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spatial distribution of crater materials with
in Copernicus at the subkilometer scale on 
the basis of their spectral ultraviolet (UV)-
visible (VlS)-near-infrared (NIR) charac
teristics and compare these data with the 
results of previous spot-spectroscopic inves
tigations (ly 2y 5). 

We carried out an extensive Earth-based 
spectral mapping (UV-VIS-NIR domain) of 
Copernicus (93 km in diameter) with 
charge-coupled device (CCD) images that 
had high spatial (0.7 km) and spectral 
(wavelength/band pass = X/AX = 100) res
olution. The observations were carried out 
in the September 1989 full-moon period, 
with a Thomson CCD camera mounted at 
the focus of the 2-m aperture (focal length/ 
diameter = 25) telescope of the Pic-du-Midi 
Observatory (France) (6, 7), under 6° and 
19° of phase angle, during two successive 
photometric nights (excellent atmospheric 
stability and less than 30% hygrometry). 
The optical configuration corresponds to a 
theoretical spatial sampling of 0.17 km per 
pixel at the subterrestrial point. 

Copernicus: A Regional Probe of the Lunar Interior 

Patrick C. Pinet, Serge D. Chevrel, Patrick Martin 
Earth-based telescopic spectral imaging techniques were used to document the spatial 
distribution of crater materials within the large lunar crater Copernicus at the subkilometer 
scale on the basis of spectral ultraviolet-visible-near-infrared characteristics. The pro
posed spectral mixing analysis leads to a first-order mapping of the impact melt material 
within the crater. Olivine was detected not only within the three central peaks but also 
along a significant portion of the crater rim. Consideration of an divine-bearing end-
member in the mixing model emphasizes the overall morphological pattern of the rim and 
wall terraces in the associated fraction image. The identification of widely exposed olivine 
units supports the idea that the lower crust and possibly the lunar mantle itself are regionally 
at shallow depth. 
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The data processing (6-8) produced a 
high-quality, three-dimensional spectral 
data set. Each pixel of the image is charac- 
terized by its spectrum, retrieved from the 
imaging data set, and ranging from 0.4 to 
1.05 pm (9); the resulting true spatial 
resolution available within Copernicus is 
then 0.7 km (Fig. 1). We then interpreted 
the spectral information in the light of 
high-resolution orbital pictures (for exam- 
ple, Fig. 2). The NIR (0.9 to 1.05 ~ m )  part 
of the spectrum was particularly well ana- 
lyzed (7, 9) and provided information on 
the mineralogy of the lunar crust. Absorp- 
tion features related to the Dresence of 
mafic silicates (pyroxenes, olivine) occur in 
this spectral domain (1 0). 

Following preliminary work (7) in which 
our SSI data were compared with earlier 

Fig. 1. Three-dimensional representation of an 
Earth-based telescopic mosaic of the interior of 
Copernicus crater produced from two 0.73-pm 
images. The brightness contrast of crater fea- 
tures observed at high spatial resolution (-500 
m) is displayed, ranging from dark blue (low 
intensity) to white (high intensity). Peaks and 
walls appear bright. North orientation is at the 
upper right corner. 

Fig. 2. Lunar Orbiter V vertical 
view (V-151 -M) of Copernicus 
crater. Shown are locations of ar- 
eas observed by NIR spot spec- 
troscopy ( 1 3 ,  5). 

reflectance spectra (2, 5), we used the F2 
spot (2) (Fig. 2) as a standard area and 
produced, from our imaging data set, reflec- 
tance spectra relative to F2 and scaled to 
unity at 0.73 pm (Fig. 3). A general con- 
sistency (within 1 to 2% mean deviation), 
both in terms of overall continuum slope 
and absorution features. was found with ~~ ~ 

earlier spectra available for particular spots 
(Fig. 2) (2). In particular, our data show 
that all three central peaks exhibit a broad 
absorption band near 1.05 pm (Fig. 3) 
which, as found earlier (1, 2), indicates 
olivine as the major mafic component. 
There exists a variation in the band 
strength within a factor 2 to almost 3 
among the three peaks, with the eastern- 
most peaks (PW and Pk2) being the most 
absorbent. 

