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Spinel cataclasites in 15445 and 72435: 
Petrology and criteria for equilibrium 
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Abstract-Spine! cataclasite clasts occur in a small number of Apollo 15 and 17 breccias. In thin 
section a new clast from 15445 contains about 44% olivine (Fo 92), 15% plagioclase (An94 _ 98), 6-7% 
pleonaste spine!, 2-3% aluminous orthopyroxene (En91), and 32% matrix. Equilibrium Fe-Mg ex-
change criteria (olivine-orthopyroxene; olivine-spine!) suggest that this clast is monomict. The high 
AbO3 concentrations (4.1-6.0 wt.%) at low TiO2 and Cr2O3 values in the low-Ca pyroxenes indicate 
that the clast has probably not suffered prolonged impact-related thermal metamorphism. Two spine! 
cataclasite clasts in 72435 are more feldspathic (83-89% plagioclase) and have less Mg-rich mafics 
(e.g., Fo12-74; En61-19) than the 15445 clast. Fe-Mg exchange criteria indicate that the two 72435 
clasts contain non-indigenous low-Ca pyroxene and spine! grains. Ti to (Al minus Cr; atomic) ratios 
in the low-Ca pyroxenes that show an equilibrium Fe-Mg relationship with the olivine range from 
-I: 10 to 1 :2. This suggests that these pyroxenes may have suffered partial and in some cases complete 
re-equilibration of Ti and Al to surficial ratios. 

INTRODUCTION 

In a companion paper we stressed that the formation of the lunar crust cannot 
be understood without information on its petrologic and geochemical structure 
(Herzberg and Baker, 1980). Although a suite of chemically-pristine relicts of the 
original lunar crust has been identified (Warren and Wasson, 1977; 1978; 1979), 
the crust's petrologic structure still remains largely unknown, due in part to 
problems imposed by the geochemical and mineralogical diversity of the pristine 
samples. For example, does the abundance of any particular pristine rock type 
reflect its volumetric abundance in the crust? Were the different rock types dis-
tributed in petrologic units, and if so, what are the vertical and horizontal rela-
tionships between these units? The fundamental problem appears to be one of 
defining the stratigraphic relationships between pristine samples for which geo-
chemical and petrologic data are known or obtainable. 

Petrologic methods widely used by metamorphic petrologists offer one ap-
proach to this problem by enabling depth determinations to be made on certain 
lunar highland clasts (Herzberg and Baker, 1980). The two fundamental elements 
of such methods are: establishing the existence of equilibrium among the coex-
isting phases in the rock, and applying experimentally determined phase equilibria 
in temperature-pressure-composition space to the natural assemblage. For the 
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spinel cataclasites (plagioclase, olivine, orthopyroxene, pleonaste spinel ± cor-
dierite) phase equilibria and resulting temperatures and pressures of formation 
are discussed in detail by Herzberg and Baker (1980), along with inferences on 
the structure of the lunar crust. In this paper we concentrate on the first of the 
above two elements by presenting petrographic and mineral chemistry data on a 
new spinel cataclasite from 15445 (clast H), and more extensive data than has 
previously been available on two clasts in 72435. Criteria useful in reconstructing 
the original petrology of these and other spinel cataclasites are addressed by 
considering equilibrium among the different phases, i.e., the mono- or polymict 
nature of these cataclasized samples. Finally, the role of impact processes in 
disturbing the equilibria are discussed. 

ANALYTICAL TECHNIQUES 

Chemical compositions of the mineral phases were measured with an automated 
MAC-400 electron microprobe using an accelerating voltage of 15 ke V and a 
sample current of ~0.04 µamps (on willemite). Each elemental analysis was in-
tegrated over a 20-second counting time. Data reduction was done using an it-
erative routine that corrects for background, absorption, fluorescence and atomic 
number effects. All the data points plotted on the various diagrams represent 
complete analyses for 8 or 9 elements with oxides totaling 100 ± 1.5 wt.%, and 
with deviations from the appropriate mineral stoichiometries of <0.5 mole %. 
Each of the "representative" mineral compositions given in Tables 1 through 3 
is an actual analysis of a single point that most closely matches the average 
composition for that phase. 

