8 40.8 
Wo 8.3 3.3 
En 8.5 25.5 
Fs 22.9 14.9 
n 3.9 1.5 
Ap 2.0 0.8 

(20%), phosphate (10%), and silica (45%), and less abundant 
fityalite, pyroxene, Fe-metal, and interstitial Si-K-rich glass 
(Fig. 3a ). All these phases occur as small, intergrown crystals; 
most are less than 50 µm across, except for one pyroxene and 
some ihnenites that are 200 µm across. This troilite/ihnenite-
rich zone is similar to some fragments, including some of the 
modally granitic ones, found in the 15405 matrix, and some 
patches in the 15405 QMD (Ryder and Bower, 1977), except 
that in 15434, 10,136 troilite is fur more common than Fe-
metal. Zone B consists almost entirely of finely intergrown 

Fig. 2. Backscattered mosaic of 15434,10,136, showing zonesA 
through D. Bar scale is 100 µm. 

Ryder and Martinez: Evolved rocks, Apollo 15 141 

silica and potash feldspar (Fig. 3b ). Relict individual patches 
of silica/potash feldspar intergrowths are up to 1 mm across, 
and the whole zone B suggests that these intergrowth patches 
were at least 2 mm across. The silica and potash feldspar bands 
are from a few micrometers up to about 20 µm thick. A mafic 
mineral is intergrown in a few places. The zone contains rare 
plagioclase, zircon, phosphate, and ilmenite. Zone C is 
dominantly pyroxene with some ihnenite and rare plagioclase. 
The pyroxene is finely exsolved (Fig. 3c ). Relics show that 
originally pyroxene grains were at least 2 mm across. Zone D 
consists mainly of pyroxenes, phosphates, some silica-potash 
feldspar intergrowths, and troilite. Its distinctive feature is that 
its pyroxenes show much finer exsolution (Fig. 3d) than those 
in zone C, and its phosphates are large: One grain is 400 µm 
across. 

The pyroxenes are dominantly ferroaugite and coexisting 
ferropigeonite, as shown by microprobe analyses (Fig. 4) and 
backscattered images. Pyroxenes in zone C have regular, 
parallel-sided lamellae of the host and the exsolved phase 
(Fig:;. 3b). The host lamellae are about 4-6 µm wide; the 
exsolved lamellae are about 1-2 µm wide. Because of the 
catadasis, it is impossible to see how many subgrains originally 
existed in zone C; it might have been dominantly a single grain 
that was a compound of ferropigeonite and ferroaugite, such 
as are present in 15405 QMD (Fig. 5 ). In zone D the pyroxene 
relics are smaller; they have much finer exsolution, and the 
lamellae are less regular and partly spindle-like. Their 
boundaries with potash feldspar/silica intergrowths appear to 
be primary. In zone A the pyroxenes do not appear to be 
exsolved at all. 

The potash feldspar and the silica are invariably intergrown 
except in zone A, in which silica occurs as discrete grains and 
potash feldspar is interstitial. The silica is fairly pure, with small 
amounts of Al and Fe being the dominant trace elements. The 
compositions of the feldspars are shown in Fig. 6a The potash 
feldspar is no more potassic than Or91, and has a range to more 
calcic compositions. The plagioclase is dominantly a sodic 
variety and is the most K-poor compared with correspondingly 
sodic plagioclases in 15434,12, 15434,14 (Figs. 6a-c), and 
15405 QMD. The ihnenite contains less than 0.5% MgO. The 
phosphate is whitlockite ( CaO -41 %; P20 5 -39% ). The olivine 
has a composition of Fo19.20. 

The two analyses for bulk chemistry of 15434,10 (Table 3) 
differ in FeO, Co, and Sc, with subsample B having an 
apparently higher pyroxene content than subsample A The 
Mg' is consistent with the mineralogy in showing an evolved 
composition. Neither sample showed Ni above detectability 
limits of about 40 ppm, so there is no appreciable meteoritic 
contamination of the sample. The low Al20 3 of chip A shows 
that the chemical analysis is surely not that of a liquid 
composition; either the analysis is not representative of the 
parent rock, or the parent rock is a feldspar-deficient cumulate. 
The modal analysis shows a lack of plagiodase that the 
chemical analyses demonstrate is present, and so cannot be 
representative of the parent lithology either. 

