
using for Ks, the shape factor, Wit- 
ham's value of about 0.5 for a slender 
projectile and for Kr, the reflection co- 
efficient, a value of 2. For the rocket 
dimensions, D (diameter) is 10 m, L 

(length) is 68.5 m, and K5D/L is 
0.073. With these values Ap is com- 
puted to be 0.1 /tb (0.1 dyne/cm2) 
rather than the observed signal, which 
is two orders of magnitude larger. 

But the effective cross section of the 
rocket is much larger than the cross 
section of the rocket itself as a result of 
the spreading of the rocket's exhaust 
gas. The exhaust plume travels with 
the rocket and serves as a blunt body 
of large cross section moving at super- 
sonic speed through the ambient air, 
thus generating a shock much stronger 
than that which would come from the 
rocket casing alone. The effective width 
(D) of the source is certainly much 
greater than the simple diameter of the 

casing, as is the case with supersonic 
aircraft (6). Reasonable values of the 

plume diameter can increase the value 
of KSD/L to 'the order of 10, thus 
giving the observed Ap. However, the 
Witham formula does not include at- 
tenuation terms because prior applica- 
tions of the formula have been to low- 
elevation supersonic objects where 
attenuation is relatively small. More- 

over, the complete explanation involves 
consideration of the effect of drag. 

As we noted above, during propaga- 
tion through the upper atmosphere a 
sonic wave with a period of about 1 
second would be severely attenuated. 
But the presence of the recorded sig- 
nals and calculations of the signal 
strength at high elevations require that 
the sonic wave propagate as a shock 
front through the rarefied upper atmo- 
sphere. In order to explain this obser- 
vation, we must assume that the non- 
linear propagation of a shock front at 
these elevations must occur with much 
lower damping than for an acoustic 
wave. Only when the wave approaches 
a few tens of kilometers above the sur- 
face does its amplitude become small 
enough for acoustic damping to apply, 
but at this elevation the kinematic vis- 
cosity is sufficiently low so that the 
attenuation there is negligible. Thus, 
the recorded signals, which at first 
seemed unlikely, appear tractable. 
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We have previously compared the 
spectral reflectivity (0.35 to 2.5 /im) 
of the Apollo 11 surface fines with tele- 
scopic data for an area 18 km in diam- 
eter containing the landing site (1, 2). 
The very close agreement between sam- 
ple measurements and telescopic mea- 
surements implies that the Apollo 11 
surface fines are representative of areas 
of 10-km scale or larger. It was also 
possible to show that the optical prop- 
erties of the samples are a function of 
the mineralogy and the glass content. 

Recently we have measured spectral- 
reflectivity curves for Apollo 12 sam- 
ples from Oceanus Procellarum. We 
have compared these curves with the 
Apollo 11 sample data and with a vari- 
ety of telescopic measurements for the 
near side of the moon. Comparison of 
the several sample curves and the tele- 
scope curves has led to new conclu- 
sions about the composition of the 
lunar surface as a whole and about 
surface processes. 

Laboratory measurements were made 
with a Beckman DK-2A ratio-record- 
ing spectrophotometer over the spectral 
range of 0.35 to 2.5 /xm. The instrumen- 
tation and the sample-handling tech- 
niques are discussed elsewhere (2). 
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curves of the Apollo 12 fines and the 
Apollo 11 fines reveals (3): 

1) Two Apollo 12 samples of bulk 
fines (samples 12042 and 12070) and 
two samples from near the top of the 
double core tube (samples 12025,13 
and 12025,6) have essentially identical 
reflectivity curves. These samples will 
be referred to as "surface fines." 

2) The Apollo 12 surface fines have 
an integral reflectivity that is 10 per- 
cent higher than the Apollo 11 surface 
fines in the visible spectral region (0.4 
to 0.7 ,/m). 

3) The slope of the curve for the 
Apollo 11 surface fines is less steep than 
that for the Apollo 12 surface fines. 

