
tions is land of high elevation, such as 
exists in Antarctica, Greenland, and the 
Himalayas, where the landmass occu- 
pies the same altitude region as the 
channel 3 weighting function. Such 
variations, which can reach 10 to 20 K, 
are evident over Antarctica in Fig. 1. 
Only a few high mountainous regions 
cause variations greater than 2 K, and 
the effect either can be compensated 
for or can be ignored in these restricted 
areas. Channels 4 and 5 respond ex- 
clusively to the atmospheric tempera- 
ture profile and are unaffected by 
clouds or the terrestrial surface. 

The microwave data are compared 
with conventional meteorological data 
in Fig. 2, which presents preliminary 
estimates of thicknesses for three atmo- 
spheric layers for 5 March 1973. The 
1000- to 500-mb layer is the layer of 
air ranging from a pressure of 1000 
mb to a pressure of 500 mb. Its thick- 
ness is proportional to its average tem- 
perature; an increase of 1 K corre- 
sponds to an increase of -20 m. The 
pressures 1000, 500, 250, and 50 mb 

roughly correspond to altitudes of 0, 
5, 10, and 20 km, respectively. Tem- 
perature changes of 1 K correspond 
to layer thickness changes of ~20 and 
-47 m for the 500- to 250-mb and 
250- to 50-mb layers, respectively. 

We estimated the layer thicknesses by 
computing for each layer an appropri- 
ate linear function of TA for channels 
3, 4, and 5, where the coefficients min- 
imize the root-mean-square error ex- 

pected for that season and region (3). 
For this purpose the globe was divided 
into three ocean and four land regions, 
the boundaries of which are indicated 
in Fig. 2 by small triangles. The small 
discontinuities in inferred layer thick- 
ness at these boundaries are thus arti- 
facts. The depression of 80 m (-4 K) 
in the NEMS-inferred 1000- to 500-mb 
thickness which occurs near New Or- 
leans results from a major storm with 
high dense clouds. Such variation is 
rare outside the ITCZ. 

Also shown in Fig. 2 is the 1000- to 
500-mb layer thickness derived from 
the National Meteorological Center 
(NMC) analyses. For most of the 
orbit the difference between the NMC 
and NEMS data is approximately 20 m 
or 1 K. This agreement between NMC 
and NEMS data suggests that micro- 
wave measurements could be a very 
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pressions for atmospheric transmission. 

Preliminary analysis of these errors 
suggests that increasing the pressure de- 
pendence of the 58.8-Ghz absorption 
coefficient significantly improves the 
layer thickness estimates. 

Preliminary estimates of temperature 
profile accuracy have also been eval- 
uated. Temperature profiles are esti- 
mated by computing, for each altitude 
of interest, an appropriate linear func- 
tion of TA for channels 3, 4, and 5, 
using the statistical procedure described 
earlier and an a priori global ensemble 
of atmospheres. Temperature profiles 
determined from the NEMS differ from 
those interpolated from selected re- 
gions of the NMC 0" and 121" Northern 

Hemisphere analyses by 1.5 to 4 K 
(root mean square) over the altitude 
range from 1 to 20 km. The largest 
discrepancies occur near the tropopause 
and at the surface where large tempera- 
ture gradients are more common. These 
preliminary results appear to be con- 
sistent with the 0.8- to 3-K (root mean 
square) errors predicted for a noiseless 
ladiometer and perfect NMC analyses. 

The NEMS experiment has thus 
demonstrated the ability of microwave 
spectrometers to yield estimates of 
atmospheric temperature profiles in the 
presence of most cloud types and, over 
ocean, the abundances of atmospheric 
water vapor and liquid water. Addi- 
tional information about ice and snow 
cover, soil moisture, and sea state is 
also contained in the data. It is ex- 
pected that future microwave tempera- 
ture-sounding systems with more fre- 
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The Kapoeta meteorite is a typical 
gas-rich meteorite which contains high 
concentrations of helium, neon, and 
argon. The rare gas excess is generally 
believed to be the result of solar wind 
implantation because it is confined to 
the outer ~ 10-5 cm of mineral grains 
(1) and has relative abundance ratios 
similar to those observed in the sun. 
Roughly 10 percent of the grains in 
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Kapoeta are "track-rich" grains (2, 3) 
attributable to strong irradiation by low- 
energy (- 1 Mev per nucleon) iron- 
group nuclei from solar flares. The 
density and radial gradient of tracks in 
the track-rich grains indicate that these 
grains were exposed to solar flare par- 
ticles for times on the order of 104 

years (2, 3), with negligible shielding 
(<10-3 g cm-2). The nonuniformity 
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Micrometeorite Craters Discovered on Chondrule-Like 