The rare earth element (REE) abundances and chondrite-
normalized patterns of the two subsamples are generally 
similar. However, subsample B has slightly higher heavy REE 
than A ( consistent with B containing more pyroxene), and 
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Fig. 3. Backscattered images of 15434,10,136. Bar scales are lOOµm. (a)ZoneA: black areas are silica and feldspars, intermediate gray is 
fuya.lite, very pale gray is ilmenite, and white is troilite. (b) Zone B: silica-potash feldspar intergrowth. Bright grain at right is large phosphate 
in zone D. (c) Zone C: thin lamellae of ex.solved pyroxene. Apparent curvatures and black areas result from the thin section being plucked 
( d} Zone D: spindly ex.solution lamellae in pyroxene, thinner than those in zone C. Bright grain at top is troilite. 

~~-+-'.~;iii":---
-

40 20 

++ 15434,10,136 
• • 15434, 12, 138 
o 15434, 14,142 

Fs 
Fig. 4. Compositions of pyroxenes in 15434,10, 15434,12, and 
15434,14 plotted on part of the pyroxene quadrilateral. Large symbols 
are bulk grains; small symbols are individual lamellae analyses. lie lines 
join some adjacent points on grains. 

Fig. 5. Backscattered image of composite, ex.solved pyroxene in 
quartz monzodiorite in 15405,57. Bar scale is 100 µm. Darker lamellae 
are high-Ca pyroxene. 
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lower abundances of the other incompatible elements Ba, Rb, 
Zr, Hf, U, and Th The REE patterns are much flatter than 
typical KREEP samples as exemplified by basalt 15434,189 or 
the 15405 QMD (Fig. 7). Most of the incompatible-element 
abundances are much lower than those of the 15405 QMD 
(Figs. 7 and 8). 

PETROGRAPHY, MINERALOGY, AND CHEMISTRY 
OF CATACLASIZED FE QUARTZ GABBRO 15434,12 

The largest of the three particles is rather mottled and 
obviously not of pristine igneous texture. The two serial thin 
sections (, 138 and , 139) are similar and show a brecciated 
particle about 3 X 2 mm with light and dark bands (Figs. 9a,b). 

The source rock was originally coarsely crystalline (probably 
several millimeters for both plagioclase and pyroxene) but 
later cataclasized Most of the dark material is pyroxene, and 
the light bands are dominantly plagioclase. These two phases 
dominate the mode, with silica a minor phase (Table 2). 
Potash feldspar is even less common than silica, with which 
it is almost exclusively intergrown; the silica also occurs as 
discrete grains. Other accessory phases, mainly ilmenite, 
troilite, phosphate(?), and fayalite, are scattered through the 
thin sections. Modally the sample is a quartz gabbro. The 
norms of the two analyses of the homogenized powder show 
a much higher abundance of silica, more potash feldspar, and 
less plagioclase than does the mode. The norm is a quartz 
monzodiorite or granodiorite. 

Pyroxene, the most abundant phase, occurs in cataclasized 
areas more than a millimeter across, though individual relics 
are generally less than 200 µm Bulk pyroxene compositions 
show that ferroaugite and ferropigeonite coexist (Fig. 4). All 
pyroxenes show prominent exsolution, for the most part into 
simple thin parallel lamellae, with the host phase 5-10 µm 
wide and the exsolved phase 1-3 µm wide (Fig. 10a). One area 
is a single continuous complex domain ( 500 µm) of pyroxene 
consisting of multiple subgrains ( 100 µm and smaller) with 
different directions of exsolution (Fig. 10b ). Although the area 
is partly crushed, this unusual texture is a relic, not brecciated 
particles sintered together. Within this domain are plagioclases 
with igneous ( or metamorphic) grain boundaries with the 
pyroxene. The ferroaugites have a total range of compositions 
of nearly 20 mol% Fs; the ferropigeonites have a smaller but 
still significant range (Fig. 4). Tie lines between adjoining 
ferroaugites and ferropigeonites are parallel, but the most 
magnesian ferroaugites do not have corresponding ferropigeo-
nites. The domain shown in Fig. 10b has a range of no more 
than 3 or 4 mol% Fs in its ferroaugite, but the cataclasized 
patch in continuity with it ( and including plagioclases) in-
cludes more magnesian varieties. It appears that grains were 
zoned prior to exsolution and did not homogenize over dis-
tances of 1 or 2 mm while uniformly exsolving over distances 
of a few micrometers. 

