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Abstract-Attention is called to a group of rocks called feldspathic granulitic impactites. These 
samples are characterized by a high modal plagioclase content of between 70 and 80%. The samples 
are impactites in that they display a clast-matrix structure and are enriched in trace siderophile 
elements that are indicative of meteorite components. The matrices of these samples display 
granulitic textures indicative of rather complete solid-state annealing. Although the ages of these 
samples are not conclusively determined, we argue that they all formed in the period after 
consolidation of the lunar crust and before the final bombardment. 

The granulitic impactites contain essentially no KREEP component, indicating that KREEP 
appeared on the lunar surface mostly after the formation of the granulitic impactites, at about the 
start of the final bombardment. This relation constrains theories as to the time of KREEP 
formation. 

The granulite metamorphism indicated by the matrix textures of these samples requires 1000°C 
temperatures for prolonged periods of time. Such conditions may have been achieved early in lunar 
history when still hot impactite sheets could have been buried by layers of younger ejecta that were 
themselves hot. 

We observe that there is a temporal relationship between the types of lunar impactites: granulitic 
impactites formed before the final bombardment, crystalline-matrix breccias formed during the final 
bombardment, and vitric-matrix breccias formed after the final bombardment. This sequence is 
consistent with our thermal model of breccia lithification and our understanding of the decay of the 
meteorite flux rate. 

INTRODUCTION 

ESTABLISHING THE HISTORY of the moon during its first 600 m.y. of evolution 
continues to be a major goal of the lunar sample analysis program, yet it has 
been elusive because almost all lunar samples from the highlands have yielded 
ages in the range 3.84- 4.05 AE (Wetherill, 1975), and samples from the lunar 
mare are even younger. This tight cluster of highland ages has been interpreted 
to date a final lunar bombardment (Tera et al., 1974): a period of intense 
meteorite impact during which most of the returned samples formed. But the 
final lunar bombardment did not obliterate all evidence of older samples. 
Anorthosites and Mg-rich plutonic rocks probably represent materials that 
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formed in the original lunar magma ocean (Dymek et al., 1975; Warner, 1975). 
Some of those plutonic rocks have subsequently undergone Apollonian 
metamorphism (Stewart, 1975). 

In this paper we define a suite of impactites that is petrographically and 
chemically distinct and apparently formed before the final lunar bombardment. 
The group was first discussed as a coherent set of lunar materials by Simonds et 
al. (1974) who referred to "rocks with 70-80% feldspar" from Apollo 17. For 
reasons presented later we believe that these rocks are the oldest impactites 
returned from the moon. They are common in the Apollo collections. Members 
of this group from Apollo 11 were described by Wood et al. (1970) at the First 
Lunar Science Conference, and other members from every landing site have 
been described at subsequent Lunar Science Conferences. This suite includes 
five large discrete samples, but most members occur as clasts in breccias that 
formed during or after the final lunar bombardment, or as lithic fragments in the 
regolith. 

The chief thrust of this contribution is to point out the common chemical and 
textural characteristics of these impactites, and to speculate on some of the 
implications of such characteristics. Their chemical composition is that of 
anorthositic norite or troctolite and thus they approximate the lunar crustal 
composition. The textures all display granulitic matrices suggestive of a high 
temperature metamorphic history. Based on these characteristics we call mem-
bers of this suite of impactites f eldspathic granulitic impactites, or simply 
granulitic impactites. Note that we use the term "impactite" to mean any impact 
produced rock. We are not following the AGI glossary definition that restricts 
~'impactite" to glassy impact produced rocks. 

Very similar rocks belonging to this suite have been referred to as hornfelses 
(e.g., James, 1977b; Roedder and Weiblen, 1974) and granulites (e.g., Bickel et 
al., 1976). The term "hornfels" emphasizes the rather fine grain size of these 
rocks in comparison to many regionally metamorphosed terrestrial rocks. Un-
fortunately, the term "hornfels" generally connotes a magmatic source for the 
heat of thermal metamorphism, and there is no reason to believe that such was 
the case for the granoblastic and poikiloblastic textured rocks described in this 
paper. However, these rocks appear to have been thermally metamorphosed at 
shallow depths in the lunar crust. The term "granulite" generally connotes a rock 
from a very widespread terrestrial metamorphic terrain that was metamorphosed 
at considerable depth, in some cases near the base of the crust. The mineral 
assemblages of lunar granoblastic and poikiloblastic rocks are compatible with 
the use of either term. 