4) The Apollo 12 surface fines show 
a 6 percent deeper absorption band at 
0.95 ,/m than does the Apollo 11 ma- 
terial and the Apollo 12 curve contains 
a second broad band at 2.0 ,um that the 
Apollo 11 curve does not have. 

5) Material that is 20 cm below the 
top of the Apollo 12 core tube has an 
integral reflectivity in the visible range 
that is 40 percent higher than is this 
value for the Apollo 12 surface fines. 

6) The curve slope is less steep and 
the 0.95- and 2.0-,um bands are deeper 
for the 20-cm-deep sample from Apollo 
12 than for the surface samples. 
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Alteration of Lunar Optical Properties: 

Age and Composition Effects 

Abstract. A model for lunar surface processes is presented which explains the 
main albedo and color contrasts and the temporal changes in these optical prop- 
erties. Evidence from Apollo 11 and Apollo 12 samples and telescopic spectral 
reflectivity measurements indicates that the maria are similar in mineralogy on a 
regional scale and that the highlands are consistent with an anorthositic-gabbro 
composition. Bright craters and rays in both regions expose materials that are 
relatively crystalline compared with their backgrounds, which are richer in dark 
glass. With age, bright craters and rays in the maria darken in place by meteorite 
impact-induced vitrification and mixing with the surrounding material. Highland 
bright craters and rays may, however, darken primarily through regional contami- 
nation by iron- and titanium-rich mare material. 
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It has been proposed (1, 2, 4, 5) 
that the abundant dark glass accounts 
for the low reflectivity and the steep 
curve of the Apollo 11 fines. We have 
previously shown (2) the progressive 
masking of the 0.95- and 2.0-,um py- 
roxene absorption bands and the steep- 
ening of the curves, from crystalline 
rock to breccia and to fines. We con- 
cluded that impact melting of ilmenite- 
rich rocks and dissolution of the 
strongly absorbing Fe and Ti ions ac- 
count for the dark brown color of 
the glass. This conclusion was also 
reached by Conel and Nash (4), who 
fused Apollo 11 crystalline rock and 
observed a reduction in albedo of over 
one half and a steepening of the curve 
comparable to the curve observed for 
the glassy fines. 

Others (6) have suggested that solar- 
wind bombardment has deposited metal 
coatings on lunar soil particles and 
that these account for the low albedo 
of the moon. However, we and others 
(7) find that metal coatings on soil 
particles are very rare in both Apollo 
11 and Apollo 12 samples, and the few 
visible coatings that do exist are pri- 
marily impact-splashed meteoritic and 
indigenous metals (8) and are not due 
to sputtering. Our laboratory results 

__" / Fig. 1. Comparison of 
the spectral reflectivity 
(scaled to unity at 0.56 
- m) of Apollo 12 soil 
samples, taken at the sur- 
face (b) and at about 
20 cm depth (c) in the 
core tube, and telescopic 
measurements (10, 11) of 
an area approximately 18 
km in diameter contain- 
ing the Apollo 12 site (a). 

)e - 

fines 
ace fines - 
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indicate little or no effect on the bulk 
optical properties of the lunar surface 
by metals. 

We explain the differences among 
the curves for the Apollo 11 and 
Apollo 12 fines as being controlled 
primarily by the amount of (dark) 
glass that is present. The more mature 
Apollo 11 soil contains 50 'percent 
glass (9); Apollo 12 surface fines con- 
tain 20 percent glass (9); and we esti- 
mate that the 20-cm-deep sample from 
Apollo 12 contains 10 percent glass. 
The chemical composition of these fines 
is similar, although Ti is a factor of 
2 lower in Apollo 12 surface fines than 
it is in the Apollo 11 fines (9). 

On the basis of our experience with 
Apollo 11 (1, 2), we expected a very 
close match between the normalized 
curves for the Apollo 12 surface fines 
and the telescopic curve (10, 11) for 
the Apollo 12 landing area. Figure 1 
reveals a similarity in curves, but there 
is a 12 percent difference in the red 
spectral region, which we consider to 
be well outside experimental error. 