Fig. 6. Compositions of potash and plagioclase feldspars in 15434,10, 
15434,12, and 15434,14. Upper part of each diagram shows the potash 
feldspar compositions, lower part the plagioclase feldspar 
compositions. 
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Fig. 7. Rare earth elements in 15434,10 and 15434,12 (data from 
Table 3) normalized to chondrites. Data for the 15405 QMD and for 
KREEP basalt 15434,189 are shown for comparison. 
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Fig. 8. Trace-element chemistty of 15434,10, 15434,12, and the 
15405 QMD, normalized to the KREEP basalt 15434,189. The 
elements are organized into four separate groups: large ion lithophile 
(Llls), rare earth elements (REEs) and Sr, small ion lithophiles (Slli;), 
and transition metals. The patterns for all three samples are roughly 
similar but clearly fractionated from the KREEP basalt, potentially 
similar in chemistty to a parental magma The main fractionations are 
for elements compatible during KREEP fractionation of plagioclase 
feldspars and pyroxenes: Eu and Sr, and TI, Cr, and Co. Among the 
incompatible elements, P, K, and Cs are the most inconsistent. 

Fig. 9. lmages of 15434,12,138. (a) Composite transmitted light 
photomicrograph of the entire thin section, showing the cataclasized 
mottled texture. light areas are feldspathic, dark are pyroxene-rich. 
(b) Backscattered image of 15434, 12,138. Bar scale is 100 µm. 
Brightest areas are pyroxenes. Most of the field is cataclasized 
plagioclase, with a few grains of intergrown silica and potash feldspar. 

The zones of plagioclase consist of extremely crushed grains, 
with rare relics as large as 200 µm (Fig. 9b ). The plagioclases 
have a wide range of compositions, with most in the range 
An70-65 (Fig. 6b ). The plagioclase-rich zones include silica 
grains and silica-potash feldspar intergrowths; only one silica 
grain is as much as 100 µm across. Potash feldspar is 
uncommon, and where present is almost invariably intergrown 
with silica The potash feldspar has a range of compositions, 
slightly different from that in 15434, 10 in that the most K-rich 
grains are Or94 (Fig. 6b). At one end of thin section 15434,138 
there is a patch 500 µm across consisting dominantly of 100-
µm fragments of silica-potash feldspar intergrowths in which 
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rare patches of potash feldspar reach 50 µm across and are 
among the most Or-rich. Adjacent. to or part of this zone is 
one of crushed plagioclase, silica, pyroxene, ilmenite, and 
fuyalite. The plagioclase in this zone includes the most sodic 
we analyzed 

The ilmenites are all small, irregular grains, none as much 
as 100 µm across, and they appear to be randomly distributed. 
They are low in magnesium (MgO 0. 7-0.9%). Fayalite has been 
identified only in the zone mentioned and occurs as tiny grains 
(Fo21.3). Zircon, troilite, and phosphate are present but rare. 

The chemical composition of 15434,12 (Table 3) is evolved 
in its Mg' of 0.40, more so than most mare basalts, for instance, 
though not as much as the 15405 QMD or 15434,10. It could 
represent a magma composition. but its alumina is a little low, 
and the discrepancy with the mode suggests caution in 
accepting representivity. The high Au suggests (meteoritic?) 
contamination. but the sample can contain little meteoritic Ni 
(less than about 60 ppm) or Co. The petrography suggests that 
there is little possibility of contamination with other lunar rock 
types, even if there is meteoritic contamination. 

