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Abstract-The boulder is a 14 m-thick section through a sheet of impact melt. Five matrix samples 
were collected; each a fine-grained, crystalline rock. All matrices have about the same mode: 50% 
plagioclase, 30% pigeonite, 13% olivine, 5% augite, and 2% ilmenite and accessory minerals. Three 
matrix units with distinctly different vesicularity, degree of foliation, and matrix texture were sampled, 
but all display a restricted range in major- and trace-element composition. All units are concluded to be 
part of the same melt sheet due to their chemical similarity and lack of intervening elastic material 
between units. Matrix textures range from subophitic with 10-µm feldspar and 30-µm pyroxene to 
ophitic with 250-µm feldspar and 600-µm pyroxene. As the matrices coarsen, clast content decreases 
from 20% to 2%, the ratio of mafic to feldspathic clasts decreases from 0.32 to 0.02, the ratio of 
pyroxene to olivine clasts decreases from 0.8 to 0, the average matrix pyroxene En/En+ Fs increases 
from 0.71 to 0.81, the average matrix feldspar An content increases from 0.84 to 0.91, the large ion 
lithophile element abundances decrease (Sm from 16.9 to 12.3 ppm) and siderophile abundances 
decrease (Au from 3.93 to 0.526 ppb). 

The melt sheet is modeled as a mechanical mixture of (1) superheated silicate liquid produced at the 
impact site and (2) relatively cold clasts, not exposed to high shock pressures and, hence, originating 
some distance from the point of impact. Once mixed, clasts and melt interact both thermally and 
chemically. The fine grain size, large quantity, and even distribution of clasts allow the clasts to absorb 
large quantities of heat in seconds or less. Heat is absorbed both as sensible heat raising the clasts' 
temperature and as latent heat fusing and dissolving clasts. As the clasts approach chemical 
equilibrium the smaller lower melting-point fragments will be preferentially consumed; specifically the 
clasts of pyroxene, less refractory plagioclase, ilmenite and the accessory minerals, thus altering the 
composition of the melt. The ability of finely distributed clasts to absorb heat from the melt explains 
the fine grain size of impact melts and correlations between matrix grain size and clast content. After 
the clasts and matrix establish a quasi-equilibrium, further loss of heat takes place by conduction and 
radiation to the surroundings, at a rate that is orders of magnitude slower than for clast-melt 
interactions. 

INTRODUCTION 

THIS PAPER IS A PROGRESS report on the petrologic study of the Station 6 boulder, 
with a discussion of the implications of its petrographic and geochemical studies 
to the understanding of the processes of formation and crystallization of impact 
melts. As such it is another in the series of papers (Warner, 1972; Simonds, 1973; 
Warner et al., 1973, 1974; Simonds et al., 1973, 1974) on the processes of impact 
breccia formation, lithification, and possible chemical fractionation. Examination 
of the boulder samples, 76015, 76215, 76235, 76255, 76275, 76295, and 76315, is a 
consortium effort and the data of other members of the consortium are used in the 
development of this paper. As of our 1974 report (Simonds et al., 1974), only two 
samples had been processed for complete characterization; currently all samples 
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have been processed but adequate data are available for only five samples: 76015, 
76215, 76235, 76295, and 76315. 

SETTING 

The boulder, actually a cluster of five blocks, lies near the foot of the North 
Massif in the Taurus-Littrow Valley. A track extends for 440 m up the 2200-m 
high massif from the boulder to a nearly horizontal field of boulders (AFGIT, 
1973). It is inferred that the boulder rolled from that field to its present site about 
20 m.y. ago (Crozaz et at, 1974). 

The boulder field extends discontinuously for more than 1 km along the massif 
suggesting that the boulder is derived from a horizontal unit. Mapping of the 
boulder from lunar surface photos by Heiken et al. (1973) developed the 
stratigraphic sequence shown in Fig. 1. This layering may represent initial 
depositional structure. Furthermore, since the studied boulder is nearly as large as 
any block in the boulder field, it potentially represent~ part or most of a section 
through the coherent boulder-forming unit. No features were observed to indicate 
a top for the boulders' stratigraphy. 

C::=) Unit A 

@J§.'j Transition from A to B 

F:·:./-\·.::·.:1 Unit B 

Unit C 

n 

I 
O 5 10m 
_, ... , .... , .... , ... , _, ____ , 

,;. 

· ·~- 76255 

76295 

.:,. · 76275 

76235 

Fig. 1. Map and stratigraphy of boulder from Heiken et al. (1973). All units are 
crystalline rocks with no elastic material between the crystalline units. No information 

exists to indicate top or bottom of the stratigraphy. 
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Thermal regimes in impact melts and the petrology 643 

DESCRIPTIVE PETROLOGY 

Megascopically the boulder is a hard, vesicular, crystalline mass with numer-
ous fractures. Clasts recognizable in lunar surf ace photography comprise 2-25% 
of the boulder. Four stratigraphic units are recognized (Fig. 1). Unsampled unit A, 
a minimum of 6 m thick, is the most vesicular unit with numerous vesicles over 
5 cm across, and some clasts >5 cm. Unit B, the source_ of samples 76015 and 
76215, has the best foliation (Fig. 2), many flattened vesicles almost all <5 cm 
long, and almost no clasts >5 cm. A disc.ontinuous transition unit between units A 
and B, the source of 76315, ranges from 0 to 2.5 m thick, is moderately well 
foliated, and has a clast population similar to unit A. Unit C, the source of matrix 
samples 76275 and 76295 and clast samples 76235 and 76255, is massive with few 
vesicles, and contains the largest number of clasts over 5 cm. 

Petrographic overview 

The matrix samples will be discussed in a petrographic sequence from coarsest 
to finest: 76215, 76015, 76315, 76295, and 76275. All matrix samples are fine-
grained by terrestrial standards for igneous rocks with grain sizes ranging from 
0.005 to 1.0 mm. All of the matrices have similar modes, about 50% calcic 

Fig. 2. Lunar surf ace photograph showing the abundance and alignment of vesicles in unit 
B. The upper rod on gnomon is 31 cm long. Photo =#= 141-21607 cropped. 
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plagioclase, 30% pigeonite, 13% olivine, 5% augite, 1 % ilmenite, and < 1 % metal, 
troilite, potassium feldspar, phosphate, and a potassium- and silica-rich residual 
mesostasis. All samples are seen in thin s~ction to contain 2-20% mineral and 
lithic fragments (Tables 1 and 2). These fragments are interpreted as xenoliths or 
clasts that were incorporated into a molten matrix. They are distinctly coarser 
tban the matrix and typically have higher melting points than the matrix phases. 
The minimum size of clasts is larger in the coarse-grained matrices (Table 1) 
because the reactions between clasts and melt appear to eliminate small clasts. 
Mineral clasts are found in most proposed impact melts (e.g. von Engelhardt, 
1971; Dence, 1971; Grieve, 1975), in many cases with compositions clearly 
incompatible with formation as phenocrysts from the melt. 

Despite the textural variation chemical analyses of matrix chips (Table 3), 
which contain the 2-20% small clasts, show a remarkably limited range. In the 

· further petrologic descriptions it is understood that all matrix samples are similar 
but their small, important differences are emphasized. Those _differences provide 
important information on the processes which formed the impact melt and 
operated during crystallization. 

Well -foliated unit B 

Sample 76215-poikilitic and ophitic impact melt. Sample 76215 is a 644-g, vesicular, crystalline 
rock with a green-gray hue. A crude macroscopic foliation (Fig. 3) is defined by (1) the alignment of 
nearly round 5-mm vesicles, (2) the long dimension of several 0.5 x 10-mm cavities and (3) the flat side 
of the large vesicle wall forming one side of the sample. The sample has two ~istinctive matrix textures 
with only a slight difference in mode, i.e. of the ratio of olivine to pigeonite (Table 1 ). Most of the 
sample has a clast-laden, poikilitic texture similar to that of many Apollo 16 and 17 crystalline rocks 
(Simonds et al., 1973, 1974) (Fig. 4A). Areas up to a few centimeters across with an ophitic texture 
similar to but finer-grained than 14310 are also present (Fig. 4B). The contact between the two textures 
is sharp, but the ophitic areas are very irregular in outline, and lack any distinct reaction features at the 
contact. It is concluded that the ophitic zones are a textural variation within the matrix and not clasts. 
Similar sharp changes in texture are noted in the impact melt sequence at the Manicougan impact 
structure (our work in progress). 