It is known (9) that the Apollo 12 
site is on a ray of relatively bright 
material, perhaps associated with the 
crater Copernicus, which is 370 km to 
the north. The area around the landing 
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site, approximately 18 km in diameter, 
measured by means of telescopes, in- 
cludes mostly darker mare (Fig. 2). 
The area clearly is more heterogeneous 
photometrically than is the Apollo 11 
site. We conclude that the Apollo 12 
surface fines are not representative of 
the area measured by telescope and 
that the Apollo 12 sample contains 
more of the brighter ray material. 

We have tested this idea by plotting 
the ratio of the Apollo 11 telescopically 
measured reflectivity curve to the 
Apollo 12 telescopically measured re- 
flectivity curve, and the ratio of the 
reflectivity curve of Apollo 12 surface 
fines to the Apollo 12 telescopicially 
measured reflectivity curve (see Fig. 
3). The original telescopic data (12) 
are obtained as ratios of areas to a 
standard area in Mare Serenitatis. 
(Knowing the absolute curve for the 
standard area allows calculation of 
absolute curves for other areas from 
the ratios.) The ratio data are accurate 
to < 1 percent, and plots are extremely 
sensitive to slight changes in the shapes 
of curves from place to place on the 
moon (12). Earlier studies (12) have 
shown that, on the basis of shape, 
there are three main classes of ratio 
curves. Curves are distinct for the 
ratios for maria to Serenitatis, for up- 
lands to Serenitatis, and for bright 
craters and rays to Serenitatis. Bright 
craters can in turn be subdivided into 
two classes, "young" and "old," on the 
basis of the ratio curve shape. The 
curve-type distinction is sharp to the 
point that an unknown area can be 
immediately identified when the ratio 
curve for the area is shown. 

The ratio curve for Apollo 11 tele- 
scope to Apollo 12 telescope (Fig. 3) 
is quite similar to that for the "blue" 
mare to "red" mare class of curves. In 
other words, the telescope observations 
of the Apollo 12 site include mostly 
mare material similar to Mare Sere- 
nitatis material (10, 11). The ray ma- 
terial at the Apollo 12 site has little 
effect on the telescopic curve because 
the area sampled by the telescope ob- 
servation is large c6mpared with the 
areas covered by the ray material. 

The ratio for Apollo 12 surface fines 
to Apollo 12 telescope (Fig. 3) shows 
a curve that is closely similar to curves 
for "old" bright craters and their rays. 
The Apollo 12 sample, then, is more 
raylike than the telescope curve, which 
includes mostly nonray areas. 

The light-toned fines seen at 20 cm 
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in the Apollo 12 core tube appear to evidence that clinopyroxene is also the telescopic curves (16). The anortho- 
underlie much of the area traversed by dominant mafic si:'cate in the high- sitic gabbro fragments, however, con- 
the astronauts (13). The ratio of 20- lands. tain clinopyroxene and some olivine as 
cm-deep fines to surface fines yields a Wood et al. (15) have presented the Fe-silicate phases. 
curve of the "young" bright crater evidence that the highlands consist of We have separated anorthositic frag- 
class (Fig. 3). anorthosite. In the Apoilo 11 soil they ments from the Apollo 11 soil and 

The samples studied can therefore be identified true anorthosite (plagioclase, have measured their spectral reflectivity. 
ranked in order of their similarity to >90 percent by weight), gabbroic Although our anorthositic separate con- 
telescopic "young" bright crater curves anorthosite (plagioclase, >77 to <90 tained < 5 percent by weight of mafic 
as follows: Apollo 12 fines 20 cm deep; percent by weight), and anorthositic minerals, the reflectivity curve has dis- 
Apollo 12 surface fines; and Apollo gabbros (plagioclase, <77 percent by tinct clinopyroxene absorption bands. 
11 surface fines. This is also the order weight). The bands are at 0.92 and 1.8 /jm, 
of increasing glass content in otherwise The true anorthosites contain too which indicates a more pigeonitic py- 
similar materials. We conclude that the little Fe-bearing silicate to give the roxene than is typical for the Apollo 
ray material differs from the back- distinct absorption bands that are seen 11 and Apollo 12 basalts. This is in 
ground mare material in that it contains in the highland bright-crater curves. agreement with microprobe analyses 
less dark glass. Further, we suggest that Further, both the true anorthosites and (15) of pyroxenes from the anorthositic 
bright craters in the maria are, in gen- the gabbroic anorthosites contain oli- rocks. 
eral, composed of material which is vine as the mafic silicate phase, where- We conclude that the laboratory and 
more free of vitreous material and as clinopyroxene is absent or rare (15). telescopic optical measurements are in 
which contains more pulverized crystal- Olivine produces a single strong band general but not precise agreement with 
line material than the darker mare at 1.02 ,/m and cannot account for the the anorthositic model of the highlands. 
material. 