15445 SPINEL CATACLASITE 

Clast H is one of a number of white clasts present in sample 15445 (287 .2 g). 
These clasts are set in a dark-colored, coherent, fine-grained crystalline matrix, 
and are predominantly norite, spinel troctolite/cataclasite, and anorthosite (Ry-
der and Bower, 1977). Thin section 15445,177 (~7 mm2) contains the following 
mode: ~44% olivine, ~15% plagioclase, ~6-7% pink spinel, ~2-3% orthopy-
roxene, and ~32% matrix. Judging from the heterogeneities observed in other 
clasts from 15445 (Ryder and Bower, 1977), this mode is probably not represen-
tative of the entire clast. Nevertheless, this may well be one of the most ultramafic 
highland rocks yet reported. 

Petrography and mineral chemistry 

In thin section the clast exhibits evidence of extensive shock metamorphism. 
Small remnant plagioclase grains enveloped by partially devitrified glass form 
irregularly shaped bands that are oriented roughly parallel in the clast (Fig. lA). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1980LPSC...11..535B


1
9
8
0
L
P
S
C
.
.
.
1
1
.
.
5
3
5
B Spine/ cataclasites in 15445 and 72435 537 

Table 1. 15445,177: Representative mineral analyses 1 • 

Low-Ca pyroxene 

Lowest- Average- Highest-
Plagioclase Olivine Al Al Al Spine! 

SiO2 44.22 41.00 55.38 54.54 54.30 0.09 
Al2O3 35.95 0.02 4.09 4.80 6.03 61.86 
TiO2 0.09 0.07 0.45 0.51 0.46 0.05 
FeO 0.13 7.40 5.11 5.13 5.05 7.74 
MnO 0.00 0.10 0.07 0.14 0.08 0.11 
MgO 0.05 51.42 33.68 33.59 33.14 22.34 
CaO 19.15 0.02 0.54 0.52 0.57 0.04 
K2O 0.03 n.a. n.a. n.a. n.a. n.a. 
Na2O 0.38 n.a. n.a. n.a. n.a. n.a. 
Cr2O3 n.a. 0.00 0.37 0.40 0.52 7.89 
Total 100.00 100.00 99.68 99.63 100.15 100.10 

Si 2.043 .992 1.906 1.883 1.863 .004 
Al 1.957 .000 .168 .195 .242 1.836 
Ti .004 .000 .012 .012 .012 .000 
Fe .004 .148 .148 .148 .145 .164 
Mn .000 .004 .004 .004 .004 .004 
Mg .004 1.855 1.730 1.727 1.695 .840 
Ca .949 .000 .020 .020 .020 .000 
K .000 
Na .035 
Cr .000 .012 .012 .016 .156 -- --
Total 4.996 3.000 4.000 4.000 3.996 3.004 

1 Formula units based on eight oxygens for plagioclase, six for pyroxene, and four for olivine and 
spine!. 

n.a. = not analyzed. 

Highly fractured plagioclase grains (up to 0.3 mm) display stringlets of clear µ,m-
sized ellipsoidal inclusions and marked undulose extinction. Fractured grains of 
olivine (up to 0.1 mm) are set in a granulated olivine matrix of <20 µ,m (Fig. 1B). 
These monomineralic areas of olivine, often roughly lenticular in shape, range up 
to more than a millimeter in size. Cataclasized orthopyroxene grains (< 80 µ,m) 
comprise much smaller monomineralic zones, and also occur clustered in areas 
of the olivine matrix. Both of these mafic phases display varying degrees of 
undulose extinction. Fractured spinel grains ( <0.1 mm) occur in crushed dark 
schlieren (Fig. 1 B). Thest- monomineralic domains, particularly those of olivine, 
suggest that pre-brecciation grain sizes were > 1.0 mm. 

Figures 2 and 3 summarize plagioclase and mafic phase compositions. Repre-
sentative analyses are given in Table 1. The plagioclase (An94 _5- 91_3) is composi-
tionally homogeneous with a majority of analyses in the range An95,5-91.o• Olivine 
exhibits an extremely uniform composition, both internally and from grain to 
grain (Fo91.1-93_0). The very low CaO concentrations in these olivines (-0.03 
wt.%) are comparable to the values found in olivines from the spine} cataclasites 
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Fig. 1. Photomicrographs illustrating textural features in 15445,177. (A) Region showing 
fused and remnant plagioclase grains. Area to the right is essentially monomineralic, 
consisting of olivine grains in a finely granulated olivine matrix. Unpolarized transmitted 
light. (B) Two spinel schlieren and accompanying fractured spine! grains partially en-
closing a monomineralic zone of olivine. Unpolarized transmitted light. Same scale as 
in (A). 

in 15445, clast A (Steele and Smith, 1975), 73263 (Bence et al., 1974), and 77517 
(Warner et al., 1978). Such low concentrations distinguish olivines in the spinel 
cataclasites from those in the 72415-7 dunite and the 76535 troctolite, and may 
be indicative of either a deep-seated origin (Simkin and Smith, 1970; Warner and 
Luth, 1973) or an igneous melt progenitor having a low chemical potential of 
calcium. 