The REE abundances are even lower than in 15434, 10, and 
the pattern is similarly flat (Fig. 7). Most of the incompatible-
element abundances are as low or lower than in a typical 
Apollo 15 KREEP basalt (Fig.5. 7 and 8). 

Fig. 10. Backscattered images of 
pyroxenes in 15434,12,138. Bar 
scales are 100 µm. (a) 1ypical area 
of crushed high-Ca pyroxene wilh 
regular thin lamellae of Fe-
pigeonite. Dark and bright inter-
stitial areas are a result of cataclasis, 
differential plucking, and polishing 
materials. (b) Area of complex 
intergrowth of high-Ca pyroxene 
and low-Ca pyroxene and ex-
solution. The apparent contortions 
are not from crushing and/ or 
recrystallization, unless lhe original 
miscibility gap was retained 
through such event. The black 
areas in lhe center are plagioclases; 
those around the edges are a 
mixture of plagioclases and 
plucking effects. 
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PE1ROGRAPHY, MINERALOGY, AND CHEMISTRY OF 
CATACLASTIC QUARTZ MONWDIORITE AND 

HOST BRECCIA 15434,14 

Sample 15434,14 appears to have been a single particle 
(Fig. 1), but the two serial thin sections (15434,142 and 
15434,143) contain three and four particles, respectively, with 
dimensions up to 3 X 1.5 mm. The fourth particle is an 
Apollo 15 KREEP basalt and will not be discussed further. The 
other three comprise similar lithologies: a fine-grained breccia 
host, a catadasized evolved silicic rock, and small areas of 
glassy breccia, in differing proportions (Fig. 11). In the absence 
of processing information or photographs, we assume that the 
sample fell apart during processing and that the KREEP basalt 
was a clast in the host breccia We have designated the three 
particles in 15434,142, on which we have made all our 
microprobe analyses, as A, B, and C (Fig. 11 ). The breccia 
matrix is most prominent in A, is present in B, and is absent 
from C. The glassy breccia is most prominent in B. 

cataclastic Quartz Monzodiorite 

The evolved silicic part of 15434,14 is extremely catadas-
ized; in A it is partly interfingered with the host breccia Most 
of its grains are less than 40 µm across, and large monomin-
eralic zones such as characterize 15434,10 and 15434,12 are 
rare. However, a few relics as large as 500 µm are present 
(Figs. 11 and 12a). The severe cataclasis makes the general 
appearance much darker than for 15434,10 or 15434,12. 

The evolved cataclasite consists mainly of silica, potash 
feldspar, plagioclase, and pyroxenes. The mode is that of a 
quartz monzodiorite or granite (Table 2). Much of the silica 
and potash feldspar occur intergrown, but silica occurs in 
discrete grains as much as 200 µm long. The pyroxene occurs 
as relics up to 300 µm across. Small amounts of fayalite, 
phosphate, troilite, and ilmenite are present, with trace 
amounts of zircon and zoned ulvospinel. The glassy breccia 
areas have a norm of quartz monzodiorite with an evolved Mg' 
of 0.30, similar to the 15405 QMD and 15434,10. They differ 
from the mode of the evolved catadasite in 15434,14 in having 
a rather higher proportion of plagioclase. The composition of 
the glassy breccia is very similar to that of the 15405 QMD, 
the major difference being the higher abundance of K in the 
15405 QMD ( -2% K2O in the 15405 sample, -1 % K2O in 
15434,14 glassy breccia). The composition of the glassy 
breccia may well be the best estimate for the bulk composition 
of the 15434,14 quartz monzodiorite. 

The pyroxenes consist of ferroaugite and ferropigeonite, and 
all grains are exsolved The compositions and the exsolution 
features are similar to those in 15434,10 and 15434,12 but 
less of the more magnesian pyroxene is present (Fig. 4). Some 
grains show subgrains with differing or complex orientations 
of exsolution lamellae. Several show extensive postexsolution 
deformation One Fe-rich grain in fragment A has a rim of 
fayalite and silica (Fig. 12b). 