On the basis of this agreement (7, 9), we 
then produced a detailed spectromineralog- 
ical map of the Copernicus interior and its 
surroundings, by applying a spectral mixing 
analysis based on the end-member tech- 
nique (I 1, 12) to the F2 relative reflectance 
spectra (13). Such an analysis applied to 
Copernicus shows that a mixing of three 
components can account for nearly all the 
total spectral variance of the image. Once 
the olivine-bearing lithology end-member 
(PW area) is selected, the two most distinct 
end-members within the image in terms of 
UV-VIS-NIR relative reflectance are pro- 
duced by the EJ1 and EJ2 end-members. 
These correspond to the external south- 
western rim and northwestern rim of the 
crater, respectively (Figs. 3 and 4) (14). 

In contrast to the albedo maDs. the . , 
overall morphology of the rim and wall 
terraces of the crater is cons~icuouslv visi- 
ble in the fraction images, particularly in 
the Pk3 fraction image (Fig. 4A). The 
present survey agrees with the recent iden- 
tification, at lower spatial resolution, of 

olivine-rich areas along the northern wall, 
both by NIR imaging (1 5) and by thermal 
infrared spectra (1 6). Consistent with these 
independent identifications (1 5, 16), at 
least the areas mapped in red and white 
(Fig. 4A) must have a significant olivine- 
rich content. Consequently, we propose 
that olivine is the primary mafic compo- 
nent, not only within the three central 
peaks (1-3) but also along the rim and wall 
terraces of the crater. 

The end-member analysis also reveals 
that a significant amount of material with 
consistent spectral features is distributed 
across the crater floor, discontinuously 
spread on the northern walls and terraces, 
and that it covers, within the available 
mapping, a large area in the northwestern 
part of the outer crater rim, where the EJ2 
end-member occurs (Fig. 4B). A third kind 
of terrain, mainly represented by the EJ1 
end-member and locally containing an EJ2- 
like component, extends continuously 
within the southwestern quadrant of the 
image (Fig. 4C). This unit covers the outer 
part of the rim and locally contributes to 
the surface material on the southwestern 
walls and terraces of the crater. Its spectral 

0 s  
0.3 0.55 0.8 1.05 

w-knglh (lun) 
Fig. 3. The UV-VIS-NIR (0.4 to 1.05 pm) spec- 
tral characteristics relative to F2 (see text) of the 
selected end-members Pk3, EJ1, and EJ2. (A) 
Reflectivity curves relative to F2 with a 5% 
variation interval; a, b, c, and d correspond, 
respectively, to Pk3, F2, EJ2, and EJ1 curves. 
(B) Corresponding reflectance spectra relative 
to F2, scaled to unity at 0.73 pm with a 3% 
variation interval. 
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properties differ from those of the material 
constituting the floor and the interior of 
Copemicus, and its W-VIS slope might be 
characteristic of mare-like material (Fig. 3). 

The above results provide information 
on the production of impact melt generated 
at the time of the crater formation and on 
the regional geological setting of the crust 
in the Copemicus region. Copemicus is 
about 0.8 billion years old (17). On the 
basis of the lunar impact cratering chronol- 
ogy, it formed near the end of the lunar 
bombardment history, when the impact 
flux had substantially decreased, and ulteri- 
or impact cratering (Copemican period) 
was modest (1 8). By 1 billion years ago, the 
lunar interior had significatly cooled and 
the lithosphere was thick enough that any 
craters were preserved against morphologi- 
cal modification as a result of isostatic 
relaxation of the topography (1 9). As a 
result, the initial impact morphology for 
Copemicus has been retained, with the 
possible exception of the development of 
some inner rim block slumpings (20). In 
addition, the type, amount, and spatial 
distribution of materials distributed across 
the crater should be directly representative 
of the regional preimpact crustal stratigra- 
phy of the target and of the generation and 
emplacement of materials related to the 
impact processes during the formation of a 
100-km lunar crater. 