The existence of feldspathic granulitic impactites implies certain facts about 
the chemistry and the thermal environment of the lunar surf ace before the final 
bombardment. The absence of KREEP from all these rocks implies that KREEP 
was not present on the lunar surface when they formed. The high temperature 
metamorphic history of these samples represents more prolonged annealing at 
higher, but subsolidus, temperature conditions than have apparently affected any 
younger rocks. Such conditions may be explained by a higher heat flow and/or a 
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more intense flux of meteorite bombardment during the time when the granulitic 
impactites formed. 

DESCRIPTION OF FELDSPATHIC GRANULITIC 1MPACTITES 

Criteria for sample identification 
Three criteria are used to distinguish feldspathic granulitic impactites. 
First, the samples must be impactites. We have previously established the 

criteria to recognize the lithified deposits of impact events known as breccias or 
impactites (Simonds et al., 1975) as (1) their clast-matrix structure and (2) their 
enrichment in trace siderophile elements of meteoritic origin by at least an 
order-of-magnitude over the indigenous lunar abundances as observed in igneous 
rocks such as mare basalts. 

Second, the samples must display granulitic (metamorphic) matrix textures. 
Crystal forms are anhedral and equant and boundaries form smooth curves that 
approach 120° triple junctions. 

Third, the samples have modal mineral compositions with between 70 and 
80% plagioclase. This mode translates into a major-element composition that 
approximates the model lunar crust with about 25 wt.% AhO3. 

Surely a complete sampling of the moon will reveal rocks that satisfy criteria 
1 and 2 but not 3, because older rocks have diverse compositions. However, 
such samples have not yet been identified within the Apollo collections suggest-
ing that impactites with granulitic textures and a feldspathic composition are 
the most abundant type of granulitic impactite on the moon. 

Occurrence 
Feldspathic granulitic impactites occur as clasts in breccias and as fragments 

in regolith samples. Five are large discrete samples: 67955 (163 g), 76230/76235 
(77 g), 77017 (1730 g), 78155 (401 g), and 79215 (554 g). Sample 76230/76235 is a 
clast in the Apollo 17, Station 6 boulder-a portion of an impact-melt breccia 
sheet (Simonds, 1975). Although the other four were collected as loose rocks 
from the regolith, they surely were formerly clasts within breccias. 

There are several sets of feldspathic granulitic impactite clasts in breccias 
and fragments in regolith that have been described in the literature. These 
include: 

(1) Many of the gabbroic anorthosite fragments described by Wood et al. 
(1970) in the Apollo 11 collections (e.g., Wood's Figs. 3a,b,c). 

(2) The granulitic (mosaic) textured and poikiloblastic textured fragments 
and clasts reported by Bickel and Warner (1977). 

(3) The three anorthositic gabbro clasts in 73215 (29.9, 46.25, and 46.33) 
reported by James (1977a) and Blanchard et al. (1977). 
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(4) The clast upon which the original data for Apollo 17, Station 2 boulder 
sample 72335 was obtained (Laul and Schmitt, 1974; Dymek et al., 1976). 

(5) Granulitic and poikiloblastic "ANT" clasts in Apollo 17, Station 2 boulder 
samples 72215 and 72235 (Ryder et al., 1975). 

(6) Several lithic clasts in 67915 described by Roedder and Weiblen (1974). 
(7) "White rind" and "white clast" in Apollo 17, Station 6 boulder sample 

76315 (Simonds, 1975). 