Objects from Kapoeta Meteorite 

Abstract. Craters attributable to hypervelocity impacts of micrometeorites have 
been discovered on rare chondrule-like objects from the gas-rich meteorite Ka- 
poeta. These chondrule-like objects, probably generated by impacts themselves, 
provide further evidence for the regolith origin of Kapoeta. The micrometeorite 
flux at the time of formation of the meteorites was probably an order of magni- 
tude higher than the present flux, but the solar luminosity could not have been 
higher than 1.7 times its present value. 
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of the track density around the grain 
boundaries (3, 4) shows that the grains 
were partially shielded, probably by 
neighboring grains, during irradiation. 
The solar wind-implanted gas, the 
track-rich grains, the nonuniform grain 
irradiation, and the brecciated texture 
observed in Kapoeta are all seen in 
lunar soils and breccias (5). 

Micrometeorite craters caused by the 
hypervelocity impact (> 4 km sec-1) 
of interplanetary grains have been 
found on particles in all lunar soils ex- 
amined. To investigate further the origin 
of gas-rich meteorites we examined 
surfaces of Kapoeta grains for micro- 
meteorite craters. Two grams of Ka- 
poeta were gently crushed to a 200- 
mesh size and optically examined for 
grains with surfaces smooth enough for 
crater searches with a scanning electron 
microscope (SEM); our search revealed 
a total of nine smooth spheroidal ob- 
jects (> 100 ,um). These are similar to 
the glass spheres found in lunar soils 
(6) and around some terrestrial impact 
craters (7). 

Careful scanning of the spheres at 

high magnification in the SEM revealed 
that two of the spheres had micro- 
craters. Sphere A-2 had 22 identifiable 
craters > 0.4 $~m in diameter. Sphere 
B-I had two craters > 0.4 am. Figure 1 
shows some of these microcraters. The 
well-defined spall zones and the smooth, 
glass-lined pit bottoms can be clearly 
seen. The microcraters found on the 
Kapoeta spheres are morphologically 
similar to craters on lunar glasses and 
to those produced in lamboratory simula- 
tions. Craters larger than 4 /m in diam- 
eter have smooth glass-lined pits sur- 
rounded by spall zones of fractured 
glass, whereas craters with diameters 
less than -4 tm consist of pits sur- 
rounded only by raised rims. The ratio 
of the spall zone diameter to the pit 
diameter for Kapoeta craters is the 
same as that observed for lunar micro- 
craters. From the results of laboratory 
simulation experiments (8), we con- 
clude that the observed crater mor- 
phology is due to the impact of pro- 
jectiles with velocities in excess of 4 
km sec-1. The depth-diameter ratios 
and circularities of the Kapoeta craters 

Fig. 1. Surface features of Kapoeta spheres. (A) Submicrometer-sized crater (lower 
left) and large crater with spall zone (center) on sphere A-2. The upper left portion 
of (A) is a fracture system not genetically related to the craters. (B) Spalled micro- 
crater on sphere A-2 partially obscured by the Kapoeta matrix adhering to the sphere. 
(C) Spalled microcrater on sphere A-1. Note the ejecta splatter (top left) and lip 
structures (right). (D) Oblique view of sphere A-1 showing splatter features and 
gouges. Note the submicrometer-sized crater with a raised lip (top center). 
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are qualitatively similar to those of 
craters on lunar glasses. By comparison 
with microcraters produced by labora- 
tory simulations (9), we deduce that, 
like lunar microcraters, the craters on 
Kapoeta were produced by rather equi- 
dimensional particles whose densities 
are consistent with those of ordinary 
silicate grains. 

The size distribution of craters on 
sphere A-2 is shown in Fig. 2 and is 
compared with that for the lunar glass 
surface 15286 (9). Craters as small as 
0.15 /am in diameter were also seen 
on sphere A-2, and it is possible that 
the size distribution in Fig. 2 extends 
continuously down to 0.1 wam. Sphere 
B-l had one 1 0-jm crater and one 1- 
ttm crater. The deficiency of small 
craters on sphere B-l can be interpreted 
as evidence of shielding by a thin layer 
(- 10 jam) of dust. Small craters are 
deficient on some lunar surfaces and 
even on localized areas of surfaces with 
otherwise normal crater populations. 