In the past, the nature of the terrain in 
large craters like Copemicus has been 
mainly inferred from high-resolution orbital 
images. On these photogeological grounds, 
it was proposed that the lava-like materials 
that pond in the floor depressions, wall 
terraces, and parts of the rim of several large 
craters were impact melts (21-23). More 

Fig. 4. Spectromixing anal- 
ysis of Copernicus crater 
with the selected Pk3, EJ1, 
EJ2, and F2 end-member 
spectra (see Fig. 3). End- 
member locations are rep- 
resented by open squares. 
(A to C) The Pk3, EJ2, and 
EJ1 end-member fraction 
images, respectively. Col- 
or coding of fraction value f 
is as follows: pale pink for f 
< -0.1; dark green for 
-0.1 < f < 0.1; blue for 
0.1 c f c 0.2; dark blue for 
0.2 c f c 0.4; violet for 0.4 
< f < 0.6; light violet for 
0.6 < f < 0.8; white for 0.8 
c f c 0.9; red for 0.9 c f 
c 1.1 ; and green for f > 
1.1. Arrows in (A) poi* to 
the olivine-rich locations 
identified in (15). (D) Re- 
sidual standard deviation 
image. Color-coding ranges from black (0%) to vic 
F2 and Pk3 end-member fraction images when, 

recently, this notion has been reinforced by 
means of remote-sensing observations at spe- 
cific locations (5), such as F1 and W2 (see 
Fig. 2). Our images identify extended units 
within Copemicus (Fig. 4B) that have spec- 
tral characteristics consistent with these 
spots, suggesting that these units are an 
extensive im~act melt sheet. In addition. 
the spectral features of these units represent- 
ed by the EJ2 spectrum (Fig. 3B) indicate a 
slope increase (reddening effect) in the do- 
main from 0.7 to 1.05 km, an overall albedo 
drop as seen on the reflectivity curve relative 
to F2 (Fig. 3A), and an obvious slope 
change in the W range (Fig. 3B). 

All of these features are consistent with 
optical alteration effects due to melting and 
vitrification processes, as seen in laboratory 
spectra (24). On the basis of spectral evi- 
dence, the EJ2 fraction image (Fig. 4B) 
provides a first-order mapping of the impact 
melt component at Copemicus. This re- 
veals that vast areas (green and red-toned 
in Fig. 4B) are spectrally homogeneous and 
similar to EJ2. It also indicates that an 
impact melt contribution is present, in 
variable proportion, in the image (white 
and violet tones in Fig. dB), forming over a 
wide area an irregular annulus around the 
peak complex. In addition, the observed 
spectral homogeneity suggests that the im- 
pact melt ejecta are identical inside and 
outside the crater rim. However, the exact 
melt amount present in the soil is not yet 
known because the proposed linear spectral 
mixing may not account properly for the 
optical alteration due to melt generation. 

As seen in the end-member fraction ~ ~~ 

images (Fig. 4), most of the interior and 
immediate surroundines of the crater can be - 
described, on the kilometer scale, as a 

linear combination of either eiecta-like ma- 
terial (with a variable amount of impact 
melt) or mare-like material and olivine- 
bearing rocks, in variable proportion. The 
presence of the olivine component (PW 
end-member) on the inner walls (Fig. 4A) 
along the slumped rim blocks (Fig. 2) leads 
to the proposition that we are identifying 
along the inner walls olivine-rich ejecta, 
which originated from the greatest depth of 
the crater transient cavity. The ejecta are 
detected on the scarps formed by failure of 
the rim during crater modification, because 
that portion of the ejecta overturned flap is 
well ex~osed. On the basis of the 0.56 
km10.73 krn multispectral ratio, this mate- 
rial amears to be immature and mav be . . 
freshly exposed because it occurs along 
steep portions of the rim (Fig. 2). Under 
this interpretation, the three central peaks, 
a significant portion of the northeastem 
rim, and, to a lesser extent, much of the 
rim and wall material would then include 
material from deep stratigraphic horizons. It 
also suggests that the floor material sur- 
rounding the peaks and the olivine-rich 
material detected on the inner part of the 
rim originated at a similar depth. Recon- 
struction of the transient cavity for a lunar 
crater the size of Copemicus suggests that 
the depth of the cavity below the original 
ground surface is on the order of 7 to 9 km 
(25. 26). It is worth noting that many local 
areas of the floor exhibit a spectrally signif- 
icant olivine contribution (white spots in 
Fig. 4A) as seen at the site of the small 
crater, close to spot F1 (Fig. 2) and possibly 
piercing the overlying horizons, and in 
some hummocky areas. 