Impact origins 
In order to show that these samples originated as lithified impact debris one 

must demonstrate that each displays a clast-matrix structure, that each is 
polymict, and that each has an enriched trace siderophile element spectrum. 
Parts of these tasks are difficult because the granulitic impactites have under-
gone post crystallization thermal metamorphism. That process, and perhaps the 
original lithification process, yielded a restricted and highly refractory clast 
assemblage. 

Sample 78155 contains the clearest evidence for an impactite origin. The 
report by Bickel (1977) describes two types of lithic clasts. The first are 
fine-grained anorthosites with a felty texture in which the interstices between 
tabular plagioclase are occupied by crystals of pigeonite and olivine. The second 
type of lithic clasts are coarse grained and display a range in composition 
(40-80 vol.% plagioclase; the major mafic mineral is olivine in some, low-Ca 
pyroxene in others, and augite in one) and texture (subophitic, poikiloblastic, and 
granoblastic). This sample has an enriched trace siderophile element spectrum 
(Morgan et al., 1974) that fits into one of the more poorly defined siderophile 
groups (Higuchi and Morgan, 1975). 

Sample 77017 has been interpreted by some workers as igneous (Ashwal, 
1975); however, McCallum et al. (1974), who have done the most detailed 
petrography of 77017, describe the rock as a breccia that contains " ... lithic 
clasts of anorthosite and troctolite and single crystals of rounded olivine and 
rounded to subhedral plagioclase". The sample has an enriched trace siderophile 
element spectrum (Morgan et al., 1974) that matches one of the groups identified 
with the final bombardment (Higuchi and Morgan, 1975). 

Sample 79215 was described by Bickel et al. (1976). They demonstrate that 
79215 has a clast-matrix structure. Evidence that 79215 is polymict is not 
compelling, probably because the annealing of 79215 has homogenized com-
positional differences of over a few mole percent. Bickel et al. describe mil-
limeter to centimeter sized regions of the rock with different textures and modes 
(olivine-rich clusters and a region with lath-shaped ilmenite) that are here 
interpreted as lithic clasts. According to Morgan et al. (1975) the trace sidero-
phile element spectrum is enriched and very different from all known groups. 

Sample 76230/76235 has a clast-matrix structure similar to 77017. Some 
megacrysts may be mineral clasts. Rounded regions about 1 mm across are 
interpreted as anorthosite lithic clasts. The anorthosites are the only evidence 

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

http://adsabs.harvard.edu/abs/1977LPSC....8.2051W


1
9
7
7
L
P
S
C
.
.
.
.
8
.
2
0
5
1
W

Feldspathic granulitic impactites and pre-final bombardment lunar evolution 2055 

that the rock may be polymict since all mineral compositions have been 
homogenized (Simonds, 1975). Isolated olivine oikocrysts may mark the location 
of former clasts. Siderophile elements have not been determined. 

As illustrated in Fig. 7 of Nord et al. (1975) and described by Hollister (1973), 
sample 67955 has a clast-matrix structure similar to 79215. Hollister's description 
suggests that the rock contains lithic clasts of various types. The trace sidero-
phile element spectrum has been determined by Ganapathy et al. (1974); it is 
enriched and poorly matches one of the groups typical of the final bombardment 
(Higuchi and Morgan, 1975). 

Some lithic clasts in crystalline-matrix breccias display matrix textures and 
modal compositions similar to granulitic impactites. Each displays a clast-matrix 
structure defined mostly by mineral clasts. Trace siderophile elements are 
enriched in those clasts for which data exist (Laul and Schmitt, 1974). 

Granulitic matrix textures 
The matrices of these impactites all display granulitic (metamorphic) tex-

tures. Crystal forms are anhedral and equant with boundaries that form smooth 
curves and meet at roughly 120° triple junctions. There are two textural types. 
One type displays granoblastic or mosaic textures (Fig. lA)-networks of 
10-50 µm plagioclase crystals define the mosaic patterns, and smaller mafic 
minerals occur along boundaries and at triple junctions (see descriptions of 

Fig. 1. Photomicrographs in transmitted light illustrating the matrix texture of the 
granulitic impactites. (a) An example of the granoblastic or mosaic texture in sample 

79215. (b) An example of the poikiloblastic texture in sample 76230. 

