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About 1/4 of an impacting projectile's kinetic energy produces heat much 
of which forms melt(1,2,3). This melt, accelerated to velocities of several 
km/sec by passage of the shock wave, overruns and mixes with various amounts 
of colder clastic material excavated by the same event. This abstract explores 
the processes that take place after melt and clasts mix in proportions with 
over 50% melt. Such mixtures have yielded the crystalline rocks of the lunar 
highlands and, by inference, the crystalline rocks present in the heavily 
cratered terrain of other terrestrial planets. To help identify the effects 
of composition, f(02), f(H20) and target mineralogy comparisons will be drawn 
between the Apollo 17 Station 6 boulder and the 65 km diameter melt sheet at 
the Manicouagan structure, Quebec. 

The boulder, like most samples of lunar impact melts, is characterized by 
a very fine grained matrix, with subhedral to euhedral feldspar, mineral 
clasts so evenly distributed that no 1 mm2 area in a thin section is free of 
them, siderophile abundances in excess of those believed indigenous to the 
moon and a relatively high abundance of metallic iron(4). Furthermore the 
boulder's noritic composition falls in the 15-22% A1203 range characteristic 
of most lunar impact melts. The very restricted range in major, lithophile 
and siderophile abundances in the boulder(4) suggests that the boulder is all 
part of a single melt sheet. The boulder is inferred to be a 17 m thick 
section through that sheet. The boulder may represent most of the total 
thickness of the sheet because it is nearly equal in size to the largest of 
the blocks in the 1 km long line of blocks, 113 of the way up the North Massif, 
from which it is derived. Samples from the boulder reveal a progressive 
textural sequence from fine to coarse grained; numerical calculations testing 
a variety of clast contents and boundary conditions on the boulder's cooling 
are presented by Onorato(5). 

The KREEP-like composition of the boulder falls near the plagioclase- 
orthopyroxene-olivine peritectic(6). In accord with the experimentally pre- 
dicted equilibrium sequence, crystallization begins with plagioclase (Ans4-92) 
followed by olivine (F0~~-73), pyroxene (mostly pigeonite Mg=71-81 and mlnor 
augite also Mg=71-81), ilmenite and finally a variety of residual phases 
including metal and troilite. The variation in cooling rate due to proximity 
of the margin of the sheet, and possibly the initial abundance of clastic debris 
has produced correlated changes in grain size, texture, clast abundance and 
relative abundance of different clast types. The best foliated, most vesicular 
part of the sheet (76015 and 76215) has a poikilitic texture consisting of 15 I J ~  
feldspar tablets in pyroxene oikocrysts up to 3 mm long, and 9-14% mineral 
clasts. Small patches within 76215 have an ophitic texture consisting of 
600 iJm feldspar, 300 Pm pyroxene, and less than 2% clasts. The opposite end 
of the boulder (76275 and 76295) is massive, relatively free of large vesicles, 
contains many clasts over 5 cm, and petrographically is seen to have a sub- 
ophitic matrix consisting of 10-15 pm plagioclase, 15-30 pm pyroxene, and over 
17% mineral clasts. Mineral clasts, .05-1 mm, throughout the boulder are 
dominantly Angg-g7 plagioclase and Fo65-85 olivine, however the ratio of 
olivine to feldspar decreases with increasing grain size and minor pyroxene 
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clasts occur in the finest samples. The feldspar clasts occasionally have 
rims of Angq-92 which are thicker and better formed in the coarser samples. 
Only a few % of the feldspar clasts display potential shock features such as 
lamellae, undulose extinction or the flame texture of recrystallized feldspar 
glass. These features are more abundant in the larger lithic clasts than in 
the mineral clasts. The correlated variation between clast abundance and the 
major and trace element abundances (admittedly a small range) suggests that the 
clasts initially had a noritic composition slightly less aluminous than the 
matrix(4). If this is the case then most of the original clasts have been 
digested, including almost complete digestion of pyroxene which crystallizes 
only about 100' below the liquidus(6). This suggests that the melt was 
initially superheated and that the initial abundance of clasts was sufficient 
to absorb a great deal of heat from the rnelt(5), in effect, quenching the melt. 
Once the clasts and melt have equilibrated the melt then crystallized in the 
manner of volcanic liquids. 