A few relict plagioclases are as large as 500 µm, but most 
have been cataclasized and brecciated to less than 100 µm. 
They show a range from Anss to An55, with most among the 
more calcic compositions (Fig. 6c ). The plagioclases in 
15434, 14 have lower Or contents than do their corresponding 

compositions in the 15405 QMD and 15434,12. The small size 
of the relics precludes obtaining information on any original 
zoning that there may have been in the plagioclases. 

Patches of silica-potash feldspar intergrowths are common. 
Although few individual relics are larger than 100 µm, zones 
up to several hundred micrometers are present. The inter-
growths mainly consist of roughly parallel bands of each 
mineral up to 20 µm wide, but blebby intergrowths are also 
present. Silica also occurs as discrete fragments up to 300 µm 
across, with adjacent plagioclases. There are a few discrete 
potash feldspars up to 100 µm across, and in some cases silica, 
potash feldspar, and plagioclases show mutual relict bound-
aries. The potash feldspars show a range of compositions, the 
most calcic having about 30 mol% component of an interme-
diate plagioclase composition (Fig. 6c ). 

Fayalite grains, including that in the intergrowth with silica 
on the rim of the pyroxene shown in Fig. 12b, have compo-
sitions of Fo17• llmenites contain only 0.48-0.81 % MgO, while 
the ulvospinel, which is a very rare phase, has a compositional 
range from 14.6% TiO2, 31% Cr2O3, 5% Al2O3, and 0.44% MgO, 
to 40.7% TiO2, 9.2% Cr2O3, 1.6% Al2O3, and 0.54% MgO. The 
phosphate is a whitlockite. 

Host Breccia 

The host breccia of the evolved cataclasite, most prominent 
in particle A, consists of two contrasting materials: an opaque 
fine-grained breccia and schlieren of coarse feldspathic 
materials (Fig. 11 ). The fine-grained breccia contains small 
rounded dasts, most of which are plagioclases, but others 
include mafic, silica, and opaque grains (Fig. 12c). The bulk 
composition (Table 4) is basaltic, but it differs from Apollo 15 
KREEP basalts ( including the melt matrix of 15405) in its 
lower Ti and K contents, and differs from low-K Fra Mauro 
basclt in its high Si content. The coarse schlieren are 
dominantly calcic plagioclase (~s-%; Fig. 6c), with low-Ca 
pyroxene (En75Wo6; Al2O3 4%) that appears to lack exsolution 
This rock type may represent a ferroan anorthosite. Neither 
the host breccia nor the coarse feldspathic schlieren have any 
close relationship with the cataclastic quartz monzodiorite. 

RELATIONSIIlPS AMONG TIIE SAMPLES 
AND TIIE 15405 QMD 

The modes and norms for these three cataclasized evolved 
silicic rocks differ, ranging from quartz gabbro to granite. 
However, the small sample sizes and the differences between 
norms and modes of individual rocks preclude any conclusions 
on the basis of these data alone as to whether these samples 
represent different or the same source rocks, or what the 
mode of the source rock might have been An average of all 
the modal and normative data is quartz monzodiorite. 

In contrast, the petrographic and mineral data suggest that 
all three samples were derived from a single source similar to 
that of the 15405 QMD. In particular, the pyroxene compo-
sitions and style of exsolution of all three particles and that 
of the 15405 QMD are identical, presumably reflecting a 
common magma and thermal history during crystallization and 
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Fig. 12. Backscattered images of 15434,14,142. (a) Extremely crushed particle B. Most of the particle consists of the evolved lithology, with a portion of breccia visible in upper left comer. The light areas are mainly pyroxenes, the darker mainly plagioclases. (b) Evolved lithology part of particle A Bar scale is 100 µm. Exsolved pigeonite (center) with a mantle of intergrown fuyalite ( light color) and silica ( dark color). ( c) Host breccia part of particle A Bar scale is 100 µm. The material is finely ground with possibly a melt matrix. The dark grains are plagio• clase clasts. 
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· subsequent cooling. There is a common range of both Mg' and 
miscibility gap between high- and low-Ca pyroxenes that 
originally crystallized. Subsequently, these pyroxenes exsolved 
to produce lamellae with a second consistent miscibility gap, 
with similar lamellae widths. The range of pyroxene compo-
sitions analyzed in each sample is wider than that analyzed in 
this study in a single thin section of a fractured but not 
cataclasized 15405 QMD (15405,57). However, the range is 
not wider than that reported for 15405 QMD in total ( e.g., 
Takeda et al., 1981). The pyroxene compositions and 
exsolutions strongly suggest that these samples, and the 15405 
QMD, came from the same part of a single pluton If not, their 
common mineralogical features are coincidental. 