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

http://adsabs.harvard.edu/abs/1977LPSC....8.2051W


1
9
7
7
L
P
S
C
.
.
.
.
8
.
2
0
5
1
W

2056 J. L. w ARNER et al. 

78155 and 79215 in Bickel et al., 1976 and Bickel, 1977). A second type of 
impactite displays poikiloblastic textures (Fig. lB)-anhedral plagioclase crystals 
with smooth boundaries (up to 100 JLm across) enclose rounded olivine blebs and 
the plagioclase itself is partly enclosed by pyroxene oikocrysts (see descriptions 
of 77017 and 76235 in McCallum et al., 1974 and Simonds, 1975). 

Mineral chemistry in the granulitic impactites is generally homogeneous. 
Crystals are not zoned and the composition of most mineral clasts matches the 
composition of the same mineral in adjacent matrix (see rock descriptions 
referenced above). However, the scale length of the homogeneity is on the order 
of millimeters. For example, Bickel et al. (1976) have demonstrated that there 
are systematic differences in the Fe/Mg ratio of coexisting olivine and low-Ca 
pyroxene in different regions of 79215. 

Mineral clasts have been annealed. Feldspar clasts commonly display olivine 
necklaces but melt inclusions are not observed. 

Modes and chemical compositions 
All granulitic impactites from the lunar highlands contain between 70 and 80 

modal percent calcic plagioclase along with low-Ca pyroxene, high-Ca pyroxene, 
and olivine. Differences in the ratio of the mafic minerals occur both from 
sample to sample and within each sample (e.g., see Bickel et al., 1976 for details 
concerning the modal range within 79215). Fe-Ni metal, ilmenite, spinel, and 
phosphates total about 1 % of each sample. Rocks of this modal composition, if 
plutonic, would be called anorthositic norites and anorthositic troctolites. 

The major-element compositions of feldspathic granulitic impactites, as 
expected from the modal composition, approximate proposed model lunar 
crustal compositions (e.g., Taylor and Bence, 1975) and the composition of 
"highland basalt" as defined by the Apollo Soil Survey (Reid et al., 1972). 
Major-element data is set out in Table 1. 

Trace-element data for granulitic impactites is shown in relation to chondritic 
abundances in Fig. 2. We note that although the texture and mode of the clast in 
72335 is appropriate for this discussion, the chemistry is not, because it is 
contaminated with KREEP-type material: the analyzed fragment is described as 
a surface chip with an exterior patinated surface (Laul and Schmitt, 1974). In 
addition, we note the large samples all contain less La than 14 times chondrites 
and have a positive Eu anomaly. By contrast the three samples with a negative 
Eu anomaly and La about 22 times chondrites are clasts removed from breccias. 
These relations suggest that these clasts are partly contaminated with KREEP-
type material from the matrices of the host breccias. 

The granulitic impactites have La values between 7 and 14 times chondrites 
and display slightly positive slopes in the pattern of the heavy rare-earth 
elements. They define a compositionally homogeneous group that is distinct 
from KREEP and also distinct from Taylor and Bence's (1975) postulated 
average lunar crust which displays a characteristic KREEP pattern. The granu-
litic impactites' pattern is indicative of much less fractionation from chondritic 
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Table 1. Major-element composition of some feldspathic, 
granulitic impactites. 

679551 762302 770172 781552 792153 

SiO2 45.0 44.5 44.1 45.6 43.8 
TiO2 .3 .2 .4 .3 .3 
Al2O3 27.7 27.0 26.6 25.9 27.7 
Cr2O3 .1 .1 .1 .2 
FeO 3.8 5.1 6.2 5.8 4.6 
MnO .05 .06 .08 .1 .06 
MgO 7.1 7.6 6.1 6.3 6.3 
CaO 15.5 15.2 15.4 15.2 15.9 
Na2O .4 .4 .3 .3 .5 
KiO .03 .06 .06 .08 .1 
P2O .05 .03 .04 .4 
Total 99.9 100.3 99.4 99.7 99.9 