The poikilitic areas are filled with a continuous network of pigeonite and subordinate augite 
oikocrysts enclosing a myriad of evenly distributed tiny feldspar grains. The mode, mineral 
compositions and other petrologic features of the matrix are given in Table 1 and Fig. 5. Olivine occurs 
both as irregular chadacrysts with convoluted to sutured grain boundaries within pyroxene, and 
granular forms between oikocrysts. Concentrations of troilite are close to, but not in contact with, 
large metal grains. Both metal and sulfide have formed between preexisting -silicate grains, the sulfide 
shape being controlled by the enclosing euhedral feldspar tablets. The inferred paragenetic sequence is 

pigeonite ilmenite and the residual phases including metal and sulfide. 
Plagioclase continues to precipitate until the residual phases begin to crystallize. The metal and sulfide 
behave as if they were an immiscible liquid which solidified after most plagioclase, olivine, and 
pyroxene had crystallized. The inferred presence of feldspar on the liquidus is based on the typical 
subhedral morphology of this mineral and the granular anhedral form of olivine. The bulk composition 
of the rocks falls near the plagioclase-olivine cotectic of the plagioclase-olivine-silica pseudotemary 
liquidus diagram (Walker et al., 1972). 

The coarser set of cavities in the poikilitic part of 76215 appear to be vesicles resulting from bubbles 
of gas whose outlines were preserved when the rock crystallized. The smaller set of cavities are vugs 
(Fig. 4C) confined to regions between oikocrysts and bounded by faces off eldspar grains; possibly they 
contained a vapor phase that exsolved as the rock crystallized. 

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

http://adsabs.harvard.edu/abs/1975LPSC....6..641S


1
9
7
5
L
P
S
C
.
.
.
.
6
.
.
6
4
1
S

Thermal regimes in impact melts and the petrology 645 

A standardized method is used for microprobe analyses of all boulder samples. Plagioclase, 
pyroxene, and olivine were analyzed for K, Ca, and Na or Ca, Fe, and Mg as appropriate to define the 
major end-member components. Data are corrected for beam current and instrumental drift, 
backgrounds and dead time. Feldspar and augite standards are used and the effects .of full matrix 
corrections are unresolvable on the plots presented. Fifty mafic and fifty feldspar grains were analyzed 
in each of several l-mm2 areas from widely separated parts of the rock. All mineral clasts were 
analyzed in several thin sections from separate parts of the rock. In 76215 results from the individual 
l-mm2 areas in the poikilitic part are indistinguishable. Two bulk chemical analyses (Table 3) of the 
matrix are from areas which adjacent thin sections suggest are largely poikilitic. The slightly more 
feldspathic mode of some ophtic areas (Table 1) suggests that the more aluminous. analysis has a 
greater abundance of ophitic-textured rock. 

The principle differences between the poikilitic and ophitic regions of the sample are the texture 
and reduced clast population of the ophitic regions (Table 1; Fig. 5). In contrast to the appearance in 
most igneous rocks the euhedral plagioclase grains in the ophitic texture vary in size up to 40% over 
distances < 1 mm. Also in the ophitic portions a small amount of metal forms irregular intergrowths 
with troilite, potassium-rich feldspar and mesostasis fills triangular spaces between feldspar, pyroxene, 
and more rarely, ilmenite; a few grains of chromite occur adjacent to metal, and a single small pink 
transparent spinel was noted. The apparent paragenetic sequence is the same as for the poikilitic 
texture, as are the vesicle and vug populations. 

Extreme variation is noted in the relative abundance of olivine and pyroxene in the ophitic matrix. 
Although some 1-5-mm2 matrix areas contain only olivine as the mafic phase and others are dominated 
by augite, the largest continuous area contains both in about the average mode given in Table 1. Olivine 
compositions varied by as much as Fos between areas. 

The mineral and lithic clast ppopulation of 76215 differs between the two lithologies (Table 1). The 
only clasts, defined as nearly equant grains over 100 µ.m across, in the ophitic region were grains of 
strain-free plagioclase and a single grain of optically homogeneous olivine. The feldspar clasts show 
optically distinct overgrowths up to 30 µ.m thick. Plagioclase clasts in this texture provide the only case 
in the boulder suite where mineral clasts match the matrix in composition (Fig. 5). 

The mineral clast abundance in the poikilitic regions is greater than in the ophitic regions (Table 1) 
but is lower than in other rocks of the boulder suite. Most clasts lack definitive shock effects, many 
feldspar clasts show only 10 µ.m-wide overgrowths and commonly possess an irregular core with the 
overgrowth giving grains a more euhedral outline. Overgrowths tend to have the composition of matrix 
feldspar and differ from the composition of the cores. Clast analyses are from the center of each clast; 
the peak in the clast composition-histogram (Fig. 5), corresponding to the peak in the matrix 
composition-histogram, results from analyses of overgrowths that extend to the apparent center of the 
grain in the plane of the thin section. Thus the true discrepancy between average feldspar 
compositions of matrix and clasts may be greater than indicated by the histograms. 

No lithic clasts were noted in the ophitic portion of the sample; only four were noted in the 
poikilitic portion. Three were anorthosites: a 0.3-mm clast with 120° triple junctions, a recrystallized 
maskelynite grain or group of grains, and a 1-cm anorthosite clast displaying the polygonal feldspar 
2 mm across with wavy grain boundaries and long, thin orthopyroxene confined to the boundaries 
between feldspar. The pyroxene may be intruded from the matrix of the poikilitic rock or an intrinsic 
part of the anorthosite. The fourth clast is a dunite. 

Sample 76015-poikilitic impact melt. Sample 76015 is a 2819-g, vesicular, crystalline rock with a 
green-gray hue. The slab cut from the rock displays a well-developed alignment of smooth-walled but 
flat vesicles (Fig. 6). 

The matrix is homogeneous and contains a continuous network of interlocking pigeonite oikocrysts 
and other textural features similar to the poikilitic matrix of 76215 except that the oikocrysts are larger 
and feldspar grains are smaller and more elongate in 76015 (Fig. 4D; Table 1; Fig. 5). The paragenetic 
sequence is similar to that of 76215. Some of the vugs in this rock and 76215 have been studied by 
Carter et al. (1975) who report crystals of troilite, chalcopyrite, pentlandite, and a Cr-Fe phase, some 
or all of which formed from a vapor phase at temperatures of less than 700°C. 

The tight cluster in the composition diagram at W 05-6En1~73FS22-26 (Fig. 5) contains about half of the 
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r Table 1. Matrices. 
= = 76315 

76215 76215 76015 Micro- 76295 76275 = Q.. ophitic poikilitic poikilitic poikilitic subophitic subophitic -= Map unit B B B A-B C C (0 

'"""" transition 
Mode2 plagioclase vol.% 55 50 50 50 50 

= pigeonite vol.% 15 30 30 20 34 r.l). 