Nonetheless, not all the features are identical. For instance, 
15434,12 has a higher Mg', and the plagioclases in 15454,10 
have lower Or contents at a given An content than the other 
samples. These differences do not require separate sources. In 
all cases both plagioclases and pyroxenes show a range of 
compositions. In the late stages of crystallization in a dry 
viscous magma with trapped liquid ( as the zoned crystals 
imply), there are likely to be differences in crystallization over 
short distances, leading to both modal differences and 
compositional differences. The modal differences could have 
been enhanced during the mechanical breakup of the pluton; 
15434,12 appears to have a greater proportion of less-evolved 
high-Ca pyroxene (Fig. 4 ), which is responsible for its higher 
Mg', but its range of pyroxene compositions is similar to that 
of the other samples. This could have resulted from crystal-
lization processes or breakup processes ( nonrepresentative 
sampling) or both. The Station 6a fragments also show some 
differences from, as well as similarities with, the 15405 QMD, 
leading Marvin et al. ( 1990) to conclude that they are closely 
related to the 15405 QMD. 

The trace-element abundances of the two analyzed particles 
described here show some similarities to each other but 
differences from the 15405 QMD. In particular, the flatness of 
the REE pattern and the low abundances of the REE are 
surprisingly similar to each other ( while distinct from that of 
the 15405 QMD) if they are really closely related but subject 
to random phase sampling. The other trace-element patterns 
and ratios are roughly similar to those in the 15405 QMD, 
except for a strong depletion of Cs and enrichment in K in 
15434,10 (Fig. 8). Because the nature of the pyroxenes is 
compelling that the samples are closely related, the chemical 
differences perhaps emphasize the difficulties in using bulk 
chemistry of small but coarse-grained samples to elucidate 
igneous processes without considering how unrepresentative 
they might be. Evidently, compared with the 15405 QMD 
samples, and others such as the 14161 fines particle of QMD 
Uolliff, 1990), the three particles described here lack an 
important contributor of REE, such as trapped liquid or 
phosphate. However, that is not evident from the Kor P values 
in the chemical analyses. (Unfortunately, the critical element 
P was never analyzed in the 15405 QMD, and its abundance 
was estimated from the mode). The REE component of 15405 
that is lacking in the particles described here must then be 
largely independent of K (presumably extracted from the 
liquid as potash feldspar) and P (presumably extracted from 
the liquid as phosphate). 
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THEIGNEOUSIDSfORYOFTHE 
QUARTZ MONZODIORITF.S 

The mineralogical characteristics of the three Station 7 
particles described here, and the 15405 QMD, strongly suggest 
a hypabyssal origin The pyroxenes are exsolved, suggesting a 
subsurface, slowly cooled environment, but they are not so 
coarsely exsolved as to suggest a very slow cooling such as 
in the Stillwater. The pyroxenes and plagioclases also show a 
wide range in compositions inconsistent with adcumulate 
growth and suggestive of abundant trapped liquid (perhaps 
100%, but still not representatively sampled) and lack of 
equilibration over even small distances during cooling. The 
texture of the 15405 QMD is that of a coarse basalt; the 
plagioclases in particular are laths rather than equant These 
features suggest a hypab~ environment such as a thick sill. 
Intergrown pyroxene features similar to those observed in the 
15405 QMD (Fig. 5) are found in the Palisades Sill (e.g., 
Walker, 1969). 