1LSPET (1973a). 
2LSPET (1973b). 
3Bickel et al. (1976). 
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Fig. 2. Plot of rare-earth element spectra normalized to chondritic abundances. The ten 
patterns with flat or slightly positive curves for the heavy rare-earth elements are the 
granulitic impactites. The average pattern for the matrix of the Apollo 17, Station 6 
boulder, a typical Apollo 17 type KREEP sample, is shown for comparison. It is 
suggested that the three patterns with La about 20 times chondrites are contaminated. 
Thus only the seven patterns with La between 7 and 14 times chondrites represent 
granulitic impactites (see text for discussion). Data from Blanchard et al. (1975, 1977) 

and Hubbard et al. (197 4). 
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abundances, and in fact, may be indicative of the true rare-earth element pattern 
for the lunar crust. The implications of granulitic impactite chemistry is dis-
cussed· at some length by Blanchard et al. (1977). 

Ages of granulitic impactites 
Only fragmentary data exist on the ages of these samples. One large sample 

and several granulitic impactite clasts extracted from breccias yield ages be-
tween 4.2 and 4.3 AE. Two other large samples yield ages between 3.9 and 
4.0 AE-ages that correspond with the final lunar bombardment. We argue from 
the geologic occurrences that the ages of the two younger samples are reset, and 
conclude that the feldspathic granulitic impactites were produced and metamor-
phosed before the final lunar bombardment. 

Sample 78155 has a superior Ar-plateau age of 4.22 ± .04 AE (Turner and 
Cadogan, 1975) that has been confirmed by a Pb-isotopic study (Nunes et al., 
1975). 

The three granulitic impactite clasts from 73215 described by James (1977a) 
have Ar-plateaus obtained by Jessberger et al. (1976). Each clast yielded a 
double plateau with a low temperature age of 4.06-4.07 AE and a high tem-
perature age of 4.22-4.26 AE. The young plateau corresponds to the age of the 
host breccia and the older plateau is considered by Jessberger et al. to represent 
the age of the clast. The ages of these small clasts have been partially reset. 

Two other large granulitic impactites have yielded Ar-plateau ages. Cadogan 
and Turner (1976) have determined a 3.94 AE plateau for 76230/76235, and the 
weighted mean of one plateau age by Kirsten and Horn (1974) and one plateau 
age by Phinney et al. (1975) for 77017 is 3.98 AE. These plateau ages are 
considered reset by events that post-date granulite metamorphism of the rocks. 
Sample 76230/76235 is from a 1 m clast in the Apollo 17, Station 6 boulder 
described by Simonds (1975). Cadogan and Turner (1976) have obtained accept-
able plateaus from 13 samples from the boulder including six matrix samples 
and two samples of 76235; all plateau ages fall between 3.92 and 4.02. Surely 
76230/76235, a clast in the boulder, must be older than the matrix. Since the 
measured plateau ages are the same, the age of the clast must have been reset 
when the matrix formed. Unfortunately no evidence exists as to the original age 
of 76230/76235. 

It is less certain that the plateau age of 77017 represents a post-metamorphic 
event. Although 77017 was not chipped from a boulder, the only similar material 
at the Apollo 17 site occurs as clasts in boulders, and all of the Apollo 17 
boulders display radiometric ages that fall within the time interval of the final 
lunar bombardment. This suggests that 77017 is analogous to 76230/76235 and 
that its Ar-plateau age may be reset. 

Although we are confident that the granulitic impactites formed before the 
final lunar bombardment, we are puzzled by which samples display reset ages 
and which samples retain their formational age. For example, at Apollo 17 the 
two samples that are completely reset are large (tens of centimeters to 1 m), 
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whereas the centimeter sized clasts recovered from 73215 retain evidence of 
their original age. Perhaps the tendency, or capacity, for ages of clasts to be 
reset is determined in part by the nature of the host breccia. The small samples 
that are not reset come from the South Massif and the large samples that are 
reset come from the North Massif. Other workers have suggested that the South 
Massif represents a higher stratigraphic level compared to the North Massif 
(ALGIT, 1973). And a higher stratigraphic level may suggest a more rapid 
cooling history for the host breccias, an inference confirmed by each sample's 
petrography (James, 1977a; Simonds, 1975). 

