
standable that a phase cannot be 
leached out of pyrex glass, since an 
enormous pressure would be needed to 
force the leaching solution into such 
small channels. Figure 1, c and d, are 
photographs of pieces of pyrex glass 
with silver ions and without silver ions, 
respectively, which were etched in situ 
on the carbon film in dilute HC1. The 
piece shown in Fig. I d was wider and 
less uniform in thickness across its 
width; consequently, the central portion 
is dark. 

The dark areas in Fig. 1, a and c, 
result from more scattering of electrons 
by the phase in which silver is concen- 
trated, which is probably the borate 
phase. An ion exchange study (4) of 
pyrex glass showed that 95 percent of 
the sodium ions were in one phase, in 
agreement with the concentration of 
the silver in one phase shown in Fig. 1. 

Fragments of the soda-lime glass 
were examined after silver exchange in 
the same way as the pyrex, but no 
structure was seen in this glass. Figure 
le is a photograph of the edge of a 
large splinter of the soda-lime glass 
with silver ions. Indirect evidence from 
ionic transport measurements (8) indi- 
cates that this particular glass does not 
separate into two phases, in agreement 
with the microscopic observations. 

After the silver was exchanged into 
either glass, the glass was a light yellow 
color. However, the absorption spec 
trum of the glasses showed no trace of 
an absorption peak near the wavelength 
of 0.4 trm; this peak is characteristic of 
silver particles (9). Since the reduction 
of only a very small fraction of the sil- 
ver ions to atoms and their agglomera- 
tion to particles would show an absorp- 
tion band, essentially all of the silver is 
in ionic form. The yellow color results 
from an intense absorption band re- 
lated to silver ions (10) at a shorter 
wavelength (about 0.24 nm). 

Two mechanisms have been pro- 
posed for phase separation in glasses. 
In the first, small regions of the second 
phase nucleate and then grow by trans- 
port of material, as is observed in many 
conventional phase transformations. In 
the second, the homogeneous phase 
changes continuously and uniformly 
into two different phases whose compo- 
sitions become progressively more dis- 
similar. The scale or "wavelength" of 
this "spinodal decomposition" is 
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the mechanism of separation, since the 
continuous structure often breaks up 
into discrete particles in later stages of 
its growth, and there is some evidence 
for the conversion of particles to a con- 
tinuous structure (11, 12). In spite of 
these uncertainties the separation 
shown in Fig. 1 probably resulted 
from a nucleation and growth mecha- 
nism, since it seems unlikely that aging 
of a continuous structure would lead 
to such small particles. The morphol- 
ogy observed here for pyrex is similar 
to that found in thin barium silicate 
films by Seward et al. (12); these au- 
thors also give an extensive discussion 
of the relation between mechanism of 
separation and morphology in phase 
separation of glasses. 

The present technique of heightening 
the contrast between phases should be 
applicable to other materials in which 
a heavy ion can be exchanged for a 
lighter one. Segregation of ions at 
structural features in brittle materials 
could also be studied by preparing sam- 
ples according to the method described 
in this report. Since this preparation 
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temperature of about 200?K. 

Infrared observations of the moon 
made mostly in the 8- to 14-ft atmo- 
spheric window have delineated the 
macroscopic thermal behavior of the 
lunar surface (1). These observations 
have shown that the surface tempera- 
ture drops from about 390?K at noon 
to about 90?K before dawn. The form 
of the cooling curve is determined by 
the thermal inertia (KpC),/2 and the ob- 
served 8- to 14-ft brightness tempera- 
tures indicate that this parameter has 
a value of 0.001 to 0.002. Observations 
of the cold limb at 20 ,t (2) have con- 
firmed the 90?K and support the very 
low thermal inertia (of .001 or less). 
Ordinary rocks such as granite and 
basalt have thermal inertias near 0.05. 
Low inertia of the lunar surface has 
been taken as evidence for an insulat- 
ing dust layer covering the surface. 