'"""" ..... 
augite vol.% 5 4 '"""" 11 5 7 = '"""" olivine vol.% 24 7 14 25 7 (0 

• ilmenite vol.% 1 2 2 1 1 
Oikocrysts phases pigeonite pigeonite pigeonite pigeonite pigeonite pigeonite 

0 
< augite augite augite augite augite augite (j ..... 
Q.. olivine i1menite ilmenite olivine (0 ?= Q.. 
-a" An 3 TJ'1 

MATRIX p1agioc1ase 91 91 89 85-90 85 84 I-I 

'"""" An+Ab x lOO s:: =- 0 (0 
length µm 250-350 20 15 10-20, 404 15 10 z z > length : width 5_,7: 1 1-2: 1 1-3: 1 2-3:1 2: 1 2: 1 en 

00 > shape euhedral subhedral subhedral subhedral subhedral subhedral 
> pigeonite En x 1003 81 78 76 75 72 r.l). 71 
'"""" En+Fs 
0 length µm 800 300 700 100 10-30 15 =- length : width 4: 1 1-10: 1 1-5: 1 3:2 1-2: 1 1-2: 1 r.l). ..... 

form subhedral subhedral subhedral subhedral subhedral subhedral n 
r.l). 

oikocrysts oikocrysts oikocrysts oikocrysts oikocrysts 
augite length µm 200 200 200 50 10-30 10-30 '"""" 

00 length : width 2: 1 1: 1 1-2: 1 1-2: 1 1-2:1 1-2: 1 
r.l). shape anhedral anhedral anhedral anhedral anhedral anhedral 
'"""" (0 

9 oi~ocrysts oikocrysts oikocrysts oikocrysts oikocrysts 
olivine Fo3 66 66 69 68 64-66 

length µm 150 <20 <20 10-50 <15 <15 
shape anhedral anhedral anhedral anhedral anhedral anhedral 
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> 00 
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00 
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ilmenite length 40 & 54 150-300 50-400 5 
length : width 1: 1 3-6: 1 1-8:1 1-2: 1 
rutile-spinel yes yes yes yes 
lamellae 

metal diameter <20 200 200 <10 

CLASTS abundance vol.% 2 9 14 13 
mafic 5 .05 .12 .37 .49 feldspar 

pyroxene6 0 .02 0 .25 olivine 
minimum size µm1 100 50 50 50 
overgrowths width µm 30 10 10-20 10 

abundance common common common common 

VESICLES abundance vol.% 2 <5 5 <1 
(in thin section) size µm 50-200 50-100 50-5000 25-50 

shape round round irregular irregular 

VUGS abundance vol.% <1 <1 <1 ~1 
(in thin section) size µm 36 5X50 5 X 50 10 

'Not determined. 
2Determined by point count and from randomly collected microprobe data; does not include ve_sicles or clasts. 
3Most abundant (mode). 
4Two distinctly different morphologies. 
5Ratio of total number of mafic clasts to total number of feldspar clasts. 
6Ratio of total number of pyroxene clasts to total number of olivine clasts. 
1Minimum size of large grains counted as clasts. 
8Smaller pores in subophitic matrix, larger pores in areas of clast concentration. 

2-5 2-5 
1-3: 1 1-3: 1 
yes yes 

<5, 5004 

17 

.32 

.36 

50 
<5 1 ::::::r 

('b 

rare 1 3 a 
2-3 1 ""1 

('b 
OQ 

5-25, 1 §" 
500-1008 ('b 

rJJ 

irregular 1 s· 
s· 

~1 1 "'O p., 

<5 1 n 
t""t-

3 
t""t-
rJJ 

t:S 
Q.. 
t""t-
::::::r 
('b 

"'O 
('b 
t""t-
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0 
0 
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Table 2. Large lithic 

76015 
basalt 

Map unit B 

Texture in tersertal 
Mode2 plagioclase vol.% 50 

pigeonite vol.% 25 
augite vol.% 24 
olivine vol.% 1 
ilmenite vol.% 0 

Oikocryst phases none 

MATRIX plagioclase An 3 

An+AbxlOO 79-85 

length µm 100-400 
length: width 2-3: 1 
form euhedral 

pigeonite En x 1003 

En+Fs 75 

length µ.m 800-3000 
length: width 2-7: 1 
form subhedral 

augite length µm 400 
form subhedral 

olivfoe Fo3 50-68 
length µm 300 
form equant 

ilmenite length none 
rutile-spinel 
lamellae none 

CLASTS abundance vol.% none 
mafic 4 none feldspar 

minimum size µ.m5 none 
overgrowth width none 

abundance none 

VUGS abundance vol.% 25 
(in thin sections) size µm 500 

1 Not determined. 
2Determined by point count and randomly collected microprobe data, 
excluding vugs. 
3Most abundant (mode) or range if extensive. 
4Ratio of total number of mafic clasts to total number of feldspar clast~. 
5Minimum size of large grains counted as clasts. 
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Thermal regimes in impact melts and the petrology 649 

clasts studied in detail. 

76315 76295 76235 
light-gray 76315 76295 feldspathic f eldspathic 

clast white rind basalt norite norite 

A-B A-B C C C 
transition 
poikilitic granulitic intersertal cataclastic poikilitic 

70 70 50 50 70 
17 15 10 32 20 
0 0 30 1 0 

13 15 0 17 10 
<.1 <.1 10 1 <.l 

pigeonite none none none pigeonite 
olivine 

95 95 69-84 94 94-95 

20-200 40-100 100-400 300 25-100 
1: 1 1: 1 3:1 1: 1 1: 10 

polygonal anhedral euhedral rounded anhedral 
fragments 

78 83 70 70-87 74 

400-1200 10-40 120 100-200 500 
1-4: 1 1 : 1 1 : 1 1 : 1 1-2: 1 

subhedral polygonal subhedral rounded irregular 
fragments oikocrysts 

none none 100-500 l none 
none none subhedral none 
75 82 none 73 

20-140 10-40 none 30 
anhedral polygonal none anhedral 

5 5 200-1000 5 

yes yes yes yes 

10 5 none 5 

0 .03 none 0 

200 150 none 150 
60 40 none 40 

common common none common 

none none 30 none 
none none 1000 none 
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Table 3. 

MATRIX 

76215 76215 76015 76315 76295 
,28,29,48 ,26,27 ,41,32,77 ,35,65,73 ,14,37 

SiO2% 46.13 46.02 46.38 46.21 47.03 
TiO2% 1.24 1.52 1.53 1.50 1.39 
AhO3% 18.73 17.83 17.77 18.14 18.25 
FeO% 8.08 8.70 9.07 8.95 9.09 
MnO% 0.12 0.12 
MgO% 12.43 12.21 12.67 12.02 10.78 
CaO% 11.50 11.10 11.11 11.32 11.54 
Na2O% 0.69 0.60 
K20% 0.25 0.27 0.26 0.26 0.26 
P2Os% 0.24 0.28 0.29 0.29 0.32 
Cppm 73 43 51 69 105 
Sppm 695 1019 895 781 731 
Cr ppm 1188 1389 
Li ppm 22.6 19.6 21.6 13.9 19.4 
Rb ppm 6.10 6.89 6.57 5.78 5.43 
Srppm 177 174 
Bappm 294 352 358 337 376 
La ppm 27.3 33.4 33.4 31.6 37.8 
Ce ppm 68.9 83.6 84.9 82.3 95.7 
Nd ppm 43.7 52.2 54.0 52.7 60.0 
Sm ppm 12.3 14.9 15.2 14.8 16.9 
Eu ppm 1.70 1.99 1.99 1.95 1.91 
Gd ppm 15.9 19.3 18.9 18.8 21.3 
Dyppm 16.5 19.7 19.9 19.1 22.7 
Er ppm 9.90 11.8 11.7 11.4 13.2 
Ybppm 9.00 10.9 10.8 10.4 12.0 
Lu ppm 1.30 
Th ppm 4.61 5.20 5.56 5.69 6.12 
Uppm 1.26 1.50 1.% 2.52 1.83 
Zr ppm 459 495 507 541 
Hf ppm 0.60 
Irppb 0.809 3.41 5.42 5.42 
Re ppb 0.070 0.315 0.507 0.456 
Auppb 0.526 1.89 3.21 3.93 
Ni ppm 54 135 256 203 
Sbppb 0.44 1.02 1.49 2.11 
Geppb 31.5 164 346 423 
Seppb 60 76 100 68 
Teppb 4.04 1.9 
Agppb .87 1.02 0.84 1.20 
Brppb 50.5 46.8 48 35.7 
Bippb 0.34 0.22 0.098 0.56 
Znppm 2.5 2.8 3.1 2.6 
Cdppb 1.08 3.2 5.0 1.28 
Tlppb 0.63 0.67 0.31 0.33 
Csppb 192 156 250 117 
Ir/Au 1.57 1.80 1.68 1.37 
Ge/Au 60 87 108 107 

Analyses from Rhodes et al. (1974) and their unpublished data; 
Hubbard et al. (1974) and their unpublished data; Higuchi and Morgan. 
(1975); Gibson and Moore (1974) and their unpublished data. 