In the discussion of sample 79215, Bickel et al. (1976) suggested that the 
unusual trace siderophile element spectrum of that sample was a criterion for a 
pre-final bombardment age. Although that proposed age criterion appears not to 
be generally applicable, they were apparently correct in their inferred age based 
on their serendipity and not on their adroitness (i.e., they were right for reasons 
that are not generally true). 

DISCUSSION 

This suite of impactites that may pre-date the final lunar bombardment 
provides our best petrologic record (thus far) of the development of the lunar 
surface after the solidification of the hypothesized lunar magma ocean at about 
4.4 AE, and before the start of the final lunar bombardment at about 4.1 AE. In 
this section we explore several chemical and textural characteristics that are 
shared by all members of the suite of granulitic impactites, and then speculate on 
the significance of those common characteristics in terms of lunar evolution 
assuming that the granulitic impactites formed in the 4.4-4.1 AE interval. 

Composition of the lunar crust and the age and origin of KREEP 
Feldspathic granulitic impactites have compositions similar to those of lunar 

plutonic rocks. Their major-element compositions are close to the composition 
calculated for the lunar crust. The compositions plot far from any point of 
multiple saturation on Walker's pseudoternary diagram (Walker et al., 1973) 
suggesting that cumulate processes were involved in the original generation of 
the chemical systems. Lithophile trace elements are low compared to most 
breccias that formed during or after the final bombardment, and the rare-earth 
element patterns are only slightly fractionated with respect to chondrites. These 
chemical features indicate that the precursors for the granulitic impactites were 
dominated by plutonic, perhaps cumulate, igneous rocks. 

The rare-earth element patterns for granulitic impactites are different from 
those of impactites that formed during or after the final bombardment-the 
former materials display a slope for the heavy rare earths that is flat or slightly 
positive, whereas all impactite materials that formed later in lunar history 
display a uniform negative slope that is characteristic of KREEP. Mixing models 
by Schonfeld (1975; pers. comm., 1977) indicate that granulitic impactites 
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contain only 3-4% KREEP. By contrast, later-formed breccias contain up to 
100% KREEP. All mixing models yield results that are a function of the input 
components. A small and reasonable change in Schonfeld's feldspathic com-
ponent will yield models for the granulitic impactites that contain no KREEP. 

The chemical composition of the lunar surface, as recorded by impactites, 
appears to have undergone a major change at about the time of the final 
bombardment. Impacts produce violent and extreme mixing and it is inferred 
that impactites record the average composition of the target material of any 
given impact (Simonds et al., 1976a). The observed composition of granulitic 
impactites (assuming they are not allochthonous blocks that formed in the 
farside highlands or some other trace element-poor region of the lunar surface) 
suggests that the pre-bombardment crust was essentially without KREEP. In 
contrast, KREEP composition material dominates the chemistry of rocks that 
formed during the final bombardment. 

The hypothesized arrival of KREEP material at the lunar surface must have 
followed the formation of the granulitic impactites and approximately coincided 
with the start of the final bombardment. This age for KREEP agrees with the 
crystallization age for both igneous and brecciated KREEP (Meyer, 1977). If 
KREEP originated as a volcanic rock, its interval of extrusion corresponded 
with the interval of the final bombardment, perhaps because the large impacts of 
the final bombardment induced KREEP volcanism in a manner similar to that 
proposed by French (1970) for the triggering of volcanism by the Sudbury event. 
On the other hand, if KREEP formed as a late differentiate within the lunar 
crust, its arrival on the lunar surface corresponded with the interval of the final 
bombardment because the multi-ringed basins formed by the final bombardment 
were required to excavate it. In either case important speculations may be made 
about the moon's history. 