The three Station 7 particles and the 15405 QMD are 
distinct from other samples. If this lithology formed in a 
fractionation sequence from KREEP basalts, then several 
potential members of that sequence are missing. One is the 
lack of magnesian cumulate members of such a sequence; all 
KREEP basalts studied appear to be very close to liquid 
compositions with little accumulation of pyroxene or 
plagioclase. None contain pyroxenes with exsolution The most 
fractionated has an Mg' of 0.55, much more magnesian than 
even 15434,12 (Mg' 0.40). There are no recognized more-
evolved or less-evolved samples that could be related to these 
samples, either granitic or basic, with the possible exception 
of an alkali norite from 15405 described by Lindstrom et al. 
(1988). [The granitic particles described by Ryder (1976) are 
probably unrepresentative fragments of QMD, like the 
fragments described here.] This lack of related samples might 
be consistent with a hypa~ intrusion that was sampled only 
as deep as a high residual layer; the upper part of the Palisades 
for instance lacks exsolution or distinct cumulate features, and 
there is a fairly abrupt break from essentially basaltic rocks 
downward into the later silicic differentiates of the intrusion 

Experiments of Hess et al. ( 1989) showed that crystalliza-
tion of an Apollo 15 KREEP basalt could produce liquids 
similar to the Station 7 particles and the 15405 QMD in 
composition prior to the onset of immisdbility (his Table 1, 
columns 3 and 4 ), although such liquids tend to be a little less 
magnesian and distinctly more titanian. Given our incomplete 
knowledge of how much acccumulation there is in the natural 
samples, the match appears reasonable. The temperature of the 
experimental evolved liquids is in the region 1080° -1040° C, 
which is clearly appropriate for the pyroxene miscibility gap 
produced in the natural samples according to the temperature 
contours on Fig. 4 ( assuming the effects of minor elements are 
negligible). Thus, the chemical and mineralogical characteris-
tics of these samples are consistent with derivation by 1 

fractional crystallization of an Apollo 15 KREEP basalt magma 
in the upper part of a shallow intrusion, and prior to the onset 
of immiscibility. (If immiscibility subsequently set in, then our 
samples do not include recognized examples of its products.) 
However, the low REE in the Station 7 samples demonstrate 
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that the chemical analyses of these particles avoided the 
necessary REE that such an origin implies, either by sampling 
or because the source rocks did not include this component. 
The Zr age of 4.35 Ga for the 15405 QMD (Compston et aJ., 
1984) is of course inconsistent with an origin from Apollo 15 
KREEP basalts themselves, but a poorly defined magma similar 
to the Apollo 15 KREEP basalts is a possible parent. Other 
origins are of course possible. 

ARRIVAL AT 1llE APENNINE FRONT 

The 15405 QMD occur as fragments with Apollo 15 KREEP 
basalt fragments in a single boulder at Station 6a ( Ryder, 
1976), and debris probably eroded from it (Maroin et aJ., 
1990). The melt matrix of the boulder was probably created, 
from a KREEP basalt source terrain, about 1.3 Ga ago 
(Bernatowicz et al., 1978). This event may have been the 
Aristillus event, both creating the melt and ejecting it as far 
as the Apennine Front. Recent impact heating ages for some 
Apollo 15 KREEP basalts have been interpreted as dating the 
Autolycus event (Ryder et aJ., 1990), requiring Aristillus to be 
younger than 2.1 Ga. The Aristillus target area is in an 
appropriate terrain for KREEP basalt melting and evacuation, 
although the target site may have included mare basalt as well 
(P. Spudis, personal communication, 1990). The Station 7 
QMD-related particles presumably arrived on the Apennine 
Front at the same time if they came from such a distant source, 
and we concluded above that they were very closely related 
to the 15405 QMD. Dating of these Station 7 particles would 
be a test of this "common-source" hypothesis: They, too, might 
provide evidence of heating at 1.3 Ga. An alternative is that all 
these fragments are much more local in origin than Aristillus; 
in that case, no similarity of age with the 15405 QMD heating 
is necessary. 
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