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

http://adsabs.harvard.edu/abs/1975LPSC....6..641S


1
9
7
5
L
P
S
C
.
.
.
.
6
.
.
6
4
1
S

Thermal regimes in impact melts and the petrology 651 

Geochemistry. 

CLASTS 

76315,62 76315,52 
Standard light-gray white rind 76295,49 76230,4 

Mean deviation clast (impure) basalt clast 76235,8 

46.24 0.39 45.10 48.57 44.52 
1.47 0.09 0.36 0.32 0.20 

17.92 0.42 26.37 17.91 27.01 
9.09 0.50 5.29 7.66 5.14 
0.12 0.01 O.Q7 0.13 0.06 

12.29 0.59 7.46 13.84 7.63 
11.16 0.23 15.12 10.36 15.17 
0.69 0.06 0.47 0.47 0.35 
0.26 0.01 0.10 0.15 0.06 
0.29 0.02 0.06 0.12 0.05 

67.4 20.9 36 
797 123 318 

1250 88 770 813 1364 685 
18.0 3.0 9.5 11.8 20.5 11.0 
6.15 0.95 2.336 3.73 20.47 0.448 

175 3 153 115 191 146 
350 21 72 129 334 50.2 

31.5 3.7 5.41 7.33 18.2 3.04 
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11.5 0.8 2.14 2.91 8.06 1.31 
10.6 0.8 2.07 2.98 7.60 1.37 

1.46 0.14 0.30 0.455 1.07 0.202 
5.41 0.38 1.23 1.34 2.01 0.72 
1.54 0.20 0.34 0.34 0.66 0.20 

491 24 95 105 232 
12.37 0.34 
5.13 2.1 3.18 
0.431 0.16 0.267 
2.93 1.23 2.91 

193 83 146 
1.65 1.04 1.84 

275 132 321 
90 24 235 

3.6 1.4 5.8 
1.91 1.80 1.03 

44.5 16.9 30.5 
0.50 0.30 0.40 
5.78 8.61 2.2 
3.3 2.3 1.13 
0.60 0.36 0.99 

202 61 383 
1.74 0.25 109 
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Fig. 3. Map of slab through poikilitic to ophitic sample 76215. 

pigeonite analyses. In separate 1-mm areas the pyroxene composition varies by only one or two En 
units and the feldspar does not vary at all. The modal ratios remain nearly constant for different areas 
of the sample. Analyses of four chips of matrix by Rhodes et al. (1974) and ~ubbard et al. (1974) show 
a range of Al2O3 from 17.17% to 18.00% and a corresponding variation of Sm of only 14.0 to 15.3 ppm, 
and normative MgO/FeO + MgO of 0.728 to 0.745 ppm, suggesting that the matrix is homogeneous. 

Most grains of the mineral clast population (Table 1) lack definitive shock features; the feldspar 
clasts have only simple twins. Overgrowths up to 20 ,um wide are common on the larger feldspar clasts 
and tend to give the grains a more euhedral form. As with the poikikitic part of 76215 the peak in the 
clast histogram (Fig. 5) at the matrix composition is believed to result from analyzing portions of 
crystal rims. Olivine clasts show no internal compositional variation. 

The lithic clast population is extremely diverse: in about 22 thin sections, with a total area of about 
20 cm2, there are three annealed dunite fragments, each about 0.3 mm across; three anorthosites 
0.3-5 mm across, one of which has interlocking subhedral feldspar tablets rather than the typical 
polygonal grains; three well-annealed anorthositic troctolites ranging in size from 0.3 to 1 mm, with 
about 70% modal feldspar; one poikilitic textured rock with 70% feldspar and orthopyroxene 
oikocrysts 1 mm in length; one intensely shocked troctolite with about 50% modal olivine and 50% 
cryptocrystalline recrystallized maskelynite; one anorthositic .norite in which all feldspar is recrystal-
lized maskelynite and with a few percent ilmenite pos:;ibly added from the matrix. The largest clast in 
the sample is a 2-cm basalt which has an intersertal texture but cavities instead of a mesostasis (Fig. 
4E). Phase compositions, the mode mineral compositions and textural features are given in Fig. 7 and 
Table 2. Numerous oriented inclusions of augite and K-feldspar are concentrated at the rims of 
plagioclase. Pyroxene grains are filled with inclusions of metal, sulfide, plagioclase, and silica and 
potassium-rich phases. Small, 10 ,um or less, euhedral feldspar grains protrude into the cavities, and 
some contain several percent K2O. 

Foliated transition unit between A and B 

Sample 76315-micropoikilitic impact melt. Sample 76315 is a 671-g, non-vesicular, crystalline 
rock with a blue-gray hue. Boulder mapping (Heiken et al., 1973) places this sample at the contact 
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between unsampled unit A and unit B. This stratigraphic placement depends\ critically on the 
interpretation that unit B swings in part up over unit A, a point which is not evident from Fig. 1. The 
alternate explanation given by the astronauts while on the moon was ~hat sample 76315 fits into the 
stratigraphy between the foliated poikilitic-ophitic unit (76015 and 76215) and the massive fine 
subophitic unit C (76275 and 76295). The choice of these alternative interpretations determines whether 
the sample suite crosses from one margin to the other across the central, coarsest portion of the melt unit 
(i.e. A, Transition, B,. C) or if the coarsest samples are at one end of the sampled sequence and hence the 
suite contains only one margin (i.e. A, B, Transition, C). 

A foliation is defined in the slab cut through the rock by variations in matrix color as indicated on 
the map, Fig. 8 and by lines of < 1 mm vesicles. About the margin of one of the elongate clasts parallels 
this orientation. Sampling subdivisions included both lighter and darker matrix areas, the latter of 
which was referred to as clast 3, and two clasts, the 1 mm-thick white rind on the edge of the sample as 
clast 1, and 2-cm diameter light-gray ( or white) clast referred to as clast 2. 

The matrix texture of 76315 varies from micropoikilitic with pyroxene oikocrysts up to 100 µm long 
to very fine-grained and subophitic with pyroxene grains about 20--p,m long (Fig. 4F). These variations 
occur in zones several millimeters wide paralleling the main foliation in the rock. It was not possible to 
correlate these variations to the color banding seen in the slab. Both varieties of matrix have about the 
same abundance of mineral and lithic clasts relatively evenly distributed throughout. However, there 
are subophitic zones a few millimeters thick with a greater abundance of clasts and a higher porosity 
than the remainder of the sample. These zones are similar to the clast-rich zones in the two 
finest-grained matrix samples, 76275 and 76295 as discussed below. 

Both micropoikilitic and subophitic matrices have a continuous network of mafic grains enclosing 
tabular subhedral to euhedral feldspar. Model mineral composition and textural information is given in 
Table 1 and Fig. 9. There are substantial variations in the ratio of pyroxene to olivine with some of the 
subophitic zones having virtually no pyroxene. Some of the subophilitic zones seem to have more 
modal feldspar than the micropoikilitic areas. 

The porosity visible on the scale of a thin section is unevenly distributed. The coarser, more 
irregular pores are associated with the concentrations of clasts described above. Small pores bounded 
by matrix crystals face are similar to the smallest set of pores in the poikilitic samples. 

Although within the sample there are substantial variations in the matrix mode in both the 
abundance of feldspar and the ratio of olivine to pyroxene, the three bulk chemical analyses of the 
matrix fall in a tight cluster from 17.53% to 18.18% Al2O3 (Rhodes et al., 1974) with corresponding 
abundances of 15.1-14.1 ppm Sm. The normative MgO/FeO + MgO ranges from 0.730 to 0.744. 