The darkening of rays with time can 
then be ascribed to progressive vitrifi- 
cation of the mostly crystalline ray 
material. Mechanical mixing of ray 
and darker background material must 
also occur but is probably less impor- 
tant, except where ray material is very' 
thin. Further evidence to support vitri- 
fication as the darkening mechanism is 
found in the ratio curves (Apollo 12) 
of surface fines to telescope and of 
20-cm-deep fines to telescope (Fig. 3). 
The two distinctly different ratio curves 
in Fig. 3 follow the subdivision of tele- 
scopic bright-crater curve shapes into 
those for "young" and "old" craters. 
The curve for (Apollo 12) surface 
fines to telescope corresponds in shape 
to that for "old" bright craters. The 
curve for 20-cm-deep fines to telescope 
corresponds to that for the subclass of 

"young" bright craters. The apparently 
"fresher" material at depth is similar 
to the "young" craters, and the glassier 
(and darker) material at the surface 
corresponds to the somewhat darkened 
or "older" bright craters. The dark sur- 
face material at the Apollo 12 site can 
be interpreted as ray material that was 
darkened in place, rather than as a 
younger stratigraphic unit. 

It seems likely that bright craters 
in the highlands also expose relatively 
crystalline material. Information on the 
mafic silicate phases can be obtained 
from the absorption bands in the high- 
land bright-crater curves. Interestingly, 
the bands are at the same frequencies 
as in the curves for mare crystalline' 
basalts (11,14), which provides strong Fig. 2. The Apollo 12 landing area as photographed on the Apollo 11 mission. 
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Fig. 3. The ratio of the spectral reflectiv- 
ities of lunar samples and of the Apollo 11 
and Apollo 12 landing areas (-18 km in 
diameter): (a) ratio of Apollo 11 to 
Apollo 12 area (telescope data); (b) ratio 
of Apollo 12 subsurface to surface soil 
(laboratory data); (c) ratio of Apollo 12 
subsurface soil (laboratory data) to Apollo 
12 area (telescope data); (d) ratio of 
Apollo 12 surface soil (laboratory data) 
to Apollo 12 area (telescope data). 

The telescopic bands suggest that typi- 
cal regional highland material, if 
anorthositic, must be somewhat more 
gabbroic (more clinopyroxene-rich) 
than the Apollo 11 anorthositic sepa- 
rate. 

Other exotic rocks, such as sample 
10085 [Luny Rock 1 (17)] and sample 
12013 (9), are less likely to be repre- 
sentative of the highlands, in terms of 
their optical properties as they contain 
calcium-poor pyroxenes. We have not, 
however, examined these specimens, 
and we base our conclusions on the 
inferred reflectivities of their minerals 
(3). 

Bright craters and rays in the high- 
lands darken and blend in with the 
background highland material with 
time, as occurs in the maria (11). With 
age, the absolute telescopic reflectivity 
for highland bright craters becomes 
redder and the absorption bands be- 
come weaker, again as in the maria. 
Darkening does not, however, occur in 
the highlands to the extent observed in 
the maria. 

