
Shock metamorphism of lunar rocks and origin of the regolith at the Apollo lllanding site 383 

ANDERSON A. T., CREWE A. V., GOLDSMITH J. R., MOORE P. B., NEWTON R. C., OLSEN E . J., SMITH 
J. V. and WYLLIE P. J. (1970) Petrologic history of moon suggested by petrography, mineralogy, 
crystallography. Science 167, 587-590. 

BARTH T. F . W. (1969) Feldspars. Wiley-Interscience. 
BUNCH T. E., COHEN A. J. and DENCE M. R. (1968) Shock-induced structural disorder in plagioclase 

and quartz. In Shock Metamorphism oj Natural Materials, (editors B. M. French and N. M. Short), 
pp. 509-518. Mono. 

CARTER N. L., RALEIGH L. B. and DECARLI P. S. (1968) Deformation of olivine in stony meteorites. 
J. Geophys. Res. 73, 5439-4561. 

CHAO E . C. T. (1967) Impact metamorphism. In Researches in Geochemistry, (editor P. H. Abelson), 
Vol. 2, pp. 204--233. John Wiley. 

CHAO E. C. T. (1968) Pressure and temperature histories of impact-metamorphosed rocks-based 
on petrographic observations. In Shock Metamorphism oj Natural Materials, (editors B. M. French 
and N. M . Short), pp. 135-158. Mono. 

DECARLI P. S. and JAMIESON J. C. (1959) Formation of an amorphous form of quartz under shock 
conditions. J. Chem. Phys . 31, 1675-1676. 

DECARLI P. S., AHRENS T. J. and ROSENBERG J. T. (1967) Shock wave compression of plagioclase: 
maskelynite formation. Presented at the 30th Annual Meeting of the Meteoritical Society. 

DENCE M. R. (1968) Shock zoning at Canadian craters: petrography and structural implications. 
In Shock Metamorphism oj Natural Materials, (editors B. M. French and N. M. Short), pp. 170-
184. Mono. 

DORAN D. G. and LINDE R. K. (1966) Shock effects in solids. In Solid State Physics, (editors F. 
Seitz and D. Turnbull), Vol. 19, pp. 229-290. Academic Press. 

DUKE M. B. (1968) The Shergotty meteorite: magmatic and shock metamorphic features. In Shock 
Metamorphism oj Natural Materials, (editors B. M. French and N. M. Short), pp. 613-621 . Mono. 

ENGEL A. E . J. and ENGEL C. G. (1970) Lunar rock compositions and some interpretations. Science 
167, 527-528. 

ENGELHARDT W. VON and BERTSCH W. (1969) Shock induced planar deformation structures in 
quartz from the Ries crater, Germany. Contrib. Mineral. Petrol. 20, 203-234. 

ENGELHARDT W. VON and STOFFLER D. (1968) Stages of shock metamorphism in crystalline rocks 
of the Ries Basin, Germany. In Shock Metamorphism oj Natural Materials, (editors B. M. French 
and N. M. Short), pp. 159-168. Mono. 

ENGELHARDT W. VON, STOFFLER D. and SCHNEIDER W. (1970a) Petrologische Untersuchungen im 
Ries. Geologica Bavarica 61, 29-95. 

ENGELHARDT W. VON, ARNDT J., MULLER W. F. and STOFFLER D. (1970b) Shock metamorphism in 
lunar samples. Science 167, 669-670. 

ENGELHARDT W. VON, ARNDT J., STOFFLER D., MULLER W. F ., JEZIORKOWSKI H. and GUBSER R. A . 
(1967) Diaplektische Gliiser in den Breccien des Ries von Nordlingen als Anzeichen fUr StoB­
wellenmetamorphose. Contrib. Mineral. Petrol. 15,93-102. 

FRENCH B. M. and SHORT N. M., (editors) (1968) Shock Metamorphism oj Natural Materials. 
Mono. 

FRONDEL C., KLEIN C., ITO J. and DRAKE J. C. (1970) Mineralogy and composition of lunar fines 
and selected rocks. Science 167, 681---{)83. 

GOLDSTEIN J. I. and COMELLA P. A. (1969) A computer program for electron probe analysis in the 
fields of metallurgy and geology. Goddard Space Flight Center, Greenbelt, Md., Rep. No. 
X-642-69-115. 

KING E. A., JR., CARMAN M. F. and BUTLER J. C. (1970) Mineralogy and petrology of coarse particu­
late material from lunar surface at Tranquillity Base. Science 167,650-652. 