Micrometeoroids smaller than a cer- 
tain critical size may have very short 
lifetimes (months) in the inner solar 
system owing to the influence of radia- 
tion pressure. The steepness and lack 
of a change of slope in the crater size 
distribution (Fig. 2) through the micro- 
meter and suibmicrometer range show 
that there was no size cutoff in the 
micrometeorite flux attributable to ra- 
diation pressure at the time of forma- 
tion of Kapoeta. Using Mie scattering 
theory, Gindilis et al. (10) have shown 
that, with the present luminosity of the 
sun, the centrifugal force due to solar 
radiation cannot exceed the centripetal 
force due to gravity for silicate grains 
of any size. The absence of a size cut- 
off due to radiation pressure enables 
us, utilizing the computations of Gin- 
dilis et al., to set a limit on the lumi- 
nosity of the sun at the time Kapoeta 
was formed. Assuming grains of pure 
silicate composition, we deduce that 
the solar luminosity could not have 
been more than 1.7 times its present 
value during the brecciation stage of 
Kapoeta's formation. On the basis of 
indirect evidence (4) and the observa- 
tion that Kapoeta contains a rare gas 
component postulated to have been im- 
planted by the pre-main sequence solar 
wind (11), we believe that Kapoeta 
was brecciated more than 4 X 109 years 
ago. 

Studies of particle tracks in spheres 
A-2 and B-1 provide estimates of their 
exposure times to the ancient micro- 
meteorite flux. Sphere B-1 has a low 
track density consistent with shielding, 

SCIENCE, VOL. 182 



whereas sphere A-2 is a track-rich grain 
with a gradient. The measured density 
of tracks in sphere A-2 (5 X 108 cm-2) 
at a depth of 10 ~/m is typical of about 
100 irradiated grains studied in this 
meteorite (2, 3). Comparing our sam- 
ples with lunar glass allows an estima- 
tion of the ancient micrometeorite flux. 
Because the absolute solar flare track 
density at a given depth is a measure 
of the exposure time, the ratio of crater 
density to track density is a measure 
of the micrometeoroid flux. By com- 
parison with the lunar data of Neukum 
et al. (12), we find that 

($) - 2.2 X 10- 
KP Kapoe t: 

and 

(Nc) =-2.6x10-+; 
p lunar glass 

where Nc is the cumulative density of 
craters larger than 1 Fm and p is the 
density of tracks at a depth of 10 
Am. Accordingly we infer that either 
the micrometeorite flux at the time of 
formation of the gas-rich meteorites 
was about an order of magnitude higher 
than that on the lunar surface at the 
present time, or the ancient solar 
flare flux was lower than it is at present. 
Although the flux of solar flare par- 
ticles in the early solar system may not 
have been the same as today, it is be- 
lieved that it might have been higher 
than the present value but that it could 
not have been lower (13). This would 
tend to increase the disparity in the 
micrometeoroid fluxes. Attenuation of 
the solar flare flux by interplanetary 
material is not a significant problem; 
otherwise, the observed track gradients 
would not extend to grain surfaces. 

Apart from the existence of micro- 
craters, the spheres in Kapoeta are of 
unusual interest in themselves and they 
have not previously been reported in 
the literature. They are not perfect 
spheres but have oblate and prolate 
shapes, a finding which suggests that 
they were once molten, rotating bodies. 
The surfaces of the spheres have dents, 
grooves, and splatter features (see Fig. 
1D) similar to those commonly seen 
on lunar glass spheres (6). One of the 
spheres has a crystalline grain partially 
embedded in its surface which appears 
to have been implanted while the sphere 
was still plastic. The grain does not 
have the same composition as the 
sphere. Of the nine spheres, seven have 
crystalline interiors and are darkish 
brown to opaque. Of the two glass 
spheres, one is transparent with the 
shape of a broken dumbbell and the 
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Fig. 2. Cumulative size frequency distribu- 
tion of microcraters on Kapoeta sphere 
A-2 as compared with the lunar glass 
surface 15286 (9). Error bars indicate the 
counting statistics. 

other (sphere B-1) is a nearly per- 
fect sphere. It is not clear at present 
whether the Kapoeta spheres are related 
to chondrules. They do not closely re- 
semble chondrules from ordinary chon- 
dritic meteorites; on the other hand, 
they do fit the description proposed by 
Fredriksson et al. (14) as a new defini- 
tion of chondrules. 

