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due to minor amounts of Fe2+ incorpo- 

Copernicus Crater Central Peak: 
Lunar Mountain of Unique Composition 

Abstract. Olivine is identged as the major m a j c  mineral in a central peak of 
Coperrzicus crater. Information on the mineral assemblages of such unsampled lunar 
surface material is provided by near infrared reflectance spectra (0.7 to 2.5 microm- 
eters) obtained with Earth-based telescopes. The composition of the deep-seated 
material comprising the Copernicus central peak is unique among measured areas. 
Other lunar terra areas and the wall of Copernicus exhibit spectral characteristics c?f 
mineral assemblages comparable to the feldspathic breccias returned by the Apollo 
missions, with low-calcium orthopyroxene being the major m a j c  mineral. 

The region of the central peaks of the 
crater Copernicus was one of nine lunar 
areas considered as  a possible landing 
site in the Apollo lunar exploration pro- 
gram (1). Copernicus is a fresh, bright- 
rayed impact crater 95 km in diameter on 
the lunar nearside (9.5"N, 20°W). It was 
recognized as  stratigraphically impor- 
tant, and features associated with it were 
used to define the most recent major 
time period of lunar history (2). Coperni- 
cus contains several prominent central 
peaks that rise about 800 m above the 
floor of the crater; the largest is 12 by 5 
km at the base. Images of these peaks 
taken from lunar orbit showed them to 
be massive and blocky (3) and the peaks 
were mapped as  deep-seated bedrock 
(4). Subsequent studies of crater dynam- 
ics (5) indicated that the material of the 
central peaks in craters the size of Co- 
pernicus has likely been uplifted from an 
original depth of about 10 km by dynam- 
ic rebound of local material in the termi- 
nal stages of the impact event. Objec- 
tives of the proposed Apollo mission to 
the Copernicus central peaks area in- 
cluded acquisition of samples of these 
deep-seated lunar materials and exami- 
nation of the structure of a large impact 
crater. However, the Apollo exploration 
program was terminated in 1972 without 
a mission to Copernicus. 

Compositional information for unsam- 
pled lunar areas can be obtained only 
through remote sensing techniques (6). 
Various well-tested sophisticated tech- 
niques can be used from lunar orbit, but 
the only methods available since 1972 
have involved the use of Earth-based 
telescopes. Throughout the first post- 
Apollo decade extended visible spectra 
(0.3 to 1.1 pm) and multispectral imaging 
(0.40 to 0.95 pm) of the lunar surface 
were used to classify, map, and to some 
extent characterize lunar areas (7-9). Re- 
cent advances in detector technology 
and instrumentation have allowed ex- 
amination of the additional portion of the 
lunar reflectance spectrum (0.7 to  2.5 
pm) that contains characteristic mineral 
absorption features (10) and allows spe- 
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cific mineral components to  be identified 
(11). A telescopic observational program 
has been under way for the last few years 
gathering such near infrared spectra for 
small lunar areas (5 to  15 km in diame- 
ter). Current investigations are directed 
toward detecting and understanding vari- 
ations in mineralogy of the ancient lunar 
crust (highlands or  terra). Returned lunar 
samples are used as  ground truth, but it 
is not known how representative they 
are (9). Sufficient data have now been 
obtained to define the general systemat- 
ics of lunar terra infrared spectra and to 
recognize any distinctly unusual materi- 
al. One such unusual area is a central 
peak of Copernicus crater. Previous ex- 
tended visible spectra for small areas on 
the wall, floor, and crater rim of Coper- 
nicus (7) indicated that the material exca- 
vated and exposed by the Copernicus 
event is generally comparable to other 
terra material. In this report we describe 
the characteristics of lunar terra infrared 
spectra and the compositional informa- 
tion they provide and then discuss the 
unusual spectra for the Copernicus peak. 

Laboratory spectra for minerals com- 
monly found in returned lunar terra 
rocks are shown in Fig. 1. Anorthositic 
feldspar is the most abundant mineral 
and accounts for the high A1 and Ca  in 
bulk lunar crustal materials. Feldspathic 
breccias are the most common rock type 
returned. Although feldspars can exhibit 
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Fig. 1. Typical laboratory near infrared reflec- 
tance spectra for orthopyroxene, olivine, and 
feldspar (11, 16). 

rated into the crystal structure, they are 
relatively transparent and d o  not domi- 
nate the spectrum of a rock. The more 
absorbing mafic minerals have a stronger 
effect on the spectrum of a mixture. 
Low-calcium orthopyroxene such as  the 
one shown in Fig. 1 are characteristic 
components of terra rocks and exhibit 
two well-developed absorption bands 
near 0.9 and 1.9 pm. As the composition 
and structure of the pyroxene vary (with 
increasing Ca  and Fe) these bands shift 
to  slightly longer wavelengths (12). Oliv- 
ine exists only in minor amounts in re- 
turned terra rocks (with the exception of 
a few breccia clasts specially selected by 
the astronauts). Olivine has a multiple 
(Fe2+) absorption band which is charac- 
teristically broad and centered between 
1.0 and 1.1 pm; it has no 2-pm feature. 
Since olivine is less absorbing than py- 
roxene, spectra for mineral mixtures of 
the two are disproportionately dominat- 
ed by pyroxene (13). 

