
though the data obtained were not re- 
lated to the mass of material deposited 
because of background particle con- 
tamination, the overall amounts of Zn re- 
leased were greater than the amounts of 
Pb. Moreover, most of the radioactivity 
measured was associated with particles 
larger than 5 Am. Since no foliage cham- 
bers were used in these experiments, the 
amounts collected could not be related to 
surface area. However, when chambers 
were used and the water transpired from 
the vegetation was collected, the rates of 
metal loss during rapid transpiration un- 
der sunny conditions were comparable 
to those found in the laboratory for 
plants having similar concentrations of 
metals in their leaves. 

Our results show that metal-containing 
particles of various sizes can be gener- 
ated from the surfaces of plants. Submi- 
crometer-sized particles are probably re- 
leased under all conditions, particularly 
when plants are undergoing rapid growth 
or have high transpiration rates. Larger 
particles are almost certainly generated 
by mechanical disturbances at the plant 
surfaces. Surface abrasion and leaf bend- 
ing induced by wind action or thermal 
plumes could dislodge salt particles, wax 
rodlets, and cuticular and other surface 
fragments. Microbiological activity 
could also disrupt the plant surfaces and 
so produce potential fragments (11). All 
these effects probably play a part in the 
process of metal release to the environ- 
ment. There is every reason to believe 
that a whole range of elements are avail- 
able for release within the plant, al- 
though the amount released will vary 
with the element, as shown by Zn and Pb 
above. In principle, biologically impor- 
tant elements such as K, Na, Ca, and Mg 
should occur at much higher concentra- 
tions in plant-derived particulates as 
compared with trace elements such as 
Zn, and indeed there is evidence for this 
(12). 

It is unlikely that large metal-con- 
taining particles from plants play any sig- 
nificant role in the global atmospheric 
distribution of elements since their resi- 
dence times would be relatively short. 
On the other hand, submicrometer-sized 
particles released from plants could dis- 
perse over large areas and give rise to the 
unexplained metal-enriched particles col- 
lected in remote regions of the globe (1). 
At present, we are unable to quantify 
this effect since the rate of movement of 
metals into the atmosphere from plants 
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a background concentration of 1 ppm for 
both elements in the soil water, indicate 
that the loss of Zn could be about 20 pg 
hour-l cm-2 and of Pb about 10-2 pg 
hour-1 cm-2. Since the leaf area index is 
about 5, these rates correspond to ap- 
proximately 9 kg of Zn and 5 g of Pb re- 
leased from 1 km2 of vegetation per year. 
Clearly, since a great deal of the earth's 
landmass is covered by vegetation, it is 
conceivable that a proportion of the 
trace metal composition of the atmo- 
sphere is derived from metal-containing 
particles released by plants. Moreover, it 
would be expected that, in regions where 
vegetation grows in highly mineralized 
soil, plant-derived particles would be 
rich in metals; this idea has recently been 
applied in the development of techniques 
for geochemical exploration from the air 
(12). 
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Venus. 

During orbital operations of the Ven- 
era 9 and Venera 10 spacecraft, observa- 
tions were made of nighttime emissions 
from the upper atmosphere of Venus (1). 
From an analysis of spectra obtained 
in November 1975 Krasnopolsky con- 
cluded that the 11 spectral emissions 
arose from one molecular band system, 
but the identities of the band system and 
of the molecule were not determined (2). 
In this report we identify the emission 
spectrum of the Venus night airglow to 
be the Herzberg II (c'u - X35g) system 
of molecular oxygen (3). In addition, in 
an effort to understand the excitation 
mechanism in the Venus airglow, we 
have produced the oxygen Herzberg II 
bands in a laboratory afterglow under 
conditions that simulate the upper atmo- 
sphere of Venus. 

In the laboratory experiment, we pro- 
duced oxygen atoms by pumping a 0.3 
percent oxygen-helium mixture through 
a microwave discharge at a total pres- 
sure of 22 torr. Downstream of the dis- 
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charge, carbon dioxide at a partial pres- 
sure of 10 torr was added to the stream of 
oxygen atoms. This glowing gas was 
pumped through an observation tube 7 
cm in diameter and 1.8 m long. The spec- 
tral emissions from this afterglow tube 
were measured with a scanning spec- 
trometer having a spectral resolution of 
27 A and a relative spectral sensitivity 
determined by the response of a tri-alkali 
photomultiplier and a grating blazed at 
3000 A. The principal emissions from the 
oxygen-helium-carbon dioxide after- 
glow were a progression of bands from 
the lowest vibrational level (v' = 0) of 
the cl'u state of molecular oxygen. In 
1968, Degen (4) had observed and ana- 
lyzed the 0,7 and 0,8 bands of this pro- 
gression in an oxygen-argon afterglow. 
Using the wavelengths of these bands 
and of the absorption bands measured by 
Herzberg (3), Degen calculated a table of 
wavelengths for the entire band system 
(4). The wavelengths of the bands ob- 
served in the laboratory afterglow corre- 
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Excitation of the Venus Night Airglow 
Abstract. The strongest spectralfeatures in the Venus night airglow between 3000 

and 8000 angstroms are identified as the Herzberg II (c'l2 - X3s) bands of molecu- 
lar oxygen. These bands have been produced in a laboratory afterglow by the recom- 
bination of oxygen atoms in the presence of carbon dioxide molecules. It is hypothe- 
sized that the same mechanism produces this emission in the upper atmosphere of 
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spond to the first row of the Degen 
wavelength table (4). In addition, the rel- 
ative intensities of the laboratory after- 
glow bands are in agreement with rela- 
tive intensities of the Herzberg II bands 
calculated by Albritton (5). Table 1 lists 
the wavelengths of the band origins to- 
gether with the relative intensity for each 
band. 