Orthopyroxenes display almost no major element variation in composition 
(En90_9- 91.5Fs7_5- 8.0Wo0_9-1.2). However Ti02 (0.38-0.50 wt.%), Cr203 (0.27-0.52 
wt.%), and Al20 3 (4.1-6.0 wt.%) exhibit variations from grain to grain, and to a 
lesser degree within a given grain. In general the more highly fractured grains 
contain lower Al203 concentrations. It is interesting to note that the only com-
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Fig. 2. Compositions of plagioclase, olivine, and orthopyroxene in clast portion of 
15445,177. Number of analyses in parentheses. 
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Fig. 3. Spine! compositions from 15445,177. 
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parable Al values reported in the literature are from low-Ca pyroxenes in other 
spinel cataclasites. Individual spinel grains are unzoned, although a range of 
compositions is observed in the clast Mg/(Mg+ Fe+ Mn) = 0.81-0.84; Cr/ 
(Cr+ Al) = 0.07-0.11). 

A band of dark matrix runs through the clast in thin section 15445,177, and 
appears to be a sample of the fine-grained crystalline matrix that comprises the 
bulk of 15445. It is a melt bonded aggregate of generally f.tm-sized olivine, pla-
gioclase, and pink spinel grains. Ryder and Bower (1977) concluded on the basis 
of textural evidence and siderophile abundances (Gros et al., 1976) that the 15445 
matrix probably represents a fragment-laden impact melt. Petrographic work on 
the matrix in 15445, 177 is consistent with this interpretation. 

72435 SPINEL CATACLASITES 

Sample 72435, an angular chip of matrix material (160.6 g) collected from boulder 
#3 at Apollo 17 Station 2, contained a variety of lithic and mineral clasts including 
recrystallized noritic and anorthositic breccias, as well as troctolite, norite, dun-
ite, and spine! cataclasite clasts (Dymek et al., 1976b). The two spinel cataclasites 
reported here are present as "strings of lenticular pods" (Dymek et al., 1976a, 
p. 228) and occur ~5 cm apart in the rock. In the three thin sections studied 
(72435,8: clast 1; 72435,30 and 72435,31: clast 2) they comprise areas of about 1, 
5, and 6 mm2 respectively, and are composed of a vuggy aggregate of broken and 
angular mineral fragments varying between about 20 f.tm and 1.2 mm in size. 
Modal abundances for both clasts are quite similar, ranging from 83 to 89% 
plagioclase, 2 to 7% olivine, 2 to 6% low-Ca pyroxene, and 1 to 11 % spinel. This 
is a slightly more feldspathic mode than that given by Dymek et al. (1976a) who 
reported ~80% plagioclase, 10% olivine, 10% spinel, and 1 % low-Ca pyroxene. 
The presence of cordierite as an inclusion in a spinel grain in 72435,8 is the 
fundamental difference between the two clasts. Its significance is discussed in 
detail by Herzberg and Baker (1980). 

Petrography and mineral chemistry 

Plagioclase occurs as equant to elongate grains (up to 1.2 mm) which commonly 
display complex twinning. The elongate grains are often oriented roughly parallel 
to the lenticular form of these clasts in thin section. Olivine, low-Ca pyroxene, 
and pink to reddish-brown spine! are present as generally smaller grains and 
broken fragments ( ~0.1-0.5 mm), and are evenly distributed in the clasts. 

With the exception of multiply fractured grains and mineral fragments, evidence 
of shock metamorphism is largely absent. Several small plagioclase grains do 
show weak undulose extinction and two larger grains exhibit kinked and slightly 
offset twin planes (Fig. 4A), but these clasts do not show the intense shock 
features that mark the spinel cataclasites from 15445. However, the mineral grains 
in both clasts appear to have interacted with an impact(?) melt. Plagioclase, 
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Fig. 4. Photomicrographs displaying textural features in 72435 clasts 1 and 2. All are to 
the same scale. (A) Plagioclase in polarized transmitted light exhibiting kinked twin 
planes (arrow). (B) Highly fractured low-Ca pyroxene grain displaying assimilation tex-
tures. In unpolarized transmitted light. (C) Fractured spine! grain partially rimmed by 
unfractured plagioclase. Unpolarized transmitted light. (D) Fe- and Cr-rich spine! grain 
(clast 1) containing an inclusion of cordierite (upper arrow). Other subsurface inclusions 
are also visible. Spine! is rimmed by plagioclase (lower arrow). Unpolarized light. 
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olivine, and low-Ca pyroxene grains exhibit assimilation textures (Fig. 4B), and 
the pink spinels are almost universally rimmed by plagioclase (Fig. 4C,D). It is 
interesting to note that although the spinel grains may be fractured the plagioclase 
rims are usually free of such features. The reddish-brown spinel grains also ex-
hibit reacted margins in which are imbedded µ,m-sized laths of ilmenite. 