Surfaces exposed to the lunar environ- 
ment for millions to  billions of years 
undergo alteration; the soil is strongly 
affected by multiple small impact events. 
Mature lunar soil contains mineral frag- 
ments, but also a major component (up 
to 80 percent) of complex glass-welded 
aggregates of multiply reworked materi- 
als. The effect of these "agglutinates" is 
not only to  darken the soil and dominate 
the spectral nature of the continuum 
(increasing in reflectance toward longer 
wavelengths) but also to weaken any 
mineral absorption features. A spectrum 
for a typical terra soil from Apollo 16 is 
shown in Fig. 2A. Absorption features 
due to  orthopyroxene are evident but are 
very weak. Such weak absorption fea- 
tures are analyzed by using an expanded 
scale after a continuum has been estimat- 
ed and removed (Fig. 2B) 

To  minimize the effects of soil alter- 
ation products, the telescopic observa- 
tions have been directed toward relative- 
ly fresh surfaces such as  those exposed 
at young impact craters. The two crater 
spectra in Fig. 2A are typical of all fresh 
terra craters observed (14). They have 
relatively flatter continua than spectra of 
mature soil and the distinct absorption 
features of low-Ca orthopyroxene. Most 
fresh terra craters have weak absorption 
bands similar to  those of Descartes 2; a 
minority have the strong pyroxene bands 
shown by Descartes 22. 

Central peaks of a few large (> 60 km) 
craters expected to  have excavated 
crustal material have been observed in 
the near infrared, and their spectra are 
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shown in Fig. 2, C and D. Tycho is 
located in the central highlands and thus 
certainly has excavated crustal material. 
Eratosthenes is tangent to  the Apennine 
ring of Imbrium basin, and the cratering 
event would have excavated through rel- 
atively thin maria overlying Apennine 
material. Similarly, Copernicus is ap- 
proximately a crater diameter from the 
Imbrium ring. Tycho and Eratosthenes 
contain both of the familiar pyroxene 
absorption bands. Tycho has an addi- 
tional feature near 1.2 pm, probably due 
to feldspar. The first (short-wavelength) 
pyroxene band for Eratosthenes is asym- 
metric, but indicative of similar mafic 
minerals in a mixture possibly including 
an impact melt component. The spec- 
trum of Copernicus peak is different 
from the spectra of these other central 
peaks as  well as  those of typical terra 
craters. It shows no evidence of pyrox- 
ene absorption near 2 pm, but contains a 
broad multiple band centered near 1 pm 
(Fig. 2, E and F). Copernicus peak was 
observed on three different nights. Al- 
though details of the structure of the 
absorption near 1 pm vary with the qual- 
ity of the data, all three spectra have the 
same characteristics: no detectable 2-pm 
band and a broad, probably multiple, 
band centered near 1 pm. During one 
night a spectrum of Copernicus wall ma- 

terial was obtained for comparison and is 
also shown in Fig. 2, E and F .  

The infrared spectrum for Copernicus 
wall is consistent with the earlier visible 
spectra and indicates a mineral assem- 
blage comparable to  known terra materi- 
al, with low-Ca orthopyroxene being the 
major mafic component. The bulk mate- 
rial excavated by the cratering event and 
deposited on or  near the rim of Coperni- 
cus thus appears to be lunar crustal 
material generally similar in composition 
to the feldspathic breccias sampled by 
the Apollo and Luna missions. 

The mountain-sized blocky material 
brought to  the surface from depth to 
form the peaks is apparently unique. The 
lack of a detectable feature near 2 pm in 
the spectrum of Copernicus peak indi- 
cates that pyroxene (of any composition) 
is not present in a significant amount 
(< 5 percent). Since the peaks have a 
very high albedo, the lack of a 2-pm 
feature cannot be attributed to  masking 
effects of opaque materials. The high 
albedo and the coherent blocky nature of 
the peaks also indicate that Fe-Ti glass 
cannot be a significant component con- 
tributing to the 1-ym feature. The most 
straightforward interpretation of the 
broad multiple absorption band centered 
near 1 pm is a mineral assemblage in 
which olivine is the major mafic mineral. 