Qualitative x-ray analysis in the SEM 
showed that eight of the spheres had 
very similar compositions. A quantita- 
tive electron microprobe analysis car- 
ried out on one of these, sphere B-1, 
gave the following measured compo- 
sition (in percentages by weight) for 
this green glass sphere: FeO, 18.6; 
MgO, 17.4; SiO2, 46.9; A1203, 7.2; 
CaO, 8.7; TiO2, 0.50; and Na0, 0.18. 
This composition is in good agreement 
with the bulk analysis for Kapoeta 
howardite by Miller and Zihringer 
(15). If we use the classification 
scheme of Mason (16), based on the 
CaO content and the ratio of FeO to 
(FeO + MgO) (in mole percentages), 
the sphere falls into the howardite 
group. The only serious discrepancy 
between our analytical data for the 
sphere and the bulk Kapoeta analysis 
lies in the sodium content, which is 
depleted by a factor of 3 in the sphere. 
Sodium depletion has been reported in 
some glass spheres found on the moon 
and around some terrestrial impact 
craters. Fredriksson et al. (7) have 
suggested that the sodium depletion is 
a result of selective vaporization and 
may be indicative of an impact origin. 
On the basis of chemical and morpho- 
logical considerations, we believe that 

most of the spheres in Kapoeta are 
solidified droplets of shock-melted 
ejecta produced by cratering events on 
the Kapoeta parent body. The rarity of 
spheres in Kapoeta as compared with 
the lunar soil may be due to the smaller 
size of the Kapoeta parent body. On 
the other hand, the ability to retain 
any impact spheres at all implies the 
existence of surface gravity and places 
some lower limit on the size of the 
Kapoeta parent body. We feel that the 
presence of impact-generated spheres 
lends further support to the suggestion 
that Kapoeta formed on the surface 
of a body of asteroidal dimensions 
(3, 17). Evidence that Kapoeta was de- 
rived from an unusually large meteo- 
rite parent body comes from the dis- 
covery by Black (11) that Kapoeta 
contains a rare gas component not 
found in other analyzed meteorites but 
common in lunar soils and breccias. 
Black interprets this component as due 
to reimplanted atmospheric ions, a 
process which requires a sizable parent 
body. 

In addition to textural and some 
chemical similarities, the presence in the 
Kapoeta achondrite of track-rich grains, 
an atmospheric rare gas component, 
glass spheres, and micrometeorite cra- 
ters establishes that this achondrite is a 
remarkably close meteoritic analog to 
lunar soil breccias. Although other pos- 
sibilities exist, we 'believe this is com- 
pelling evidence that, like most lunar 
rocks, Kapoeta was formed 'by impact 
processes on an impact-generated reg- 
olith. Various lines of evidence suggest 
that this regolith covered the surface 
of a sizable meteorite parent body. The 
isochemical nature of the spheres im- 
plies that the surface of the parent 
body was much more chemically homo- 
geneous than the lunar surface and was 
therefore probably much smaller than 
the moon. The presence of solar flare 
tracks and craters caused by hyperve- 
locity impacts of submicrometer-sized 
particles indicates that Kapoeta formed 
after the dissipation of the solar nebula, 
probably during the waning stages of 
the aecretionary processes that formed 
the planetary bodies of the solar sys- 
tem. Most meteorites show signs of 
mechanical reworking, and they may 
also have resided in impact regoliths at 
some time during their histories. How- 
ever, the absence of track-rich grains 
in many meteorites implies that either 
their residence time at the regolith sur- 
face was very short, or at the time 
of their formation the solar nebula 
shielded them from solar flare particles. 
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The existence of micrometeorite cra- 
ters on meteoritic materials provides a 
means of studying properties of the 
dust component of the ancient solar 
system. On the basis of the work pre- 
sented here, it appears that, although 
the flux may have ibeen slightly higher 
in the past, the size distribution and 
physical properties of the interplanetary 
dust have not changed appreciaibly over 
most of the age of the solar system. 
Because it is generally believed that in- 
terplanetary grains are derived from 
comets, this implies a long-term sta- 
bility to cometary phenomena in the 
inner solar system. 