Mineral compositions are summarized in Figs. 5 and 6, and representative 
analyses are given in Tables 2 and 3. Plagioclase and olivine are reasonably 
homogeneous, ranging from An92.6-99.5 and Fo12.1-14.2 respectively. Concentra-
tions of Cao in the olivines cluster between 0.13 and 0.15 wt.%. These values 
fall intermediate to the plutonic and extrusive fields of Simkin and Smith (1970) 
and Steele and Smith (1975). 

The low-Ca pyroxenes, and to a lesser degree the spinels, are internally ho-
mogeneous, but exhibit a range of compositions from grain to grain in each clast 
(En61-79Fs20-32W01-4; Mg/(Mg+ Fe+ Mn) = 0.44-0.69; Cr/(Cr+ Al) = 0.03-
0.20). Iron and chrome show a slight increase toward the rim of most spinel 
grains. The low-Ca pyroxenes in both clasts display lower and more variable 
concentrations of Al2O3 (0.82 to 4.7 wt.%), as well as higher TiO2 (0.46 to 1.54 
wt.%) and Cr2O3 (0.23 to 0.71 wt.%) values than the pyroxenes in 15445,177. 

The most Fe- and Cr-rich spine! occurs in clast 1 and contains an inclusion of 
cordierite (K.02Na_04Ca.01Mg1.59Mn.01Fe_32Ti.00Al4.05Si4_93O-1s). This analysis com-
pares favorably to that reported by Dymek et al. (1976b). A number of equant 
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Fig. 5. Summary of low-Ca pyroxene, olivine, and plagioclase compositions in 72435,8, 
72435,30, and 72435,3 I. Number of analyses in parentheses. The compositional range 
of pyroxenes in apparent equilibrium with coexisting olivine in each clast is shaded. See 
Fig. 7 and discussion in text. 
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Fig. 6. Composition of spinels in clasts I and 2 in 72435. 

to elongate subsurface inclusions (up to 50 µ,m) are also present in this spinel, 
and may represent additional grains of cordierite. The cordierite inclusion is 
partially rimmed by ilmenite and, based on qualitative analyses obtained using a 
scanning electron microscope with a dispersive X-ray spectrometer, contains 
even smaller inclusions of pyroxene(?), calcic-plagioclase(?), and troilite(?), as 
well as two other silicate phases with different proportions of Mg, Fe, Ti, Ca, 
and Cr. 

Table 4 summarizes the phase chemistries for all the spinel cataclasites for 
which data are available. With the exception of the two 72435 clasts, all the 
samples have very magnesian-rich olivines, low-Ca pyroxenes, and spinels. The 
high Al2O3 content at low TiO2 and Cr2O3 values in the pyroxenes is also dis-
tinctive. While olivine in a given clast is quite homogeneous, pyroxenes and 
spinels may show a range of compositions from grain to grain. Such variations 
raise the question, addressed in the following section, of which mineral fragments 
in these clasts represent equilibrium assemblages. 
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CRITERIA FOR EQUILIBRIUM 

Equilibrium Fe-Mg partitioning 

In light of the compositional variations noted in Table 4, equilibrium Fe-Mg par-
titioning between olivine and orthopyroxene, and olivine and spinel is a useful 
criterion for determining the indigenous and nonindigenous niafic components in 
these clasts. The apparent distribution constant for Fe-Mg exchange between 
olivine and orthopyroxene has been recently re-evaluated and shown to be tem-
perature sensitive for a wide range of mineral compositions (Sack, 1980). The 
distribution of Fe and Mg can be expressed as 