LSPET (LUNAR SAMPLE PRELIMINARY EXAMINATION TEAM) (\969) Preliminary examination of lunar 
samples from Apollo 11. Science 165, 1211-1227. 

MAXWELL J. A., ABBEY S. and CHAMP W. H. (1970) Chemical composition of lunar materiai. Science 
167, 530-531. 

MCQUEEN R. G ., MARSH S. P. and FRITZ J. N. (1967) Hugoniot equation oftwelv : rocks. J. Geophys. 
Res. 72, 4999-5036. 



384 W. VON ENGELHARDT, J. ARNDT, W. F. MULLER and D. STOFFLER 

MILTON D. J. and DECARLI P. S. (1963) Maskelynite: formation by explosive shock. Science 140, 
670-671. 

MULLER W. F. and HORNEMANN U . (1967) Experimentelle Untersuchungen zur Wirkung von 
Sto13wellen auf Quarz und Feldspate. Presented at the 45th Annual Meeting of the Deutsche 
Mineralogische Gesellschaft. 

MULLER W . F. and HORNEMANN U. (1968) Deformation microstructures in shock-loaded olivine. 
Nature 220, 1227- 1228. 

MULLER W. F. and HORNEMANN U. (1969) Shock-induced planar deformation structures in experi­
mentally shock-loaded olivines and in olivines from chondritic meteorites. Earth Planet. Sci. Lett. 
7,251-264. 

PATTERSON J. H., FRANZGROTE E. J., TURKEVICH A. L., ANDERSON W. A., ECONOMON E. T ., GRIFFIN 
H. E., GROTCH S. L. and SOWINSKI K. P. (1969) Alpha-scattering experiment on Surveyor 7: 
comparison with Surveyors 5 and 6. J. Geophys. Res. 74, 6120-6148. 

PECK L. C. and SMITH V. C. (1970) Quantitative chemical analysis of lunar samples. Science 167, 
532. 

RALEIGH C. B. (1968) Mechanism of plast ic deformation of olivine. J. Geophys. Res. 73, 5391-5406. 
RALEIGH C. B. and TALBOT J . L. (1967) Mechanical twinning in naturally and experimentally deformed 

diopside. Amer. J . Sci. 265, 151- 165. 
RIECKER R. E. and ROONEY T. P. (1966) Shear strength, polymorphism, and mechanical behaviour 

of olivine, enstatite, diopside, labradorite, and pyrope garnet: tests of 920' C and 60 kb. Air 
Force Cambridge Research Laboratories, Environmental Research Papers No. 216. 

RINGWOOD A. E., REID A. F . and WADSLEY A. D . (1967) High pressure transformation of alkali 
aluminosilicates and aluminogerrnanates. Earth Planet. Sci. Lett. 3, 38-40. 

SCLAR C. B. (1970) Shock wave damage in minerals of lunar rocks. Science 167, 675--677. 
SHOEMAKER E. M. et al. (1969) Geologic setting of the lunar samples returned by the Apollo 11 

mission. In Apollo Preliminary Science Report, NASA SP- 214, pp. 41 - 83. National Aeronautics 
and Space Division. 

SMITH J. V. (1965) X-ray emission microanalysis of rock-forming minerals-I. Experimental tech­
niques. J . Geol. 73, 830-864. 

STOFFLER D . (1966) Zones of impact metamorphism in the crystalline rocks of the Nordlinger Ries 
crater. Contrib . Mineral. Petrol. 12, 15- 24. 

STOHLER D. (1967) Deformation und Umwandlung von Plagioklas durch Sto13wellen in den 
Gesteinen des Nordlinger Ries. Contrib. Mineral. Petrol. 16, 51-83. 

STOHLER D . and ARNDT J. (1969) Coesit und Stishovit-Hochstdruckmodifikationen des Silicium­
dioxids. Naturwiss.56, 100-109. 

VERGANO P. J ., HILL D. C. and UHLMANN D. R. (1967) Thermal expansion of feldspar glasses. 
J. Amer. Ceram. Soc. SO, 59-60. 

WUK H . B. and OJANPERA P. (1970) Chemical analyses of lunar samples 10017, 10072, and 10084. 
Science 167, 531- 532. 

WOOD J. A., DICKEY J. S.; MARVIN U . B. and POWELL B. N . (1970) Lunar anorthosites. Science 
167, 602-604. 