Study of the melt sheet at Manicouagan is significantly different from 
study of lunar samples because the sheet has not been disaggregated by later 
impacts and the mineralogy and composition of the target rocks can be determined 
directly. The 230 rn thick sheets forms a ring around the central uplift with an 
outer diameter of 65 km and an inner eroded margin with a diameter of about 
24 km (7). Melt also occurs as isolated masses throughout an intensely shocked 
anorthositic central uplift. The outer 10 km of the sheet sits on in-situ 
basement with only isolated patches of fragmental breccia less than 5 m thick 
between melt and basement whereas nearer the center melt occurs between basement 
blocks over 100 m across. The melt has the composition of a monzonite and, like 
the boulder, it has a restricted range in composition (Si02=57.32 2.3) in spite 
of the great range in country rock compositions (Si02 ranges from 49 to 72% (8). 
Abundant plagioclase, olivine, pyroxene, quartz, alkali feldspar, garnet, 
biotite and scapolite in the high metamorphic grade Grenville rocks of the 
target allows a wider range of interactions between the melt and country rock 
than the plagioclase, low calcium pyroxene, olivine mineralogy of the highlands. 
As with the boulder there is a correlated variation between clast abundance and 
grain size. Grain size increases monotonically upwards in all 27 sections 
sampled through the sheet; the top of the sheet has been removed by erosion. 
The melt's crystallization follows the sequence expected for its bulk composition. 
Crystallization begins with plagioclase (An38,75Ab24-580r1-4) and possibly 
olivine (all of which is altered), augite (Wo35,45En34,48F~14-25) comes in about 
half way through plagioclase crystallization, pigeonite ~06-14En45-54F~40-48), 
or more rarely hypersthene follows the augite which is followed in turn by 
alkali feldspar (Anl-5Ab22,400r 5-7 ), tridymite (pseudomorphed by quartz), 
apatite, titanomagnetite, and ilmenlte. Millimeter patches of coarse alkali 
feldspar and tridymite occur in rocks of all grain sizes, possibly due to a 
buildup of fluid in the later stages of crystallization. Thin siliceous veins 
that cut some samples and extensive deuteric alteration of ferromagnesian 
minerals in nearly all samples is inferred to result from this late stage fluid. 
Lithic clasts up to tens of meters across occur in the lower 30 m of the melt, 
their abundance is estimated at < lo%, but lichen obscure virtually all natural 
rock surfaces. Although the mineral clast content decreases upward in all 
sections sampled throughout the melt, the thickness of the zone with, 2% mineral 
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clasts ranges from less than 15 m to over 40 m. The thickness may differ by 
20 m in sections only a km apart. The mineral clast abundance rarely exceeds 
12% even in samples within a meter of the basement. As with the boulder, the 
clast population is quite different from that in the country rocks; the clasts 
are about 314 plagioclase and 114 quartz, with rare grains of magnetite and 
olivine. The ratio of plagioclase to quartz clasts increases upward in the 
sheet. As in the lunar samples only a few percent of the clasts show potential 
shock effects. Rectangular patches of magnetite and as yet unidentified 
silicates appear to be pseudomorphs after biotite or amphibole, but no hint 
remains of the original garnet, scapolite or alkali feldspar present in the 
basement. The preserved mineral clasts have reacted extensively with the melt. 
Quartz clasts are surrounded by rims of small augite grains in the finest, most 
clast-rich samples, and in the coarser samples the augite is in turn rimmed by 
alkali feldspar-tridymite. The plagioclase clasts are filled with micron size 
patches of alkali feldspar. However, at the base of the sheet a few grains 
show replacement only at their margins. Similar features have been noted in 
the Mistastin Crater melt (9). 

The Manicouagan melt is distinctive from lunar impact melts in that most 
of the section is free of readily identified clasts. Only samples 14310, 
68415 and possibly 15382 and 15386 represent essentially clast free impact 
melts from the moon. The narrow compositional range of the Manicouagan melt 
(7,8) suggests that claste similar to those near the basement were present 
throughout the section. The more extensive clast digestion at Manicouagan may 
be due to the higher water and alkali content which effectively fluxed the system. 
Also biotite, garnet, amphibole and scapolite breakdown at igneous temperatures, 
and the alkali feldspar may have had a melting point well below the melt's liquidus. 

There are a number of general similarities between the Manicouagan and lunar 
impact melts: 1) the correlation between grain size and clast content; 2) the 
high degree of chemical homogeneity in single melt-sheets; 3) a relic mineralogy 
biased to refractory compositions; 4) the rarity of shock effects in preserved 
mineral clasts; and 5) a general tendency for the melt's matrix to be fine grained. 
These similarities support the model(4) that impact melt is quenched by very 
thoroughly mixing it with clasts which are less shocked hence relatively cold. 
The clasts are probably also moving much more slowly than the melt(1) and absorb 
momentum from the melt as well as heat possibly accounting for the localization 
of the melt near, or in, the crater. The extensive digestion of clasts suggests 
that the melt was superheated; a suggestion also supported by crater modeling 
studies(1). A consequence of mixing cold clasts with hot melt is that the melt 
is quenched by the clasts and begins to crystallize(4,5). Apparently the melt's 
viscosity rises so rapidly (even in thick sheets such as Manicouagan) that the 
melt does not undergo convection, early crystallizing minerals do not sink, and 
even large locks of dense basement do not sink through the melt. The mixing 
appears to be so rapid and so violent, and the melt's viscosity increases so 
rapidly, that water present in the hydrous minerals of the country rock is not 
able to escape and causes deuteric alteration. 
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