In our spectro-imaging technique, the 
o b s e ~ n g  conditions and the spatial resolu- 

 let (4%). (E and F) The mixing, F2 is taken instead of EJ2. The EJ1 fraction image and the residual 
in the previous ternary standard deviation image are nearly unchanged. 
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tion are rigorously the same for every image 
pixel. Consequently, under the reasonable 
assumption, supported by the analysis of the 
0.56 pm10.73 pm multispectral ratio, that 
the three peak units are in the same phys- 
ical and optical alteration states, the ab- 
sorption variation detected within the 
peaks (Fig. 4A) reflects their modal abun- 
dance of olivine. Peaks Pk3 and Pk2 are the 
most absorbing peaks and are spectrally 
homogeneous at the subkilometer scale. 
The formation of the central peaks of large 
complex craters (27) results from the uplift 
of deep-seated strata. The possibility that 
peak Pk2 is stratified has been inferred from 
high-resolution photogeology (28). Given 
the spatial extent (-5 km by 5 km) and the 
spectral homogeneity of the Pk2 unit, this 
scenario would require the uplifting of 
deep-seated material of uniform composi- 
tion through a substratum several kilome- 
ters thick. The depth of origin for the peaks 
(29, 30) is estimated to be about 10 km. 

Our results then suggest that the petrol- 
ogy of the target was uniform throughout the 
stratigraphic horizons from which the rim 
and peak materials originated, possibly cor- 
responding to 1 to 3 km in thickness (25,26, 
29, 30). Consequently, the preimpact target 
had an olivine-bearing lithology at shallower 
depth than previously thought (2). 

The proposed mixing model reveals that 
the F2 spectrum can be described as a linear 
combination of the UV-VIS-NIR charac- 
teristics of the EJ2 and Pk3 spectra (Fig. 
3B). As verified with another ternary mix- 
ing model, which takes F2 instead of EJ2 as 
an end-member, the spatial distribution of 
the compositional unit spectrally identical 
to F2 (Fig. 4E) corresponds to the violet 
areas in both Figs. 4A and 4B. This shows 
that F2 is representative of the material 
distributed on the crater floor and underly- 
ing the discontinuous impact melt sheet 
(green-toned in Fig. 4E). The F2 unit is 
also found on the walls and outside the rim, 
where it is not obscured by the melt, mare- 
like, or olivine-rich deep-seated ejecta (Fig. 
4, E and F). This proves that F2 is repre- 
sentative of the material constituting the 
upper stratigraphic horizons of the target 
substratum. On the basis of previous reflec- 
tance spectroscopic observations, the F2 
spectrum is considered to be characteristic 
of an upper crustal noritic composition (1, 
2, 31). These horizons should thus have a 
significant pyroxene-bearing lithology, but 
the fact that the F2 spectrum can be de- 
scribed as a mixing of EJ2 and Pk3 end- 
members suggests that there may also be an 
olivine component (32) whose proportion 
increases downward within these horizons. 