Additional information about ther- 
mal properties of the moon's surface 
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does not involve mechanical or chem- 
ical thinning, it is more likely to pre- 
serve features of interest. 
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was gained through the discovery by 
Shorthill of lunar thermal anomalies. 
The craters Aristarchus, Copernicus, 
and Tycho cool much less rapidly than 
their surroundings during eclipse (3). 
Shorthill and Saari (4) observed ap- 
proximately 1000 such eclipse ano- 
malies of which the great rayed craters 
are the outstanding examples. 
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Fig. 1. Brightness temperature of Tycho 
at 12 At as a function of time after sun- 
set. (Circles) August 1968 lunation; (cross- 
es) March 1969. 
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Lunar Thermal Anomalies: Infrared Observations 

Abstract. The lunar craters Tycho, Copernicus, and Aristarchus have been 
observed during lunar night at wavelengths between 3 and 14 microns. After an 
initial fast decrease to a color temperature of 220?K, the temperature remains 
nearly constant through the lunar night. The data suggest that these thermal 
anomalies (craters) contain hot and cold regions with the hot portions constituting 
2 to 10 percent of the area and probably thermally connected to a subsurface 
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Table 1. Summary of the effective wave- 
lengths, fluxes, and brightness temperatures 
for Tycho and Copernicus observed on 
March 14.7. The color temperature of Tycho 
is 230?C and that of Copernicus is 200?K. 

Effective Flux Brightness 
wavelength (watt/cm ster temperature 

(/x) (OK) 

Tycho 
3.8 8.1?1.0 10-8 199 
4.9 1.2?0.2 X 10-6 190 

12 2.6?0.2 x 10- 160 
Copernicus 

4.9 3.0?.05 10-7 176 
12 1.1 +0.2 X 10-6 143 

made during lunar night at effective 
wavelengths of 3.8, 4.9, and 12 ju show 
that, although the brightness tempera- 
tures of the anomalies at long wave- 
lengths do drop to low values at night, 
the color temperatures are much higher 
and are compatible with approximately 
10 percent of the crater area radiating 
at the higher temperature. 

The most spectacular thermal ano- 
maly is the rayed crater Tycho. Figure 
1 shows the 12-Iu brightness tempera- 
ture of Tycho observed during the 
August 1968 lunation. The midday 
temperature (5) of Tycho is 365?K and 
3 days after sunset the 12-,u brightness 
temperature dropped to 160?K. During 
the remainder of the night the bright- 
ness temperature only falls to about 
140?K. 

The angular diameter of the beam 
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Fig. 2. The 8- to 14-/u spectrum of Tycho 
taken at new moon in August 1968. The 
points are fit by a blackbody curve with 
a color temperature of 200?K. For com- 
parison, a blackbody curve with a color 
temperature of 150?K is shown. 
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used on these observations is 26 sec- 
onds of arc which corresponds to a 
distance of 48 km on the moon. The 
angular diameter of Tycho is about 50 
seconds of arc; the anomaly therefore 
fills our beam. The reference photom- 
eter beam is thrown to a position 52 
seconds of arc away. The signal to 
noise from Tycho at 12 ,u and in a 
bandwidth of 3 / is of the order of 500 
in an integrating time of 1 second. 
Because of the large signal to noise it 
was possible to obtain a spectrum of 
Tycho by using a spectrometer with 

//x\X = 100. The spectrum shows that, 
although the brightness temperature at 
12 ,s is 145?K, the color temperature 
is about 200?K (Fig. 2). These values 
may be reconciled if one assumes that 
approximately 10 percent of the sur- 
face area is at 200?K and that the re- 
mainder is at a much lower tempera- 
ture (perhaps the 100?K midnight 
temperature). The relatively high color 
temperature suggested that the brighter 
anomalies might be observable at 
shorter wavelengths. Consequently we 
constructed a multifilter system in 
which the effective observing wave- 
lengths could be changed from 3.8 to 
4.9 or to 12 Au by mechanical means, 
without altering the position of the opti- 
cal beam. It was therefore possible to 
locate a given anomaly on the dark 
moon by using the 12-p. wavelength and 
then to shift to short wavelength and 
integrate on the much weaker signal. 
Tycho and Copernicus were observed 
on March 14.7, 1969 and Tycho Coper- 
nicus, and Aristarchus on March 21.9 
(see Fig. 3). The quantity r is the effec- 
tive emissivity for a crater that fills 
our beam. Both Tycho and Copernicus 
are larger than our beam but Arist- 
archus is smaller. 