(xoPx) (Xol) 
Kol-opx = Mg Fe 

D (Xi~x) (X~) · 

The distribution coefficient for olivine-orthopyroxene pairs in 15445, 177 (Table 
1) is 0.93. K0 's based on olivine and orthopyroxene compositions in 15445 clast 
A (Anderson, 1973; Ridley et al., 1973) and 77517 (Warner et al., 1978) are 1.02 
and 1.12 respectively. The two compositional varieties of pyroxene reported in 
the 73263 clast, En90 Wo<1 and En79Wo<1 (Bence et al., 1974) yield values of 1.07 
and 0.44. Distribution coefficients for the two 72435 clasts were calculated from 
the olivine data in Tables 2 and 3, and average Mg- and Fe- numbers computed 
for each "bar" in the low-Ca pyroxene histograms in Fig. '5. Equilibrium olivine-
orthopyroxene pairs in slowly cooled plutonic rocks should yield temperatures 
of equilibration between about 500° and 1200°C. Figure 7 shows the isotherms of 
Sack (1980) and reveals that for 15445, 177 all the analyzed olivine and orthopy-
roxene grains could have been in equilibrium, with the exchange terminating at 
about 700°C. This suggests that this clast is monomict. Based on reported com-
positional ranges in olivine and low-Ca pyroxene, 15445 clast A also appears to 
be monomict. However, a number of low-Ca pyroxenes from the 72435 and 73263 
clasts were not in equilibrium with their coexisting olivines. Points representing 
these pairs plot exterior to the 500°-1200°C temperature envelope, and indicate 
that the.se clasts are polymict. The assumption that those pyroxenes that produce 
K0 's that fall among the isotherms are part of the initial equilibrium assemblage 
is supported by the chemical homogeneity of the minerals found in all these clasts. 

The distribution of Fe and Mg between olivine and spinel, when considered 
with the Cr and Al content of the spinel, is temperature sensitive (Irvine, 1965; 
Evans and Frost, 1975; Fabries, 1979). The range of Mg/(Mg+ Fe) and Cr/ 
(Cr+ Al) ratios found particularly among the 72435 spinels necessitates addressing 
which grains may have been in equilibrium with the compositionally uniform 
olivines in these clasts. The distribution of Fe and Mg can be expressed as: 

(xol ) (XSP) 
Koi-sp = Mg Fe 

D (Xi~) (X~g) . 

The Mg- and Fe- numbers for the highest, lowest, and average Cr/(Cr+ Al) spi-
nels in 15445,177 (Fig. 3), and the mean Mg- and Fe-numbers and mean Cr/ 
(Cr+ Al) ratios for the three populations among the 72435 clasts (Fig. 6) have 
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SiO2 43.54 
Al2O3 36.34 
TiO2 0.00 
FeO 0.00 
MnO 0.00 
MgO 0.03 
Cao 19.78 
K2O 0.02 
Na2O 0.29 
Cr2O3 n.a. 
Total 99.99 

Si 2.016 
Al 1.980 
Ti .000 
Fe .000 
Mn .000 
Mg .004 
Ca .980 
K .000 
Na .027 
Cr 
Total 5.008 

Spine! cataclasites in 15445 and 72435 

Table 2. Representative phase compositions in 72435,8 1. 

Low-Ca pyroxene 

Lowest- Moderate- Highest-
Cordie rite Olivine Al Al Al 

49.57 37.80 53.89 53.71 52.60 
34.50 0.07 1.07 2.03 4.35 
0.06 0.08 0.75 1.13 0.77 
3.86 24.18 15.02 14.21 16.01 
0.08 0.26 0.30 0.28 0.22 

11.41 37.68 26.31 26.63 25.95 
0.05 0.11 2.28 2.12 0.54 
0.18 n.a. n.a. n.a. n.a. 
0.20 n.a. n.a. n.a. n.a. 
n.a. 0.05 0.59 0.71 0.48 

99.91 100.25 100.21 100.82 100.91 

4.934 .992 1.949 1.922 1.887 
4.047 .004 .047 .086 . 184 

.004 .000 .020 .031 .020 

.320 .531 .453 .426 .480 

.008 .004 .008 .008 .008 
1.691 1.473 1.418 1.422 1.387 
.008 .004 .090 .082 .020 
.023 
.039 

.000 .016 .020 .012 

11.074 3.008 4.000 3.996 3.996 

545 

Spine! 