The mineral clast population is summarized in Table 1. Most grains lack definitive shock features. 
A few plagioclase clasts contain many inclusions. In contrast to 76215 and 76015 pyroxene .cJasts are 
abundant, and appear homogeneous. A few of the larger olivine clasts are compositionally zoned. A 
small proportion of the mineral clasts in this sample are pink spinel. 

The lithic clast population in about 20 cm2 of thin section consists of: three 0.5-2-mm annealed 
anorthositic norites or troctolites with poikilitic low-calcium pyroxene; two granuliti~-textured 
anorthositic troctolites, a few tenths of a millimeter across; three spinel troctolites or spinel-bearing 
norites up to a millimeter across, one crushed troctolite with what appears to have been an annealed 
texture and a similar anorthositic norite both about a millimeter across; one crushed anorthosite 
0.8 mm across; an unusual norite with subhedral feldspar enclosing elongated pyroxenes; and several 
clasts with about the same modal mineralogy as the matrix including a poikilitic fragment 1 mm across 
and three very fine-grained subophitic clasts with rounded fragment boundaries 0.5-1 mm across. The 
two largest clasts in the sample were sampled for chemical analysis and include: the 1 mm-thick white 
rind and the 2-cm light-gray clast. The light-gray clast's mode, mineral compositions, and textural 
features are summarized in Table 2. Feldspar grains have a seriate grain-size distribution (Fig. 4G). In 
the plotted compositional data the larger feldspars correspond to the grains over about 150 µm. Many 
of the larger feldspar grains have necklaces of olivine grains near their rim (Fig. 4G) while others have 
round olivine grains distributed throughout. Lamellae or other shock features are absent from the 
feldspar. Metal and troilite occur as irregular forms 10 µm or less. The bulk composition of the clast is 
listed on Table 3. Although the sample contrasts in texture with most lunar samples proposed to be 
impact melts (Warner et al., 1973 and Simonds et al., 1973 and 1974), similar textures are found in the 
middle of a 100 m-thick sequence of impact melt at the Manicougan structure. 
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Fig. 4. Photomicrographs of selected lithologies. Plane polarized transmitted light unless 
otherwise noted. Scale bars are 0.5 mm long: (A) Poikilitic matrix 76215,68. Light-
colored areas are mineral dasts, gray is the feldspar, pyroxene, olivine intergrowth, 
black is ilmenite. Typical of map unit B. (B) Ophitic matrix 76215,57. From map unit B, 
but only found in 76215. A possible clast is in the lower right. The darkest areas are a 
crystallized mesostasis. (C) Vugs in poikilitic matrix 76215,68 are the darkest areas. 
Similar vugs are found in 76015 and 76215 as well as other poikilitic rocks. Reflected 
light. (D) Poikilitic matrix 76015,87. Typical of map unit B. (E) Basalt clast 76015,109. 
Note the abundance of inclusions at edges of partially extinguished feldspar grains. The 
lightest colored areas are cavities. Partially crossed polarizers. (F) Micropoikilitic matrix, 

7 6315, 100. Typical of sample. 
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Fig. 4 (Contd.). (G) Light gray clast, partially crossed polarizers 76315,96. 
Note necklace of olivine inclusions in feldspar grain at left. A pigeonite oikocryst 800 µm 
long extends diagonally from lower left to middle of field of view. (H) White rind, 
76315,14. Dark area at bottom right center is a pink spinel. (J) Clast concentrations in 
fine subophitic texture 76295,13 form the lighter zone extending across the field of view. 
The darker zones are typical blue-gray matrix. (K) Basalt clast, 76295 ,86, partially 
crossed polarizers. Lightest colored areas are vugs. Note abundance of ilmenite not 
found in clast in 76015 (Fig. 4E). (L) Feldspathic olivine norite clast, 76295,91. Large 
feldspar grain at center-left has been shocked and recrystallized to a cryptocrystalline 
state. (M) Feldspathic norite with poikilitic pyroxene, 76235, 18. The sample is a clast in 

unit C. 
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The white rind's mode, mineral composition, and textural data are summarized in Table 2 and Fig. 
10. ,The feldspar has a seriate grain-size distribution (Fig. 4H). Most of the mafic grains are at the 
boundaries between feldspars but a few occur within feldspar as rounded grains. Ilmenite, chromite, 
metal, and troilite all occur as irregular grains less than 10 µ.,m across in approximately the same 
abundance. The reported chemical analysis (Table 3) is less aluminous than estimated from the mode 
suggesting that the analyzed chip is a mixture of clast and matrix. 

Unit C-the massive low-porosity unit 

Sample 76295-fine subophitic impact melt. Sample 76295 is a 261-g, non-vesicular, crystalline 
rock most of which has a blue-gray hue. Two types of matrix were sampled for chemical analyses; the 
abundant blue-gray component and the much less abundant tan vein-like ma~ses (Fig. 11). In addition, 
three small clasts were sampled: a vuggy basalt 4 mm across; a fine-grained, very porous dark-gray 
clast; and a light-gray clast. 

The matrix has a very fine-grained, subophitic texture with pyroxene oikocrysts. The major type of 
inhomogeneity is in the concentration of mineral clasts into a discontinuous network of vein-like 
surf aces up to 3 mm thick (Figs. 11 and 4J). These concentrations have a high porosity. The clast 
concentrations are bound together with typical matrix material but the ratio of clasts to matrix is a 
factor of two or more greater than in typical matrix. The concentrations correspond to the tan areas of 
matrix in the sampling plan. The combined textural, mineral composition, and modal data for the 
blue-gray and tan areas are given in Table 1 and Fig. 12. The matrix in both materials has about 50% 
feldspar, but the tan areas have abundant augite and no olivine while the blue-gray areas have little 
augite and abundant olivine. 

The mode from one l-mm2 area of the blue-gray material to another varies slightly. However, the 
variation in pyroxene to olivine ratio is less than in the coarser melt rocks. The center of the cluster of 
pigeonite compositions (Fig. 12) varies from one area to another by no more than three units of any 
pyroxene end-member with most of the variation being in En/Fs. Only a single unpublished major- and 
lithophile-element chemical analysis by the Rhodes and Hubbard groups is currently available for this 
sample (Table 3). Siderophile analyses (Higuchi and Morgan, 1975) for both tan and blue lithologies are 
similar. 

The mineral clast abundances are summarized in Table 1. Most clasts lack recognizable shock 
features. Several large grains of ilmenite occur in the sample and may be mineral clasts. Mineral clasts 
are very unevenly distributed and the tabulated values are a composite average for the sample. The 
blue-gray areas have fewer clasts than 76315 while the tan areas have more. The ratio of mafic 
minerals to feldspar varies little between the tan and blue regions. The lithic clast population in 10 cm2 

includes: three granulitic feldspathic norites with variable amounts of olivine, all in clasts about 
0.3 mm across; three feldspathic norites with poikilitic pyroxene; and one feldspathic norite with 
subhedral plagioclase ½ mm across. 

The dark-gray clast of the sampling plan appears to be a finer-grained subophitic material 
otherwise similar to the mat~x. The light-gray clast is a typical poikilitic melt rock similar to 76015. 
Four vuggy basalt clasts with a total area of less than 1 cm2 are similar to the basalt clast in 76015 
except that ilmenite is present in those of 76295 (Figs. 4K, 7; Table 2), and no olivine grains were found 
in the 76295 samples in contrast to the trace of olivine in 76015. The basic texture of the clast is that of 
an intersertal basalt with vugs instead of mesostasis. As in the clast in 76015 plagioclase occurs as 
subhedral grains up to 300 µm long with inclusions of metal, sulfides, K-feldspar, a gray chromite, and 
a possible silica phase concentrated at the rims. The composition of the basaltic clast is quite exotic 
with a preferential enrichment in volatile elements such as Rb relative to U (Table 3). 