The absolute fluxes (Table 1) are 
determined by comparison with the 
star P Pegasi. Table 2 summarizes the 
values of the color temperatures, emis- 
sivities, and cooling times. The fact 
that y is between 0.02 and 0.1 indi- 
cates that only this fraction of the 
crater area is radiating at the color 
temperature. 

The geometric scale of the structure 
of hot and cold regions cannot be de- 
termined from our observations. Maps 
of Tycho and Copernicus with a reso- 
lution of 12 seconds of arc made at 12 
/s, although revealing interesting struc- 
ture, only show that the size of the in- 
dividual hot regions is less than about 
20 km. Ranger photographs have 

Table 2. Color temperatures To in degrees 
Kelvin, fraction of crater radiating q1, and 
cooling time r in days measured after sunset. 

Date T 
(?K) 7 

(days) 

Tycho 
March 14.7 230 0.10 2.5 
March 21.9 220 0.035 9.7 

Copernicus 
March 14.7 200 0.08 1.7 
March 21.9 195 0.02 8.9 

Aristarchus 
March 21.9 200 0.03* 6.9 
* Not corrected for crater failing to fill beam. 

shown the presence of rocks of various 
sizes in and near the rayed craters. It 
is tempting to postulate that these 
boulders are the hot regions and are 
displaying thermal properties very 
much like terrestrial materials. If this 
is the explanation, one must conclude 
that there has not been time to cover 
the rocks with an insulating layer since 
Tycho and Copernicus were formed. 
In this connection, it is worth noting 
that although Kepler is an outstanding 
rayed crater, it is an inconspicuous 
thermal anomaly, which suggests that 
this crater may either be older or have 
a smaller fraction of bare rock. 

If the rocks have values of (KpC)2 
as large as 0.05 (like basalt), then 

5 7 9 15 3 5 
Wavelength (A) 

Fig. 3. Absolute fluxes as a function of 
wavelength from Tycho, Copernicus, and 
Aristarchus. Curves are blackbody spectra 
giving a good fit to the color tempera- 
ture; Tc, color temperature; - fraction of 
the crater radiating. Results are summa- 
rized in Table 2. 
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during the lunar night the thermal 
wave can penetrate about 1 m. One 
would therefore expect that rocks 1 m 
or larger in size would be effectively 
clamped after several days to the tem- 
perature of the subsurface of the moon. 
This temperature is believed to be 
about 220?K, which is close to our 
observed color temperatures of 200? 
to 230?K. The decrease of 9q with in- 
creasing cooling time may arise be- 
cause the smaller rocks cool first. 

D. A. ALLEN 
The Observatories, Cambridge 
University, Cambridge, England 

E. P. NEY 
School of Physics and Astronomy, 
University of Minnesota, 
Minneapolis 55455 
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Olmec Cave Paintings: Discovery from Guerrero, Mexico 

Abstract. A cave in Guerrero, Mexico, investigated in 1968, contained previ- 
ously unreported Olmec paintings. These paintings, some of the oldest known in 
Mesoamerica, are stylistically similar to Olmec art from the site of LaVenta, on 
Mexico's Gulf Coast, but contain several important glyphic motifs never previ- 
ously known to have existed at this time level. The iconography of the paintings 
confirms several important hypotheses concerning basic concepts of Olmec reli- 
gion; the cave itself was probably a shrine to water and fertility. Several pre- 
Hispanic textile fragments found in the cave are probably from a later culture 
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period. 