0.23 
48.21 

1.00 
23.59 
0.28 

10.91 
0.01 
n.a. 
n.a. 
16.18 

100.39 

.008 
1.594 

.020 

.555 

.008 

.457 

.000 

.359 
3.000 

1 Low-Ca pyroxenes and spinels are from equilibrium populations; see discussion in text. Formula 
units based on eighteen oxygens for cordierite, eight for plagioclase, six for pyroxene, and four for 
olivine and spinet. 

n.a. = not analyzed. 

been used to calculate K0°1~sp's which in turn are plotted in Fig. 8. Olivine-spinel 
pairs from 15445 clast A (Anderson, 1973; Ridley et al., 1973), the clast in 73263 
(Bence et al., 1974), and the 77517 mineral clasts (Warner et al., 1978), as well 
as the "natural" 700° and 1200°C isotherms of Evans and Frost (1975) are also 
shown. This figure illustrates that in each clast all the analyzed spinels with the 
exception of the most Mg-rich grain in 72435 ,8 could have been in equilibrium 
with all the analyzed olivines in the temperature range 800°-1200°C. An improb-
ably high temperature is indicated for this Mg-rich spinel grain suggesting that it 
is nonindigenous. It should be noted that temperatures determined from olivine-
spinel pairs with no significant Fe3+ may be overestimated by about 50°C (Me-
daris, 1975). 

Minor element variations in low-Ca pyroxenes 

Low-Ca pyroxenes in the spinel cataclasites are marked by high Al20 3 concen-
trations (up to 6. 7 wt.%), and appreciable amounts of octahedrally coordinated 
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V, 
Table 3. Average mineral compositions: 72435 ,30 and ,3 I1. -i::.. 

°' @ 
t"" Low-Ca pyroxene Spinel2 = = Plagioclase Olivine Lowest-Al Moderate-Al Highest-Al Low-Cr Moderate-Cr High-Cr a-:: 
"1 

= ti:, Q. Si02 44.13 37.67 53.70 52.93 51.71 0.07 0.09 0.06 :::i "ti 
;,;-- Al20a 35.81 0.01 0.82 2.00 4.74 61.16 57.24 54.32 ('-> .... = (ti Ti02 0.04 0.08 0.63 0.64 1.20 0.41 0.70 0.79 :::i ..... 
;:: "1 FeO 0.14 24.38 15.05 15.68 16.24 16.52 18.40 19.00 I:)_ <.el 

MnO 0.24 
..... 0.00 0.25 0.26 0.22 0.27 0.10 0.23 = MgO 0.11 37.70 27.34 26.73 25.16 16.59 15.03 14.38 "' ...., ::t . ..... Cao 19.84 0.11 1.71 0.87 0.65 0.01 0.05 0.02 = ..... 

K20 0.03 (ti n.a. n.a. n.a. n.a. n.a. n.a. n.a. ('-> • Na20 0.36 n.a. n.a. n.a. n.a. n.a. ;:i n.a. n.a. 
CJ-"ti Cr20a n.a. 0.03 0.30 0.26 0.45 5.40 8.29 11.71 ('-> "1 

0 -- --
Total 100.46 100.23 99.82 99.32 100.42 100.27 100.04 100.52 

.... 
Q. 
(ti 
Q. 
C" Si 2.035 .988 1.945 1.926 1.867 .004 .004 .000 <.el ..... Al 1.945 .000 .035 .086 .203 1.871 1.797 1.723 =-(ti Ti .000 .000 .016 .016 .031 .008 .016 .016 z Fe .004 .535 .457 .477 .492 .359 .410 .426 > 'J1 Mn .000 .004 .008 .008 .008 .004 .004 .004 > 
> Mg .008 1.473 1.477 1.449 1.355 .645 .598 .578 "' Ca .980 .004 .066 .035 .023 .000 .000 .000 
..... 
"1 
0 K .000 -0 =- Na .031 <.el 
"' Cr .000 .008 .008 .012 .109 .176 .250 ;:;· -
"' -- --
0 Total 5.004 3.004 4.012 4.004 3.992 3.000 3.004 2.996 ..... 
'J1 1 Formula units are based on eight oxygens for plagioclase, six for pyroxene, and four for olivine and spine!. <.el 
"' 2 Low-Cr, moderate-Cr, and high-Cr refer to the three compositional groups seen in Fig. 6. Each analyses is the most representative of its ..... 
(ti 

3 respective group. 
n.a. = not analyzed. 
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• 15445, 177 

0 15445 Clast A ... 72435,8 ,30 &,31 

En 9o 73263 
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0 50CPC 
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1.0 
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50CP 

• 
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0.0 0. 1 0.2 0.3 0.4 0.5 
xol 

Fe 
Fig. 7. Apparent equilibrium constant for olivine-orthopyroxene Fe-Mg exchange vs. 
Fe mole fraction in olivine (Sack, 1980). K'i}-opx = [(X~;)(Xi~)/(Xi~x)(X~g)]. Equilibrium 
olivine-orthopyroxene pairs should plot within the 500-1200°C temperature envelope. 