Another large clast studied petrographically and with microprobe is a feldspathic olivine norite 
(Figs. 4L, 10; Table 2). The clast itself is a monomict breccia with fragments of feldspar and mafic 
minerals 0.25 mm across. 

Sample 76275-fine subophitic impact melt. Sample 76275 is a 56-g, non-vesicular crystalline rock 
with a blue-gray hue. The sample is petrographically identical to 76295 and the description of 76295 
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may be used for the blue and tan components of 76275. Table 1 and Fig. 12 present most available 
petrographic and mineralogical data. These analyses were performed on this section from chips taken 
during the reconnaissance phase of the boulder study. The comprehensive set of thin sections from the 
detailed processing have just been received. The allocation scheme for the sample recognized three 
lithologies: blue matrix analogous to the blue matrix in 76295, tan material analogous to the tan 
material in 76295, and a vesicular dark-gray clast. 

Clasts in the fine-grained massive unit C 

Sample 76235-feldspathic norite. Two large clasts were sampled from the massive unit C. Each 
of the clasts appears to be nearly½ m long. The first of the two sets of samples are 76235, 36, 37, 38, 39 
and 76305, 306, and 307 which are a series of friable fragments all chipped from a single 0.8-m long 
clast. Their aggregate mass is 81 g and all appear to be massive with some zones possibly more finely 
crushed than others. 

Petrographically the samples are olivine bearing feldspathic norites with poikilitic pyroxene (Table 
2; Fig. 4M). The only potential shock effects are badly strained feldspar grains. The overall texture is 
similar to that of the light-gray clast in 76315. Mineral compositions are plotted on Fig. 10, most of 
which come from a chip numbered 76230. The equant feldspar has a seriate grain-size distribution 
ranging from 20 to 600 µm but lacks the polygonal outlines of a well-annealed rock. Rounded mafic 
inclusions up to 30 µ,m across occur in the larger feldspars considered clasts in Table 2 but the 
necklaces of inclusions are missing. Opaque minerals are predominantly metal mostly at 
plagioclase-mafic grain boundaries, troilite as 1-µm blebs, chromite, and rarely, chromite with ilmenite 
Iamellae next to metal grains. The mode of formation of this sample is not clear although it, like the 
light-gray clast in 76315, does resemble some impact melts from Manicougan. 

Sample 76255-brecciated gabbro. The second of the two large clasts is 76255, a banded elastic 
rock with a mass of 407 g. It is unique in that it appears to be a monomict breccia comprised of 
complex intergrowths of two or more pyroxene phases, coarse augite, and plagioclase grains. One end 
of the slab cut through the rock, apparently the margin of the clast, appears to be blue-gray matrix 
similar to 76275 and 76295. Detailed petrographic study of the sample awaits receipt of the thin 
sections. 

DISCUSSION 

The model 
Interpretation of the petrographic and chemical data from the boulder suggests 

a set of thermal and chemical processes that appear reasonable for a petrogenetic 
model of impact events large enough to produce a layer of melt a kilometer or 
more wide and at most a few tens of meters thick. A summary of the model is 
presented, followed by justification on the pertinent interpretations. 

The boulder is interpreted to be part of a single impact melt sheet with 
differences in matrix texture and observed clast content correlating with different 
positions in the melt sheet. The melt sheet is a mechanical mixture of superheated 
silicate liquid produced at the point of impact, and relatively cold clasts not 
exposed to high shock pressures, and hence, from some distance from the point of 
impact. Figure 13 indicates the suggested thermal history. Mixing of clasts and 
liquid took place while the melt was in motion, presumably over a time period of, 
at most, a few minutes even for large craters. Although the motion of the melt is 
almost certainly turbulent, the variations in preserved clast abundances and melt 
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Fig. 13. Model for the thermal effects of mixing clasts and impact melt. 

textures suggests that more clasts are concentrated at the edge of the melt sheet. 
The melt probably formed part of a continuous subhorizontal sheet at the bottom 
of a crater of the type proposed by Dence (1971). Once mixed, clasts and 
superheated melt interact both thermally and chemically. The fine grain size, large 
quantity, and even distribution of clasts allow them to absorb large quantities of 
heat in seconds or less. Heat is absorbed from the melt both as sensible heat 
raising the temperature of the clasts and as latent heat fusing or dissolving the 
clasts. As the clasts approach chemical equilibrium the smaller ones will be 
preferentially assimilated by the inelt, specifically the lower melting point, small 
mineral clasts· will be fused, and thus alter the composition of the liquid. The 
ability of finely distributed clasts to absorb heat from the melt explains the fine 
grain size of impact melts and the correlation of grain size with clast content. 
Once the clasts and matrix establish a crude thermal equilibrium, further loss of 
heat is by conduction and radiation to the surroundings, but at a much slower rate 
than during the clast-melt reaction. 

Previous thermal models 
The prime difference between the model presented above and the previous 

models of Warner et al. (1973, 1974) and Simonds et al. (1973, 1974) is that melt 
and clasts are derived from distinctly different parts of the cratering regime. 
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Previous models suggested that the melt was a· partial melt and that the clasts 
came from within the volume fused. 

The evidence that the clasts and melt come from distinctly different parts of 
the crater is the presence of clasts lacking definitive shock features encased in a 
liquid inferred to be produced by shock fusion. Shock pressures of 400-450 kbar 
(Stoffler, 1972) are required to fuse feldspar and well over 600 kbar to fuse 
pyroxene (Gibbons et al., 1975) while plagioclase lacking mosaicism or undulatory 
extinction cannot have been exposed to pressures of > 100 kbar (Gibbons et al., 
1975). Thus the clasts do not seem to have come from the small volume fused 
near the point of impact. Similar arguments were presented by von Engelhardt 
(1971) for the origin of unshocked clasts in suevite from the Ries. In addition, the 
concept of mixing cold clasts into a coexisting impact melt has been suggested by 
Grieve et al. (1974), Grieve (1975), and James (1975). The physical model for 
movement of the melt at Mistastin Lake presented by Grieve (1975) suggests that 
the more intensely shocked melt ~as a greater particle velocity and moves 
outward overwhelming the slower more less intensely shocked debris. Cooling 
rate estimates of lunar samples and estimates of melt sheet thicknesses have been 
given by Brett (1974) but the possibility of an initial rapid cooling would modify 
his thickness estimates. 

Justification of the model 
The following points must be justified to demonstrate the validity of the 

proposed model: 

(1) The boulder matrix is the product of impact melting and not volcanism. 
(2) The variety of matrix types result from a single event. 
(3) The boulder matrix was a liquid at the time of mixing with clasts. 
(4) The clasts were initially cold. 
(5) The melt was initially superheated so that it could dissolve clasts. 
(6) The observed clast population has been biased by selective fusion of 

components. 
(7) Textural evidence exists to suggest two stage cooling. 

Impact not vu,lcanism. Crawford and Hollister (1974), Hollister (1975), and 
Chao et al. (1974, 1975) suggest that the matrices of many lunar highland 
crystalline rocks were volcanic liquids which incorporated a large amount of 
clasts on their way to the lunar surface. Previously Simonds et al. (1973, 1974) 
proposed criteria for distinguishing products of impact melts from volcanic melts. 
The criteria are based on three features of the impact process that differentiate it 
from volcanism: (1) impact fusion occurs very rapidly, (2) impact processes 
essentially take place at the lunar surface, and (3) some evidence should remain of 
the projectile although it may have been largely vaporized. Because of the rapid 
formation of impact liquids and the lack of time for chemical diffusion and 
thermal conduction to proceed, crystallized impact melts characteristically have 
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heterogeneous modes and grain sizes on the scale of a thin section. The variations 
in texture of crystalline matrices were especially evident within 76215 and 76315 
and between the two samples from unit B, 76215 and 76015. Although the melts 
vary in both grain size and mode over a distance of a few millimeters, chemical 
analyses of pieces with volumes of about 102 mm3 taken from points several 
centimeters apart show only small variations. Chemical variations across large 
masses of melt such as that at Mistastin Lake (Grieve, 1975) or glasses from 
widely separated parts of the Ries (von Engelhardt, 1967) show differences which 
can largely be explained in terms of variations in the proportions of rock types in 
the target which have been incorporated into different parts of the melt. 
Apparently the mixing is most effective in volumes of a few hundred cubic 
centimeters. The heterogeneities on the scale of thin sections may be the result of 
incomplete digestion and thermal equilibration of clasts. 