A series of paintings in Juxtlahuaca 
cave, Guerrero, Mexico (Fig. 1), re- 
investigated in 1966, were identified as 
belonging to the art style of the Olmec 
culture (1), Mesoamerica's first civili- 
zation and first great art style. These 
sophisticated paintings, acclaimed as the 
"oldest paintings of the New World," 
are located on walls deep within the 
cave and include representations of 
several human figures, a jaguar, and a 
serpent. Until the discovery of the 
Juxtlahuaca paintings, Olmec art was 
known in primarily three forms: (i) 
large monumental stelae and colossal 
stone heads, (ii) small portable carv- 
ings in jade, jadeite, or serpentine, and 
(iii) in various ceramic forms. 

Today, archeological pieces in the 
Olmec style are known from widely 
dispersed areas of Mexico, Guatemala, 
and even Central America, and the 
identification of the Juxtlahuaca paint- 
ings as Olmec has opened an entirely 
new facet in the study of Olmec cul- 
ture. The actual heartland of this cul- 
ture seems to be Mexico's Gulf Coast, 
in particular the states of Veracruz and 
Tabasco. Recent archeological work at 
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two major Olmec sites in this region, 
San Lorenzo and La Venta (Fig. 1), 
has yielded a new series of radiocarbon 
dates which places the Olmec culture 
between 1200 and 600 B.C. (2, 3), 
earlier than ever suspected (4). With 
the exception of the site of Chalcat- 
zingo (Fig. 1) (5) in Mexico's central 
highlands and a newly discovered stelae 
near Arcelia, Guerrero, monumental 
Olmec stone carvings are restricted to 
the Gulf Coast sites. Olmec sites in the 
central highlands also appear to lack 
the ceremonial architecture of Gulf 
Coast sites, but have yielded a greater 
abundance of smaller archeological ob- 
jects such as ceramics and jade carvings 
(6, 7). 

In November 1968, as a continua- 
tion of my studies of Olmec culture, a 
cave near Chilapa, Guerrero, was in- 
vestigated (8); it contained a number 
of wall paintings of various types, most 
of which are unquestionably Olmec. 
The area in which the cave is located 
is only about 20 miles (12.5 km) north 
of Juxtlahuaca cave; because the in- 
digenous villages of this area still re- 
tain the Nahuatl language, the cave is 
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known locally as Oxtotitlan (Fig. 1). 
The cave sits high on a hillside, over- 
looking the valley of the Rio Atentli. 
Unlike Juxtlahauca cave, the Oxtotitlan 
paintings occur in the mouth of the 
cave, in two large grottoes which open 
widely onto a broad cliff face. The 
largest of the paintings occurs on the 
cliff face in front of the grottoes. Where- 
as one (of these is faded and virtually in- 
distinguishable, the second is well pre- 
served. This painting (Fig. 2) occurs 
high on the cliff, above the mouth of 
the south grotto (9); it represents a 
human figure seated upon a large 
jaguar-monster head. The figure wears 
an owl headdress mask, a feathered 
cloak, a jade pectoral, jade ornaments 
on his arms, legs, and feet, and a 
fringed skirt. The jaguar-monster head 
is reminiscent of the large stone jaguar- 
monster altars found at Olmec sites on 
the Gulf Coast. These stone altars are 
usually carved with a deep niche at 
their base which represents the jaguar- 
monster's mouth and iconographically 
probably also a cave. The jaguar-mon- 
ster mouth-cave association has been 
noted at Chalcatzingo (5, relief ix, 
pp. 489-90) in connection with actual 
caves; and it is interesting, therefore, 
to note that the Oxtotitlan painting of 
the jaguar monster occurs above the 
mouth of the south grotto, which sug- 
gests a similar association. The main 
colors of this painting are red, ocher, 
and blue and it is approximately 5 by 
7 feet (1.5 by 2.1 m) in size. 

Within the north grotto of Oxtotitlan 
are a series of Olmec paintings executed 
primarily in black. Among these paint- 
ings are several profile faces with the 
baby-face mouth, a characteristic of 
Olmec art. Associated with one of these 
faces is a glyphic motif common in 
later Mesoamerican art, the speech 
scroll; it antedates any other examples 
by nearly 1000 years, and is the only 
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