Al, reflecting in part the relatively high pressure origin of these clasts. This is in 
contrast to pyroxenes that equilibrate at low pressures and contain essentially no 
Al in the Ml site (Obata, 1976; Herzberg, 1978). Thus, variations in the mole 
fraction of octahedrally coordinated Al may be used as a crude means of evalu-
ating the degree to which impact processes have thermally modified the mineral 
chemistries in spinel cataclasite clasts. Based on the following formula for as-
signing cations in the orthopyroxene structure, 

M2 Ml TET 
(Mg,Fe,Ca,Mn) (Mg,Fe,Ti,Cr,Al) (Al,SihO 6 

the ratio Ti:Al minus Cr; atomic offers a qualitative guide to the amount of Al 
in the M 1 site. This ratio reflects the charge-balancing substitutions M 1Ti4+ -2TET Al 
and Micr3+ _TET Al that occur between the 6- and 4-fold coordination sites. That 
is, Ti4+ and Cr3+ in the Ml site are charge-balanced by 2 and 1 Al's respectively 
in the TET site. Any remaining Al is distributed equally between these two sites. 

Figure 9 shows Ti to (Al-Cr) ratios in low-Ca pyroxenes from clast H and the 
two 72435 clasts, and from recrystallized highland breccias (e.g., the granulitic 
impactites of Warner et al., 1977). The orthopyroxenes from clast H have ratios 
of between 1: 10 and 1 :20 which indicates substantial Al in the M 1 site. Such low 
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3.0 

C. 

e 15445.177 

0 15445 Clast A 

D 
72435.8 

... 72435.30 & ,31 

6. 73263 

* 77517 '{' 2.0 
oo 

C 

1.0 
6. ... ...... 

• 
0.0 

0.0 0.2 0.4 0.6 0.8 
Cr/(Cr+ AU 

Fig. 8. Partitioning behavior of Fe and Mg between olivine-spine! pairs vs. Cr/(Cr+ Al) 
contents of the spine!. Ki1-sp = [(X~)(X¥.,)/(Xi~)(XU'g)]. 700 and 1200°C isotherms are 
from Evans and Frost (1975). Range of K0 values for 15445,177 and 72435,30 and ,31 
from the range of spine! compositions in Figs. 3 and 6. 

1.0 

ratios are also found in low-Ca pyroxenes in lunar highland melt rocks (Vaniman 
and Papike, 1979), however these basaltic-textured clasts have unquestionably 
had a very different thermal history than the spinel cataclasites. The low-Ca 
pyroxenes from the recrystallized breccias have lower concentrations of Al and 
exhibit ratios of~ 1 :2. This suggests that the Al concentrations in these pyroxenes 
have been thermally equilibrated to surficial or low-pressure values. Such thermal 
equilibration may have occurred as a result of interaction with an impact melt 
which could have buffered Ti to (Al-Cr) in the pyroxenes at ~1:2 and/or as a 
result of subsolidus annealing in several km thick impact ejecta blankets. 

The equilibrium and non-equilibrium low-Ca pyroxene in clasts 1 and 2 from 
72435 display ratios ranging from about 1: 10 to 1 :2. This wide range among the 
grains showing an equilibrium Fe-Mg relationship with olivine implies that they 
have suffered partial and in some cases complete equilibration of Ti and Al to 
surficial ratios. It is also possible that these low-Al pyroxenes are in fact non-
indigenous, and fortuitously have equilibrium Mg/(Mg+ Fe) values as a result of 
having formed in environments with similar bulk compositions. However, tex-
tural evidence tends to support the former conclusion, in that the lowest Al 
concentrations are generally found in the smallest and most texturally altered 
pyroxene grains. 
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0.05 

0.03 

0.01 

0 

• 15445, 177 
72435,8 

o 72435,30 &,31 

0.03 0.06 0.09 0.12 
Al-Cr 

0.15 

............. 
0.18 0.21 

Fig. 9. Variations in Ti vs. (Al minus Cr; atomic) in low-Ca pyroxenes. Data for low-
Ca pyroxenes in metamorphosed (i.e., recrystallized) ANT breccias and clasts from Al-
bee et al. (1973); Ashwal (1975); Bence et al. (1973, 1974); Bickel (1977); Bickel et al. 
(1976); Delano and Bence (1977); Dowty et al. (1976); Drake and Klein (1973); Hlava 
et al. (1973); McCallum et al. (1974); McGee et al. (1978); Nehru et al. (1978); Powell 
and Weiblen (1972); Steele et al. (1977); Vaniman and Papike (1977); Vaniman et al. 
(1976); Warner et al. (1978). 