Siderophile-element abundances in the boulder are well above that proposed 
to be indigenous to the moon (Morgan et al., 1974). The excess siderophiles may 
be due either to the contamination of the melt by the projectile responsible for 
fusion or it may be due to melting debris in which the siderophile content was built 
up by a succession of impacts. In either case the material in the boulder is 
inherently surficial and not from the interior of the moon. 

The clasts in the boulder (Table 1) are so thoroughly mixed that no l-mm2 area 
of a thin section is free of them. Mixing on this fine scale is likely to accompany 
the violence of impacts; however, xenoliths in terrestrial volcanic melts are never 
so evenly distributed. A terrestrial magma is presumed to rise to the surface 
through a channel or tube with limited surf ace area, and the melt should freeze 
against the wall of the channel even if through intensely fractured rubble; i.e. the 
lunar crust, thus lining the passageway and minimizing contamination. Only 
certain explosively produced pyroclastic materials such as ash flow tuff s and 
volcanic breccias in diatremes may resemble the proposed impact melt rocks on a 
macroscopic scale, but in thin section the matrices are drastically different. 

The high-initial Sr87/Sr86 calculated for the boulder (Nyquist et al., 1974) 
indicates that the material in the boulder evolved in a rubidium-rich environment 
for several hundred million years prior to the boulder's crystallization. A volcanic 
hypothesis consistent with the Rb-Sr isotopic data requires the unlikely situation 
that these samples evolved in a rubidium-rich environment for several hundred 
million years, then were melted and extruded without any major rubidium 
enrichment. The combination of all of the above features in the boulder plus the 
evidence for superheating presented later, indicates that a volcanic origin for the 
boulder matrix is extremely unlikely. 

Single event. The very narrow range in chemical composition of the matrix 
samples from all !hree sampled units of the boulder (Table 3), suggests that it is 
the product of a single impact event which was able to mix the melt quite well. The 
range that is observed may -be explained as mixing of two components, melt and 
clasts, with only small differences in composition: the melt having lower abun-
dances of siderophile and large ion lithophile elements, a higher magnesium to 
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iron ratio, and greater feldspar content than the clasts. Furthermore, it seems 
unlikely that two or three separate impact events would deposit sheets of melt in 
contact without some intervening elastic debris or soil, neither of which was 
observed. · 

Melt-clast mixture. The swirled alignment of smooth-walled vesicles (Figs. 2, 
3, 8) leaves little doubt that the matrix at one time had the rheology of a liquid. The 
subhedral to euhedral morphology of plagioclase (Table 1) also' suggests that 
crystallization began when the liquid was above the solidus. Experimentally 
produced subsolidus crystallization of a melt or glass produces dendritic to 
spherulitic growth forms (Lofgren, 1974; Kirkpatrick, 1974; Simonds, 1973). The 
latter set of experiment~ was performed on an Apollo 14 breccia composition 
similar in its phase relations to the boulder matrix. Prolonged annealing at 
temperatures just below the solidus would produce granulitic texture with 
polygonal grains characteristic of most high-grade terrestrial metamorphic rocks. 
The observed sequence of crystallization based on interpretation of textures is 
identical to that produced experimentally for the crystallization of a similar liquid 
(Walker et al., 1972). Thus, all indications lead to matrix formation from a melt 
rather than reactions in a solid. 

Cold clasts. At least 90% of the observed clasts in the boulder are free of 
recognizable shock features. As indicated above, many feldspar clasts do not 
appear to have been exposed to shock pressures of over 100 kbar. Maximum 
post-shock temperatures associated with such shock pressures are about 200-300° 
or less (Ahrens and O'Keefe, 1972). Thus the bulk of the incorporated clasts must 
be cooler than the melt by at least 1000°C and possibly as much as 1500°C. 
Certainly some clasts with shock features must be incorporated into the melt, 
possibly more than are observed, and it is probable that those hotter clasts were 
largely digested into the melt and thus are no longer recognizable. 

Superheat in melt. In order for the melt to raise cold clasts to melting 
temperatures, dissolve any reasonable number of them, and still develop a 
crystalline, igneous-textured matrix it must possess enough superheat to over-
come both the heat required to raise clast temperatures and the latent heat of 
fusion of the clasts. Fusing only 1% clasts will lower the melts' temperature by a 
total of 17°, 13° for raising clast temperatures and 4° for latent heat. These 
calculations assume that clasts and melt have the same specific heat and that the 
latent heat of fusion is about equivalent to heating the solid about 400°C, 
compatible with the latent heats of minerals (Robie and Waldbaum, 1968). 

Studies of the oxidation state of iron in glasses from the Ries impact crater 
(Horz, 1965) indicate temperatures in excess of 1500°C. Also studies of bad-
deleyite formed from zircon in those same glasses led El Goresy (1965) to suggest 
temperatures of over 1700°C. Experimental shock studies by Gibbons (1975) 
suggest that temperatures of over 3000°C may be -possible at least locally in 
shock-produced liquids. The systematic variation in the clast abundance and 
populations of the various clast types, as discussed below, is most compatible 
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with fusion into an initially superheated melt. Many of the classic arguments 
presented by Bowen (1928; p. 182-185) for the lack of superheat in volcanic 
liquids do not seem appropriate for impact generated liquids simply because the 
process is so rapid. 

Selective digestion of clasts. The ratios of feldspar to mafic minerals and 
olivine to pyroxene in the clast population are different from these ratios in-the 
matrix (Table 1). In addition, the compositions of the olivine, pyroxene, and 
feldspar clasts differ from their matrix counterparts (Fig. 5, 9, 12). These 
differences are systematic and amenable to explanation. 

The ratio of feldspar to mafic minerals and olivine to pyroxene is higher in 
presently recognizable clasts than in the matrix. In general, clast-feldspar is more 
anorthositic, clast-olivine more fosteritic, and clast-pyroxene more enstatitic than 
the equivalent matrix phases. This pattern could be ascribed to the accidental 
production of the melt from a relatively noritic mass of material and derivation of 
the clasts from a separate region with a more anorthositic troctolite composition. 
However, exactly the same discrepancy between crystallized melt phases and 
preserved clasts was noted in the Apollo 16 crystalline rocks (Warner et al., 1973; 
Simonds et al., 1973), and in the Apollo 15 4-10-mm crystalline fragments from the 
Apennine Front (our work, unpublished). Similar observations have been made of 
the impact melt at the Mistastin Lake (Grieve, 1975), Ries (von Engelhardt, 1971) 
and Manicouagan structures (our work, unpublished). Thus the biasing of the clast 
population to refractory compositions is concluded to be a general feature of 
impact melts. 

The most straightforward explanation of the systematic differences is that the 
clasts which are now recognizable are the most refractory ones which were 
incorporated into the melt. The lower melting-point phases were fused and 
became thoroughly mixed into the liquid. The fusion is not completely controlled 
by melting points, however since lower melting-point phases such as pyroxene are 
found in large fragments such as the 2-cm basalt clast in 76015. Potentially these 
large clasts are not heated sufficiently for fusion, except possibly of residual 
phases which potentially once filled some of the voids. An additional kinetic effect 
which may operate is the preferential preservation of tectosilicates. The abundance 
of feldspar clasts seems high for melts whose composition lies so near the 
plagioclase-olivine cotectic. Also quartz clasts are common in the Manicouagan 
melts although it crystallizes late in the melt's paragenetic sequence. 