Although the linear mixing approach is 
generally not appropriate for interpretations 
in terms of mineralogic abundance, we 
question whether the W2, W3, W1, F2, 

Pkl, and Pk3 observed spectra (2, 5, 31) 
might not support the idea of a target 
lithology with a progressive change in the 
pyroxenelolivine ratio with depth (32). 
The observed distribution of EJ2-like and 
F2-like units (Fig. 4E) agrees well with 
previous observations (5, 3 1 ) indicating 
locally the presence of substantial amounts 
of pyroxene in the ejecta. Indeed, the 
impact melt ejecta-like material within Co- 
pernicus, represented by the F1 spectrum 
(Fig. 2) (5), might have, depending on its 
degree of melting, spectral properties inter- 
mediate between those of the EJ2 and the 
F2 spectra. In addition, the F2 spectral 
characteristics might also be affected by the 
melting-recrystallization process. The exot- 
ic bumpy shapes (<3%) around 0.95 pm of 
the EJ2 and EJl spectra relative to F2 (Fig. 
3B) might be due to the spectral features of 
the standard (F2) combined with an optical 
alteration effect related to melting-recrys- 
tallization processes (24). Such an unex- 
plained bump was also observed in previous 
spectra W2 and F1 (5). 

The mare-like material (EJ 1) constitutes 
a consistent unit (Fig. 4C) located south- 
west of Copernicus and mixed with an F2- 
and EJ2-like component (Fig. 4, B and E). 
This unit would represent ejecta from a 
near-surface horizon of the target associated 
with basaltic Eratosthenian flows (33). 
Alternatively, the low-albedo unit repre- 
sented by EJ1 might be a dark mantle 
deposit tapped by the impact (31). In the 
proposed stratigraphy of the target, the 
overlying horizons (Imbrium ejecta and 
mare basalt) would then have a typical 
thickness of < 1 km. 

The spectro-imaging approach used here 
is a relatively small step in the development 
of new investigative tools, but it may yield 
a quantitative leap in the amount of new 
information if a spectro-imaging experi- 
ment can flv aboard a lunar orbiter. Such an 
experiment' would address many geological 
questions concerning the still poorly under- 
stood structure and mineralogy of the lunar 
crust. The case of Copernicus, however 
well documented by orbital photogeology 
and reflectance spot spectroscopy, illus- 
trates that one can still gain significant 
insight both into the understanding of cra- 
ter formation and related impact melt gen- 
eration processes and into the regional 
composition of the unknown underlying 
crustal setting. On the basis of earlier stud- 
ies (30. 34, 35). additional work on our , , 

data' shoulh provide quantitative con- 
straints on the mechanics and melt produc- 
tion related to the impact cratering process. 
The spectral properties and the spatial dis- 
tribution of the units identified bv the 
above spectro-mixing analysis lead' to a 
stratigraphic mode at the Copernicus target 
site. It is composed of near-surface thin 

mare basalt and noritic ejecta layers over- 
lying a substratum whose lithology has a 
varying pyroxene-olivine proportion (32). 
Its spectral characteristics are less and less 
dominated by pyroxene at lower depths. 
The most olivine-rich material (Fig. 4F) 
(peak material Pk2 and Pk3) and deep- 
seated olivine-rich deposits widely exposed 
on the inner walls) originate from the 
deepest horizon of the target sampled by the 
impact. As previously recognized (1, 2, 
36). this indicates the oresence of a troc- , , 

tolitic-dunitic lithology, but the amount of 
detected olivine-rich ejecta and the ob- 
served spectral homogeneity of the peaks 
suggest that the troctolitic horizon is en- 
countered at shallower depth than previ- 
ously thought. 

Although it is difficult to discriminate 
among the various proposed hypotheses 
concerning the structure of the sub-Coper- 
nicus crust (2) and the origin of the exposed 
olivine units. our results favor a substantial - - 

regional thinning of the crust by repeated 
early basin-forming events (pre-Nectarian 
period) (2, 37). In this region, the lower 
crust and possibly even the mantle itself are 
accessible at shallow depth at the 50- to 
100-km scale. 