Note added in proof: From discus- 
sions with Noonan and Jerom6 (18), 
we have learned that chondrule-like ob- 
jects have recently been found in two 
other howardites: Bununu and Malvern. 
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Quantum Low-Temperature Limit of a Chemical Reaction Rate 

Abstract. The radiation-indtuced polymerization of formaldehyde has been 
studied in the solid state. The time of addition of one new link to a polymer 
chain increases exponentially in accordance with the Arrhenius law at 140 to 
80 K, but approaches a constant value (approximately 10-2 second) at tem- 
peratures below 10 K. Thus, a low-temperature limit to a chemical reaction rate 
has been observed. It is interpreted as a quantum effect caused by tunneling from 
the zero vibration level of the initial state, and a semiquantitative theory is given. 
The phenomenon should be taken into account for understanding tunneling of 
electrons in biological systems when such tunneling is accompanied by confor- 
mational changes. It could also be significant in slow, exothermic chemical reac- 
tions at low and ultralow temperatures, which may have had a role in chemical 
and biological evolution (cold prehistory of life?). 
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In a number of experiments (1) 
we have determined calorimetrically 
the time of growth of polymer chains 
for the radiation-induced solid state 
polymerization of formaldehyde at low 
temperatures (4 to 140 K). The poly- 
merization at 77 to 140 K was induced 
by the bremsstrahlung of 5-Mev elec- 
trons from a linear accelerator; an adi- 
abatic calorimeter with a relaxation 
time of 0.3 to 0.5 second was used. 
Below 77 K polymerization was in- 
duced by 60Co gamma rays passing 
through a lead shield by means of a 
slit with a short opening time; the re- 
laxation time of the diathermic calo- 
rimeter with Cu-Au-Fe thermocouples 
was 1 to 2 seconds. 

Judging from the large radiation yields 
of polymerization (G - = 107 mole- 
cules per 100 ev at 140 K, ~105 at 
77 K, and ~ 10' at 4 K), the role of 
radiation seems to be restricted to the 
formation of primary active centers- 
that is, to starting the polymer chain 
(which is endothermic). Once the chain 
starts, the formation of each new link is 
an exothermic process which can pro- 
ceed spontaneously, without the partici- 
pation of radiation. 

The results are represented in Fig. 
1, where r0 = r/G is the average time 
of addition of one new link to a poly- 
mer chain (r is the measured time of 
growth of a whole chain, and the radia- 
tion yield of chain initiation is taken 
as ~1 for all temperatures). When 
the temperature decreases from 140 
to 80 K, the value of ro increases 
in accordance with the Arrhenius law 
with an activation energy E 0.1 ev. 
At lower temperatures, however, we 
observe a strong deviation from the 
Arrhenius law and To approaching a 
constant value of approximately 10-2 
second. An Arrhenius-type extrapola- 
tion would give a ro of about 100 

years for 10 K and about 10100 years 
for 4 K. 

Thus, a low-temperature limit to a 
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chemical reaction rate has been ob- 
served for the radiation-induced po- 
lymerization of formaldehyde. Such a 
limit can only be of quantum origin, 
caused by tunneling from the zero 
vibrational level of the initial state. 
Also, such transitions are impossible 
for endothermic reactions. 

Tunneling between two equal poten- 
tial wells without a change of the sys- 
tem's energy has been treated for a 
Boltzmann continuous distribution and 
a quantum mechanical distribution 
(2). It was shown that for these sim- 
plified cases the reaction rate at low 
temperatures should reach some pla- 
teau value, determined by the param- 
eters of the potential barrier (height, 
width, and shape) and by the tunnel- 
ing mass. However, our present experi- 
mental case is more complicated be- 
cause it involves transitions between 
two different wells, as illustrated in 
Fig. 2. Two effects must happen to 
establish a new link of the polymer 
chain: the molecule of formaldehyde 
must get closer, with the C-C distance 
changing from di to df (di - df = Ad), 
and the C 0 bond must change from 
a double bond to a single bond. The 
growth of the polymer chain should in- 
volve either the transfer of an electron 

. . CH:--CH-O- + CH2-=O -* 

... CH2-O-CHz-O-CH-O- 

or the transfer of a hydrogen atom 

. . . CH2-0-CH- + CH=O - 

. . . CH-O-CHS-O-CH-O- 

but in any case the transfer should be 
accompanied by (or should lead to) 
the approach of the formaldehyde 
molecule to the end group of the grow- 
ing polymer. The tunneling of the 
whole formaldehyde molecule (mass 
M) is certainly much slower than elec- 
tron tunneling, because of the large 
difference in their masses: M/m 
5.5 X 104. It is not as easy to exclude 
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