A comparison of the Herzberg II 
bands as produced in the laboratory and 
the Venus night airglow bands as ob- 
served by Venera 9 and Venera 10 is 
shown in Fig. 1. When account is taken 
of the different relative sensitivities of 
the two spectrometers, the relative in- 
tensities of the bands, the band shapes, 
and the wavelengths are found to be simi- 
lar. From this comparison we identify 
the spectral emissions of the Venus night 
airglow as the v' = 0 progression of the 
Herzberg II (c'4 - X3Ag) system. The 
atomic oxygen line at 5577 A does not ap- 
pear in the laboratory afterglow or in the 
Venus night airglow. 

We hypothesize that the excitation 
mechanism in the laboratory afterglow 
and in the Venus airglow are the same 
and are due to the recombination of oxy- 
gen atoms in the presence of carbon diox- 
ide molecules. The net process may be 
represented as the three-body reaction 

O + 0 + CO2 -> 02* + CO2 

where the oxygen molecule in the c 'u, 
v' = 0 level (4.08 ev) acquires the major 
part of the energy of recombination of 
the oxygen atoms (5.12 ev). An analo- 
gous process occurs in Earth's upper at- 
mosphere where the third body in the 
atomic oxygen recombination is either 
molecular nitrogen, molecular oxygen, 
or atomic oxygen. In Earth's night air- 

Table 1. Intensities of 
of molecular oxygen 
night airglow intensitie 

v', pv" 

Band 
origin 

(4) 
(A) 

0,3 3562 
0,4 3761 
0,5 3980 
0,6 4222 
0,7 4491 
0,8 4792 
0,9 5129 
0,10 5510 
0,11 5945 
0,12 6445 
0,13 7026 

glow, however, the 
emission from the e) 
cule is the Herzberg 
tem. The Herzberg 
pear in Earth's nigh 
analogous laboratory 
berg II bands do not 
terglows with molec 
third body (7). The d 
tation mechanisms 
airglow and Earth's 
the very special role 
plays as a third bod} 
airglow. 

Some implications 
tion of the excitatior 

the c'u - X34+ bands duction of the airglow is close to the 
compared with Venus surface where, however, reactions in- 

___________ volving the photodissociation products 
Relative intensities of water vapor catalytically consume 

- atomic oxygen (8). The most favorable 
Theory Obser- location on Mars to search for the night (5) vation (l) 

airglow is over the winter polar region 
0.04 0.10 where, because of the very low temper- 
0.13 0.08 atures, the atmosphere is very dry and 
0.30 0.32 the atomic oxygen density is at a maxi- 0.54 0.57 
0.83 0.84 mum, as shown by the appearance of 
1.00 1.00 ozone (9). 
0.99 0.94 On Venus where the surface rotates 
0.81 0.80 very slowly, the upper atmosphere ap- 0.57 0.59 
0.33 0.43 pears to have a circulation pattern with a 

0.16 0.12 4-day period (10). Oxygen atoms are pro- 
duced on the dayside of the planet and re- 
combine slowly during the night. Their 
density at any time and place is con- 

principal ultraviolet trolled by chemical recombination and 
xcited oxygen mole- by transport. Krasnopolsky et al. (1) 
I (A:'E -- X:E,) sys- have proposed that the mapping of the 
II bands do not ap- night airglow is a method of measuring 
t airglow (6). In the the distribution and transport of atomic 
r experiments, Herz- oxygen in the Venus atmosphere. With 
appear in oxygen af- the identification of the excitation mecha- 
:ular oxygen as the nism, this technique of observing the cir- 
ifference in the exci- culation of the nightside of Venus can be 
in the Venus night considered with some confidence. 

night airglow is in G. M. LAWRENCE 
that carbon dioxide C. A. BARTH 

y in the Venus night V. ARGABRIGHT 

Laboratory for Atmospheric and Space 
from the identifica- Physics, University of Colorado, 

I mechanism for the Boulder 80309 
Venus night airglow relate to the two 
planets in the solar system that have car- 
bon dioxide atmospheres. Mars should 
have a similar airglow at an altitude 
where the atomic oxygen density is at a 
maximum. Since on Mars the total pres- 
sure is much less than on Venus, the alti- 
tude region most favorable for the pro- 

Fig. 1. Herzberg II 
| '~\ -(c'lu -XaEg) bands of 

molecular oxygen. 
(Top) Venus night 

6-0 - '.... airglow as observed 
from Venera 9 (1). 
(Bottom) Venus night 
airglow as produced 
in laboratory after- 
glow. Dashed lines 
through each of the 
spectra show the rela- 
tive sensitivities of 
the two spectrome- 
ters. 

Wavelength (A) 
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