Feldspar is probably present but would 
be difficult to conclusively identify in a 
shocked mixture with olivine. N o  other 
known assemblage is consistent with 
our current understanding of minerals 
and mineral mixtures. Shock-induced 
changes in minerals have been docu- 
mented in the laboratory. These experi- 
ments in the lunar case (15) indicate that 
a feldspar absorption band can be elimi- 
nated by the shock ranges typical of 
impact events, but that more mafic min- 
erals such as  pyroxenes and olivines 
retain their crystal characteristics up to 
the point of melting. The fact that spec- 
tra for the central peaks of both Tycho 
and Eratosthenes still exhibit clear inter- 
pretable spectral absorption bands indi- 
cates that a dominant unknown species 
is not produced during such a major 
cratering event. The preferred interpre- 
tation of the spectrum for Copernicus 
peak is thus a mineral assemblage con- 
sisting of olivine with an unknown 
amount of feldspar. 

Before the Copernicus impact, the ma- 
terial composing Copernicus peak was 
probably at a depth of about 10 km (5). A 
mineral assemblage of olivine with possi- 
ble feldspar at that depth raises interest- 
ing questions about our understanding of 
the evolution of the lunar crust. These 
remote sensing data provide observa- 
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Fig. 2. Lunar near infrared reflectance spectra. (A) The spectrum 
for a mature Apollo 16 soil is used in calibration. Descartes 2 is a 
high-albedo region of immature soil about 50 km southwest of the 
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  pol lo 16 landing site. Descartes 22 is a fresh crater about 130 
km southwest of the landing site. Straight-line continua are 
estimated for the absorption features. (B) Resldual absorption of 
reflectance spectra in (A) (reflectance/continuum). (C) Reflec- 
tance spectra for the major central peaks in three large craters. 
The larger peak of Copernicus was observed and is centered near 
9.S0N, 20.2"W. (D) Residual absorption for the central peaks of 
Eratosthenes and Tycho. A small amount of atmospheric water 
absorption (< 2 percent) was not removed during calibrat~on of 
the Tycho spectrum and is indicated with a dashed line. (E) 
Spectra for the peak and wall of Copernicus observed on 24 
November 1980. (F) Residual absorption for reflectance spectra 
in (E). 
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tional evidence that the upper lunar crust 
may be compositionally zoned. The 
presence of olivine in the Copernicus 
region suggests a possible magnesium- 
rich zone of unknown origin in the upper 
lunar crust. Possible sources of the oliv- 

High-Resolution X-ray Observations of the Orion Nebula 

Abstract. Observations of the Trapezium region in the Orion Nebula obtained with 
the high-resolution x-ray imaging instrument on board the Einstein Observatory 
reveal at least 58 sources of x-ray emission. All but two of the sources can be 
identified with visible stars. The strongest x-ray source is the star B'C, which excites 
the emission nebula. Its x-ray luminosity is 6 x ld2 ergs per second. The rest of the 
x-ray sources may be identified with stars of all spectral types. Strong x-ray emission 
is not observed from members of the infrared cluster embedded within the Orion 
molecular cloud. 

ine include (i) a primary cumulate zone 
resulting from early lunar differentiation, 
(ii) a singular magma chamber or cumu- 
late zone associated with lunar volca- 
nism and emplaced within the crust in 
this area, and (iii) a zone of material from 
either of the above, relocated by an 
earlier event. A detailed reconstruction 
of the stratigraphic sequence at this site 

The Orion Nebula (M42) is the best IPC observation of a lo  by lo  field cen- 
known and best studied site of recent 
star formation in our galaxy. Located 
about 500 pc away and easily identified 

tered on the Trapezium cluster revealed 
22 sources tentatively identified with 
stars of early spectral type and stars of 
the nebular variable class (5). The high 
angular resolution capability of the HRI 
offered the means to secure their identifi- 

in light of our current understanding of 
crater formation dynamics will be essen- 
tial to put this new compositional infor- 

with a pair of binoculars in the sword of 
Orion the hunter, the nebulosity is excit- 
ed by the star 0'C, a member of the 

mation in context with the evolution of 
the lunar crust. 
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Trapezium cluster. An optically opaque 
cloud of gas and dust is situated behind 
the nebulosity. Such molecular clouds in 

cations. 
The field of view of the HRI (- 25 arc 

minutes in diameter) was centered near 
our galaxy are believed to be sites of 
ongoing star formation. Indeed, studies 
of this cloud by infrared and radio tech- 

the Trapezium cluster for our observa- 
tion. The angular resolution is - 2 arc 
seconds (half width at half maximum of 

niques have identified several sites of 
current star formation within it (I). 

We present a deep x-ray image (22,021 

the core of the image of a pointlike 
source) over a circular region of radius 
- 5 arc minutes around the telescope 
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