DISCUSSION AND SUMMARY 

The results of the previous section suggest that it is possible to reconstruct the 
pre-excavation petrology of the spinel cataclasites, and thus evaluate the degree 
to which the original equilibrium assemblage remains preserved in a given clast. 
As discussed briefly in the introduction, the establishment of equilibrium is an 
important step in an effort to determine the depths of origin for these clasts. This 
step is especially important in light of the cataclasized nature of these samples. 
The above criteria strongly imply that 15445 clast H is monomict and has retained 
its original mineral chemistry. Based on data from the literature, clast A in 15445 
also appears to be monomict, however the varying ranges of Al2O3 in low-Ca 
pyroxenes from different thin sections (see Table 4) may be indicative of limited 
re-equilibration. 

Clasts 1 and 2 from 72435 appear to contain material foreign to the original 
mineral assemblage reflecting the addition of nonindigenous mineral grains during 
the impact process. Although these two clasts are polymict, the presence of 
olivine, pyroxene, and spinel grains apparently in equilibrium indicates that ves-
tiges of an original spinel cataclasite petrology remain. The wide range of Ti to 
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Table 4. Summary of mineral chemistry variations among spine} cataclasite clasts. 

Plagioclase 

Olivine 

Low-Ca 
pyroxene 

Spine! 

Clast H (a) 

An94.s-91 .. 1 

Fo91.1-93.o 

En91 
AbO3 4.1-6.0 wt.% 

Fe/(Fe+ Mg) 0.16-0.19 
Cr/(Cr+Al) 0.07-0.11 

15445 

Clast A (b,c,d,e) 

(b) Anss-94 
(c) An9s 
(d) Ans9-95 

(b) Fo91 
(c) Foss-91 
(d) Fo90-92 
(e) Fo92 

(b) En91 
Al2O3 3.0-6.3 wt.% 

(c) En92 
AbO3 2.0-3.0 wt.% 

(d) n.f. 

73263 (f) 77517 (g) 

An96-97 An9s-9s 

Fos9-90 Fos9-90 

En90 Ens9-oo 
AbO3 5.0-6.5 wt.% AbO3 3.3-6.7 wt.% 
En19 
AbO3 2.5 -3.0 wt.% 

(b) 0.20 (c) 0.19-0.20 (d) 0.17-0.27 0.18-0.20 
(b) 0.14 (c) 0.13-0.14 (d) 0.10-0.15 0.09 

0.20-0.38 
0.08-0.29 

72435 (a,h) 

(a) An92.6-99.s 
(h) An94-98 

(a) Fo12.1-14.2 

(h) Fo12 

(a) Ens1-19 
Al2O3 0.8-4.7 wt.% 

(h) Enss-1s 
n.r. 

(a) 0.30-0.56 (h) 0.31-0.56 
(h) 0.03-0.20 (h) 0.03-0.21 

(a) This study (b) Anderson (1973) (c) Ridley et al. (1973) (d) Ryder and Bower (1977) (e) Steele and Smith (1975) (f) Bence et al. (1974) (g) Warner 
et al. (1978) (h) Dymek et al. (1976b) 

n.f. = not found 
n.r. = not reported 

V, 
V, 

..., 
;::: 
$:)... 

\') 

'-'1 

::I:: 
<"1:, 
;:: 
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(Al-Cr) ratios among the low-Ca pyroxenes in equilibrium with olivine suggests 
that impact processes may have produced partial or complete re-equilibration of 
Ti and Al concentrations in these grains. 

Data on the 73263 clast indicates that it is also polymict, however the high Al 
concentrations in the equilibrium orthopyroxenes are consistent with little impact 
induced chemical alteration. The Fe-Mg exchange criteria discussed above show 
that isolated aluminous orthopyroxene, Mg-rich olivine, and pleonaste spinel 
grains in rake breccia 77517 could once have been in equilibrium. 

Finally, it is important to note that the approach outlined in this paper may be 
applied to other highland clasts that contain two or more mafic phases. Identifying 
equilibrium assemblages in clasts that contain plagioclase, olivine, and two py-
roxenes (e.g., 62275,4, Prinz et al., 1973) is of particular significance, in that this 
assemblage is also subject to depth estimates upon calibration of the relevant 
equilibria (Herzberg, 1979). 
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