If KREEP is volcanic then there are three major types of volcanic rocks 
returned from the moon: KREEP (the oldest), high-Ti, high-Fe mare basalts 
(intermediate in age), and low-Ti, high-Fe mare basalts (youngest). These rela-
tions are illustrated in the top of Fig. 3. The young high-Ti basalts predicted for 
Western Procellarum based on crater morphology and reflectance spectra 
(Boyce, 1974; Pieters and McCord, 1976) were not identified among the Apollo 
12 coarse fines (Lellis and Papike, 1975) and may not exist. This picture of lunar 
volcanic activity is remarkably simple and is not much more complex than the 
pattern inferred in 1971 when Warner (1971) first suggested that the depth to the 
source region of lunar volcanics increases with time. Such a "zone refinement" 
for the moon is illustrated in Fig. 4. A similar "zone refinement" has been 
proposed for Mars (Schonfeld, 1977), and is probably to be expected in the 
future history of the earth. 

If KREEP was a late differentiate within the lunar crust then it must have 
existed as a significant still-molten unit within the crust at the time of final 
bombardment. Such a concept is barely within the bounds of lunar thermal 
history calculations. Furthermore, this residual melt must have been within the 
range of excavation of the major basins-a few tens of kilometers. The surface 
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Fig. 3. Schematic illustration of the chief events in lunar evolution that are recorded in 
the lunar samples. 

distribution of KREEP components as determined from the orbital gamma-ray 
detectors indicates a lack of this component on the farside and an irregular 
distribution on the nearside. In fact, the distribution on the nearside is so closely 
associated with the Imbrium and Procellarum basins and their ejecta that 
Schonfeld and Meyer (1973) were led to postulate volcanic KREEP units within 

u, 
a.: w .... 

4.6 

100 

200 
0 _, 
i2 

::c 300 .... 
w 
0 

400 

500 

4.4 
AGE IN BILLION YEARS 

4.2 4.0 3.8 3.6 3.4 3.2 
B 

KA 
RS 
EA 
E L 
p T 

s 

HI Tl 

BASALTS 

LO Tl 

BASALTS 

3.0 

KREEP 
SOURCE 

HI Tl 
SOURCE 

LO Tl 
-- SOURCE 

Fig. 4. Schematic illustration of some aspects of lunar structure based on a simple zone 
refinement model for lunar volcanic rocks and assuming that KREEP is one of the 

volcanics. Thermal model taken from McConnell and Gast (1972). 
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these basins and their ejecta. Excavation of a residual melt within the crust 
would produce the same distribution. 

A lunar granulite metamorphism 
The granulitic matrix textures and homogeneous mineral chemistry of these 

samples indicate high-grade metamorphism that is characterized by rather com-
plete solid-state annealing or recrystallization. This homogenization with a scale 
length of about a millimeter contrasts with the Apollonian metamorphism of 
Stewart (1975) with a scale length of about a centimeter. The Apollonian 
metamorphism affected samples such as 15415 and 76535 that are primitive 
cumulates that cooled slowly under appreciable cover in the original lunar crust. 
Metamorphism of the granulitic impactites occurred later, nearer the lunar surface, 
and more quickly. The granulitic metamorphism may have been promoted by an 
intense meteorite bombardment that preceded the final lunar bombardment. 

Granulitic texture does not characterize matrices of crystalline-matrix (im-
pact-melt) breccias that formed during the final bombardment. Granulitic im-
pactites are found only as clasts in those breccias (James, 1977b). This suggests 
that the high temperatures and prolonged heating required to develop granulitic 
textures was achieved only before the final bombardment. If such conditions 
were achieved more recently the granulites produced were not sampled by the 
Apollo program, perhaps because basin-sized impacts which are required to 
excavate granulites did not occur more recently. 

Formation of granulitic textures under dry conditions where there is no 
evidence for a vapor or a melt requires extensive volume and grain boundary 
diffusion of Si and Al in plagioclase. Such diffusion processes are inferred to be 
ineffective at less than 1000°C. Evidence for temperatures in excess of 1100°C 
are inferred from coexisting uninverted pigeonite and low-Ca augite in 78155 
(Bickel, 1977), and temperatures of between 1050 and 1100°C are inferred from 
mineral chemistry in 77017 (McCallum et al., 1974). 