We have proposed that impact vitri- 
fication produces the darkening and 
reddening of crystalline material in the 
maria. Small meteoroid impacts must 
occur uniformly over the moon. This 
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suggests that the highland curves arise 
from degradation of bright highland 
curves as the result of the vitrification 
process. However, darkening by vitrifi- 
cation requires the presence of ilmenite 
or other opaques. Whereas the mare 
soils contain up to 20 percent opaques 
(mostly ilmenite), the anorthositic 
crystalline fines contain only a trace of, 
opaques. Glass fragments of anortho- 
sitic composition from the Apollo 11 
soil lack the steep curve and the strong 
absorption that is required to mask the 
pyroxene bands and to match the up- 
land telescopic curves. The question 
arises then as to how darkening can 
occur in the highlands if they are 
anorthositic or if they otherwise lack 
opaque minerals. 

After investigating the reflectivities 
of glasses made from rocks without 
opaques (3) in the laboratory, we con- 
cluded that the only satisfactory re- 
production of the "background" high- 
land curves resulted from the simple 
addition of small quantities of dark 
glassy fines from mare soil to the 
anorthositic material. Figure 4 illus- 
trates that contamination by mare fines 
produces a rapid decrease in reflectiv- 
ity throughout the spectrum, mainly by 
coating the larger grains. Significantly, 
the resulting curves no longer have 
prominent pyroxene bands, and they 
match the steepness (redness) of the 
upland telescope curves. These labo- 
ratory results are reported elsewhere in 
detail (3). 

It is also possible that on the moon 
the mare contaminant is predominantly 
crystalline when added to the uplands; 
and it is subsequently mixed and dark- 
ened through vitrification. (We have 
not yet tested this more complex model 
in the laboratory.) 

The suggestion that some upland 
material has contaminated the mare 
soil is not new (15, 18). Wood et al. 
(15) proposed on the basis of chemi- 
cal arguments that upland material 
makes up approximately 20 percent of 
the mare soil. They also pointed out 
the likelihood of the reverse situation- 
of mare material contaminating the 
uplands. Our results support this 
model. 

If contamination occurs on a wide 
scale, an explanation is needed for the 
apparent sharpness of the mare-high- 
land boundaries. Possible explanations 
are: (i) Cratering events that splash 
mare rock onto the highlands will move 
bright, predominantly crystalline basalt, 
which will later darken at the surface 

t Wt.% t 
Anorthositic Apollo 11 dark fines added Apollo 11 
fragments to anorthositic fragments soil 

Fig. 4. The change in albedo of anortho- 
sitic fragments with addition of Apollo 11 
dark surface fines; R, reflectivity. 

as mixing and vitrification proceed. 
The amount of darkening will be lim- 
ited, however, because the soil will be 
stirred, exposing highland material. (ii) 
The highland soil does not become ap- 
preciably darker after about 10 per- 
cent of dark fines are added (Fig. 4). 
If all the highlands are contaminated 
with the equivalent of 10 percent mare- 
derived dark fines, they will appear 
everywhere to be closely similar in 
albedo. (iii) Highland boundary re- 
gions typically have a slope. Downhill 
creep of surface particles (9) will tend 
to continually expose brighter subsur- 
face material on the highland slopes, 
whereas the surface layer of the flatter 
maria will accumulate the dark fines 
produced in situ. 

Contamination of the dark mare sur- 
faces by bright highland material 
should have a more visible albedo ef- 
fect than the reverse process would. 
Evidence for such contamination can, 
in fact, be seen in many parts of the 
mare regions (for instance, Mare 
Nectaris). The highland ejecta will be 
darkened principally through mixing 
with adjacent and underlying basaltic 
soil (probably a slower process), which 
implies that ancient rays of highland 
material may still be visible on the 
maria. The lighter maria, then, should 
in general be older than the darker 
maria, a conclusion that is in agree- 
ment with the geologic evidence. 