Evidence for a two -stage cooling history. An initial stage of rapid chilling 
explains a wide variety of textural features of the boulder samples, and impact 
melts in general. As indicated above, the general fine-grained nature of impact 
melts is a consequence of their high abundance of xenoliths. The non-spherical 
vesicles in some samples, such as 76015 and 76215, suggests that the viscosity of 
the melt rose too quickly for bubbles aligned during the melt flow to become 
spherical. Most lunar impact melts with about 50% modal feldspar contain 
fine-grained feldspar enclosed in much coarser pyroxene. As was pointed out by 
Simonds et al. (1973), the poikilitic texture can be accounted for by a simple 
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two-stage cooling history. During the first stage a flood of tiny feldspar grains 
crystallized. During the second stage the coarser pyroxene and ilmenite oikoc-
rysts form due to moderate nucleation rates and- relatively high growth rates. 

Thermal calculations 
The cooling is modeled in two steps, first the rapid equilibration between 

clasts and matrix, and second, the much slower loss of heat to the surroundings. If 
the heat capacities of the clasts and melt are assumed to be equal and independent 
of temperature, the equilibrium temperature of the clast-melt mixture is a simple 
linear function of clast content. If no clasts exist the liquid remains at its 
formation temperature, probably well in excess of its liquidus as discussed above. 
For 20% clasts the mixture will have an equilibrium temperatures ½ of the 
difference between that of the liquid and the clasts; i.e. if the liquid is initially at 
1500°C and the clasts start at 0°C, the equilibrium temperature would have been 
1200°c. 

A crude calculation for the rate of clast-melt thermal equilibration may be 
made by modeling the system as spherical clasts surrounded by well-stirred liquid 
(Carslaw and Jaeger, 1959; p. 240-241). Inserting a thermal diffusivity of 
0.01 cm2/sec and a particle size of 0.01 cm into the equations indicates that the 
melt will be cooled 90% of the span from its initial temperature to the equilibrium 
temperature in two milliseconds (2 x 10-3 sec). The ratio of clasts to melt does not 
strongly affect the rate at which equilibrium is achieved, although it strongly 
affects the equilibrium temperature. The rate of cooling is proportional to the 
square of the particle size, thus a 1-m clast will take 200,000 sec to cool the 
proportionally larger amount of melt. The numerical result for the cooling of the 
0.01-cm clast seems unrealistically short-since the liquid should not be able to 
convect quickly enough to be described as well stirred, but there seems little 
doubt that the equilibration time between the mineral clasts and the melt must be 
on the order of 1 sec or less. 

Cooling liquids of the boulder-matrix composition to temperatures of about 
1200°C will initiate crystallization and the release of latent heat. The latent heat of 
fusion for silicates is (?quivalent to heat released by cooling the same amount of 
melt about 400°C (Robie and Waldbaum, 1968), thus the effect is not negligible and 
may well terminate the initial phase of cooling. In effect the_ latent heat of fusion 
appears to buffer the melt's temperature through the crystallization range. As the 
melt's temperature falls below the liquidus and feldspar begins to crystallize, 
latent heat is available to heat the enclosed clasts. Thus the melt's rapid drop in 
temperature will cease only slightly below the liquidus for all but extremely high 
clast abundances. The match between the petrographically inferred crystallization 
sequence and the experimentally produced sequence for similar compositions 
suggests that quenching of the melt to subsolidus temperatures by the enclosed 
clasts did not occur in the boulder. 

For the second stage of cooling the transfer of heat to the surroundings is 
orders of magnitude slower than the melt-clast transfer, due to the dimensions 
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involved. Models for the cooling of a slab 14 m thick (Jaeger, 1967) over the 
crystallization range from 1300° to 1040° indicate that the center of the slab does 
not reach the lower temperature in less than about nine months. If the boulder 
represents only the margin of a melt sheet much longer times are expected. 

The times given in the calculations for both stages of cooling are estimated to 
be correct to no better than an order of magnitude due to: (1) assumed values of 
thermal diffusivity, (2) the differences in heat capacity between the melt and the 
solid components, (3) temperature dependence of thermal conductivity, (4) the 
range, rather than· single value, of clast sizes, and (5) latent heats of fusion. 
However, the assumption that heat is transferred by conduction with negligible 
convection is probably valid. The ability of misshapen bubbles to remain 
non-spherical and the limited degree of coalescence of bubbles in the finer units 
suggest that the initial phase of cooling may raise the effective viscosity of the 
melt to the point where it can no longer flow. In spite of the rather crude 
assumptions made in the calculations, the modeling definitely suggests that a 
two-stage cooling }J.istory should have occurred with orders-of-magnitude differ-
ences in the rates of cooling between stages. 

Interpretation of variation in initial clast content 

The evidence for the rapid rise in the viscosity of the melt also implies that it is 
virtually impossible for extensive migration of condensed elements over distances 
of a millimeter or, at most, a centimeter. This assumes that migration of elements 
in the melt-clast mixture must be either in a vapor, or by diffusion or very 
short-range convection in the melt. If that deducti~n is correct, then the 
composition of the original melt-clast mixture has been preserved. Because the 
bulk chemistry of chips containing matrix plus small clasts correlates with the 
petrographically measured clast abundance and also the relative proportions of 
plagioclase and olivine in the mineral clast population (Tables 2, 3), it is 
appropriate to attempt correlation of the composition of the clasts relative to the 
melt. The chips with the highest clast content (Table 1) have the highest iron to 
magnesium ratio, highest large ion lithophile content, and the highest siderophile 
content (Table 3). These features suggest that the clast component is more 
enriched than the original melt in KREEP and meteoritic components. Determina-
tion of the absolute cqmposition of the two components, clasts and matrix is 
virtually impossible since eyen in the finest, most clast-rich samples, 76275 and 
76295, the modal composition of the still recognizable clasts is biased to refractory 
compositions relative to KREEP composition norites (Fig. 12; Table 1), presuma-
bly by partial digestion of the clasts. 

The correlation between apparent clast abundance and petrographic grain size 
is not unique to the Station 6 boulder. Unpublished field studies of the impact melt 
at the Manicouagan structure in Quebec shows a continuous decrease in both 
macroscopic and microscopic clasts upward throughout about a hundred meters 
or more of exposed melt and the correlating increase in matrix grain size. A 
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similar trend has also been observed by Grieve (1975) in melts from the Mistastin 
Lake structure in Labrador. 

The correlation in the degree of relative enrichment of the petrographically 
recognizable clast component in plagioclase and olivine with decreasing total clast 
content is explainable by the thermal model. In order to partially melt the clasts, 
the melt must first heat all of the clasts to an equilibrium temperature. If the melt 
is relatively uniform in temperature, it will have less heat available to dissolve 
clasts in those samples where it has had to heat 20% or more clasts than those with 
only 2% or 3%. It will therefore melt more extensively the clasts in the samples 
with fewer original clasts. 

The lack of very fine-grained feldspar in the ophitic samples with very few 
clasts may be due to the fact that in those samples, during the initial stage of clast 
heating, the melt is not cooled far enough into the feldspar precipitation 
temperature range to obtain the abundance of nuclei which formed in the rocks 
with more clasts. 

Implications of the model 
The model has dealt largely with the effects of the clasts on the matrix texture 

and composition. However, it is important also to know to what temperature the 
remaining clasts of various size have been heated and for what period of time. A 
variety of important properties of lunar samples, including noble gas content, 
isotopic ratios of individual phases, and magnetic remanence, are reset by heating. 
It is possible that the rate of cooling and abundance of clasts will effect the extent 
to which their properties are reset. 

A further extension of the concept of mixing hot melt with. cold clasts is to 
explain the origin of fragmental, or elastic breccias. They could be produced by 
mixing a large proportion of cold clasts with a relatively small amount of hot 
matrix material. Such rocks could be sintered in very short times (Simonds, 1973; 
Uhlmann et al., 1975); as little as a few seconds. Such rapid cooling would occur 
because heat would be transferred from the matrix to the clasts over distances 
measured in millimeters, or less, rather than the dimensions of ejecta blankets. 
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