Alternatively, if the olivine-rich lithol- 
ogies detected at Copernicus originate from 
a layered pluton or intrusion within the 
crust (2, 38, 39), our data require a large 
diameter for this ~ l u t o n  to account for the 
amount of olivine-rich, deep-seated mate- 
rial detected in the crater. If the preimpact 
Copernicus target was, a mafic layered plu- 
ton, one has to take into account that little 
spectral variation is observed across the 
blocky Pk2 and Pk3 units at the subkilome- 
ter scale and that this may correspond to an 
original compositional homogeneity at a 
depth of several kilometers below the Co- 
pernicus target. 
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Sequences and Structures Required for 
Recombination Between Virus-Associated RNAs 

Pamela J. Cascone,* Tarik F. Haydar, Anne E. Simon? 
RNA recombination has been described for a number of viruses in the plant and animal 
kingdoms, but the mechanisms of selection of recombination sites are poorly understood. 
The nonrandom recombination between two subviral RNAs associated with turnip crinkle 
virus was used to study the requirement for specific sequences and structures in the 
generation of recombinant molecules. Single-base mutations that disrupted either the stem 
or the loop of one of the two computer-predicted stem-loop structures eliminated detectable 
recombinant molecules. However, recombinants were detected if compensatory mutations 
were generated that re-formed a stable hairpin structure. These results provide evidence 
for the necessity of specific structures in the formation of recombinant molecules in this 
system. 

T h e  exchange of genetic material, as has 
been demonstrated for a growing number of 
plant and animal viruses, may be important 
in the evolution, repair, and diversification 
of viral genomes ( I ) .  Most of the evidence 
suggests that viral RNA recombination in- 
volves a copy choice mechanism whereby 
the viral replicase switches from one tem- 
plate to an alternate location on the same 
or a different template where polymeriza- 
tion of the nascent strand then continues 
(2). An examination of intertypic poliovi- 
rus recombinants (3) and recombinants be- 
tween genomic RNAs of the tripartite 
brome mosaic virus (4) has led to the ~, 

suggestion that local regions of hybridiza- 
tion are the preferred sites for template 
switching in these systems. However, the 
availability of many favorable recombina- 
tion sites in poliovirus and brome mosaic 
virus genomes and the apparently random 
nature of RNA recombination in most oth- 
er viral systems (5) have precluded a de- 
tailed analysis of how the replicase, nascent 
strand, and templates interact to generate 
recombinant molecules. 

Turnip crinkle virus (TCV) , a monopar- 
tite, single-stranded RNA virus, is naturally 
associated with both defective interfering 
(DI) RNAs (6) and recombinant molecules 
derived from combining a linear satellite 
(sat-) RNA and the 3' region of the viral 
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genomic RNA (7, 8). One of three -20- 
nucleotide (nt) consensus sequences, two of 
which are similar to sequences at or near 
the 5' ends of TCV-associated RNAs, is 
always located at the right side of the 
crossover junctions (8, 9). These findings 
led us to propose a replicase-driven, copy 
choice mechanism for RNA recombination 
during synthesis of plus.strands (9). 

An unusual example of aberrant homol- 
ogous recombination between two TCV 
subviral RNAs has also been found (9). 
The parental RNAs were sat-RNA D (194 
bases), a sat-RNA of unknown origin with- 
out appreciable sequence similarity to the 
viral genomic RNA, and sat-RNA C (356 
bases), a molecule originally formed from 
two recombination events between sat- 
RNA D and the TCV genome (Fig. 1). 
Recombinant molecules appear to be pre- 
cisely joined at one of five bases in sat- 
RNA C (positions 175 to 179), with 30% 
of the molecules also containing nontem- 
plate-encoded nucleotides at the crossover 
point (9). The five bases at the junctions of 
the recombinants are contained within a 
larger 19-base sequence (motif I) in sat- 
RNA C (positions 175 to 193) that is 
similar to the junction sequence in one 
TCV UI RNA, as well as to a sequence near 
the 5' terminus of the TCV genomic RNA. 

To determine the role of motif I ,in 
recombination between sat-RNA D and 
sat-RNA C, we constructed a variant of 
sat-RNA C (deletion of nts 57 to 78) that 
could only be amplified in plants after 
recombination with sat-RNA 'D (1 0). 
Transcripts containing mutations in and 
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