In summary, we propose the follow- 
ing model: (i) Bright crater material 
in the maria and in the highlands has 
a higher ratio of crystal to glass than 
does the surrounding surface material. 
(ii) The optical properties of the high- 
lands are consistent with anorthositic 
gabbro that is contaminated with 5 to 
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20 percent of darker mare material. 
(iii) Bright craters and rays in the 
maria darken and redden in situ by 
vitrification of the ilmenite-rich basalt 
(by micrometeoroid impacts) and by 
mechanical mixing with preexisting 
dark fines. (iv) Bright craters in the 
highlands darken largely by the addi- 
tion of material derived from the 
maria, which is mixed with highland 
material and is partially vitrified. 
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The O18/ 016 analysis of deep-sea 
cores, together with absolute dating by 
C14 and by methods based on the decay 
products of the two uranium families, 
has changed drastically the classical 
picture of the Pleistocene as given, for 
instance, by Schuchert and Dunbar (1). 
Not only has postglacial time been re- 
duced to 10,000 years but also the pre- 
ceding several hundred thousand years 
have been shown to include rapidly 
alternating glacial and iinterglacial 
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events exhibiting an average periodicity 
of about 50,000 years. High-tempera- 
ture events in the deep-sea cores were 
identified by odd integers increasing 
with time, low-temperature events by 
even integers (2). The amplitude of the 
temperature oscillations of the surface 
seawater at low altitudes appears to 
have increased by about 10 percent 
toward the present, but age 3, the tem- 
perate age preceding the present inter- 
glacial, is unique in that it does not ex- 
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hibit temperatures as high as those of 
the warm ages before or after [see (3) 
for a possible explanation]. These re- 
sults were recently reviewed in Science 
(4, 5). 

Because temperature did not reach 
fully interglacial values during age 3, 
the age closest to us in time which 
offers conditions most closely resem- 
bling the present ones is age 5. Twelve 
long deep-sea cores from the Atlantic 
Ocean and adjacent seas have been 
analyzed so far (2, 3, 6-9), all includ- 
ing stage 5 as well as the adjacent 
stages 4 and 6. The numerous isotopic 
curves thus available have been used to 
reconstruct a detailed generalized iso- 
topic curve from which much of the 
stratigraphic noise is filtered out (Fig. 
1). The time scale is provided by C14 
and Th230/Pa231 measurements (9, 10). 

The generalized curve is very charac- 
teristic. From stage 7, the curve slopes 
down to the minimum of stage 6, dated 
at about 105,000 years before the pres- 
ent. Following a minor inflection, the 
curve rises rapidly to a major maximum 
dating from about 95,000 years B.P. 
This maximum, representing tempera- 
tures as high as those of the last hypsi- 
thermal, has a duration of only a few 
thousand years. The isotopic curve then 
drops to a minimum that is intermedi- 
ate in value between interglacial maxi- 
ma and glacial minima. This minimum, 
dating from about 90,000 years B.P., 
is followed by a similar minimum 
about 10,000 years later. Between the 
two minima and following the second 
one, the isotopic curve rises, but it 
reaches only half way up toward the 
value of the major maximum of 95,000 
years B.P. For much of age 5, there- 
fore, temperature was appreciably lower 
than today. This age came to an end 
about 70,000 years ago, when tempera- 
ture began dropping toward the mini- 
mum of age 4. This time coincides with 
the extinction of the pelagic foramini- 
feral subspecies Globorotalia menardii 
flexuosa. The minimum of age 4 was 
reached about 10,000 years later, or 
60,000 years ago. The characteristic 
isotopic trend of age 5 was noticed be- 
fore (3) and has been discussed in some 
detail by Shackleton (11), who defined 
as substages the three isotopic maxima 
and the two intervening minima occur- 
ring within age 5. 

The amplitude of the isotopic oscilla- 
tions within age 5 increases from the 
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Caribbean-equatorial Atlantic to the 
North Atlantic [core 280, see (7)] and 
the Mediterranean [core 189, see (6)]. 
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Abstract. The 018/O16 analysis and Th230/Pa231 dating of deep-sea cores 
showed that the last interglacial age, with an early major temperature maximum 

followed by two smaller ones, extended from 100,000 to 70,000 years ago and 
was preceded by a glacial age extending from 120,000 to 100,000 years ago. 
The 018/016 analysis and Th230/U234 dating of speleothems confirm and refine 
these ages. 
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