Apparently such high temperatures were not maintained for prolonged 
periods in the larger terrestrial impact structures (e.g., Manicouagan) or typically 
in the lunar impact-melt rocks. We suggest that these conditions can be achieved 
by burial of several kilometers where the 1000°C isotherm is relatively shallow. 
These conditions could have been achieved early in lunar history when there 
was a higher impact flux and a higher heat flow, and still hot impactites could 
have been buried by layers of hot younger ejecta. Following this model the 
observed Ar-plateau ages are likely to represent the times of excavation. 

A temporal sequence of impactite textures 
This paper has argued that lunar impactites formed before the final bom-

bardment have undergone a thermal metamorphism and display matrices with 
granulitic textures. Investigations by us (Simonds et al., 1976a, 1977) and others 
(Englehardt et al., 1972; and Quaide and Wrigley, 1974) have demonstrated that 
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vitric-matrix breccias are younger than the final lunar bombardment. The 
"brown glass matrix breccias" of Apollo 15 are vitric matrix and they contain 
lithic clasts of Apollo 15 type mare basalt. This demonstrates that they are 
younger than 3.2 AE. The vitric-matrix breccias from Station 9 at Apollo 17 
contain spheres of the orange glass which post-date the final bombardment. The 
vitric-matrix breccias at Apollo 14 appear to be younger than the crystalline-
matrix breccias because the compositions of the former, but not the latter, match 
the composition of local soil. And finally, essentially all breccias found at mare 
sites are vitric and contain mare basalt material. 

Apparently crystalline-matrix and/or melt-rock breccias were the chief breccia 
type that formed during the final bombardment. This is demonstrated by the 
3.85--4.1 AE ages obtained on many crystalline-matrix breccias. 

This temporal sequence of impactites is illustrated on the bottom half of Fig. 
3. One wonders if such relationships will hold for the samples to be collected in 
future lunar exploration missions. We note that during the late 19th and early 
20th centuries, at a stage in the development of terrestrial geology that is 
somewhat similar to the current status of lunar geology, all high-grade 
metamorphosed rocks were considered Precambrian. There will surely be 
exceptions to these very simple relations depicted in Fig. 3. For instance we 
know of one sample (15256) that bas the composition of a mare basalt and yet 
is a crystalline-matrix breccia, albeit with an unusual texture. 

We can suggest an explanation for the observed temporal sequence of 
breccia types. Each type represents a different thermal history. All impactite 
types form from the violent mixing of cold fragmental material and superheated 
melt. During first stage cooling the mixture reaches a rapid thermal equilibrium 
in a few tens of seconds, and during second stage cooling the deposit loses heat 
to its surroundings in a manner similar to a normal volcanic flow. The breccia 
type achieved by each impactite sample is a function of that sample's first and 
second stage cooling history. According to this model (that we have elaborated 
upon in some of our recent works, e.g., Simonds et al., 1967b) the vitric-matrix 
breccias originated as fragment-rich mixtures that equilibrated to subsolidus 
temperatures during the first stage of cooling, and had a cool environment during 
the second stage of cooling. The crystalline-matrix breccias originated as frag-
ment-poor mixtures that reached supersolidus temperatures during the first stage 
of cooling, and had a cool environment during the second state of cooling. The 
granulitic impactites originated as fragment-poor mixtures that equilibrated to 
supersolidus temperatures during the first stage of cooling, and lost heat to a hot 
environment during the second stage of cooling. 

The thermal environments required to produce granulitic impactites, crystal-
line-matrix breccias, and vitric-matrix breccias can respectively be achieved by 
numerous large impacts; fewer, smaller impacts; and sporadic, small impacts. 
This sequence of events is similar to the cratering history of the moon. Based on 
this model we predict that on other cratered planets such as Mercury and Mars 
the relative ages of impactites may be established on the basis of their petro-
graphy. 
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