
after reaction 4. (Reaction 4 was assumed to 
be complete when the CI+ signal was no 
longer detected.) Although initially the HCI 
was evenly distributed throughout the ice, 
the ice remaining after reaction contained 
less than 5% of the original HC1. This 
suggests that almost all of the HC1 in the ice 
was available for reaction with N205. 

The mechanism for the reactions of N205 
on ice and HC1-ice surfaces is not known. 
The rapidity of heterogeneous reactions 
such as reactions 1 through 4 has led to the 
suggestion that these reactions are catalyzed 
by H +  in the ice (3 ,5 ) .  The facile reaction of 
N205 with HCI at low temperatures even in 
the absence of ice may have mechanistic 
implications. We cannot rule out possible 
water impurities below our detection limit 
(0.01 mtorr) that could influence the reac- 
tion mechanism. 

Our results indicate that heterogeneous 
reactions of N205  with HCI and H 2 0  occur 
readily at 185 K, providing a sink for NO, 
in the form of condensed-phase H N 0 3  and 
producing photochemically active gas-phase 
C1N02. To the extent that the surfaces 
studied here are similar to PSCs, reactions 3 
and 4 may contribute to the photochemical 
mechanism responsible for ozone depletion 
in the ~ n t a r c t k  spring. 
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Evidence for Highly Reflecting Materials on the 
Surface and Subsurface of Venus 

Radar images at a 12.5-centimeter wavelength made with the Goldstone radar 
interferometer in 1980 and 1986, together with lunar radar images and recent Venera 
15 and 16 data, indicate that material on the surface and subsurface of Venus has a 
Fresnel reflectivity in excess of 50 percent. Such high reflectivities have been reported 
on the surface in mountainous regions. Material of high reflectivity may also underlie 
lower reflectivity surficial materials of the plains regions, where it has been excavated 
by impact cratering in some areas. 

ADAR AND RA1)IOMETRIC DATA 

from the Pioneer Venus spacecraft 
indicate that several regions on Ve- 

nus have both high Fresnel reflectivity and 
low radiometric emissivity (1 ). These anom- 
alies are typically associated with mountain- 
ous terrain, which has slightly cooler tem- 
peratures and increased surface roughness 
relative to the plains. The lowest emission 
temperatures reported (about 405 K) were 
much too low to have been caused by the 
difference in elevation between the moun- 
tains and the plains. Effective dielectric con- 
stants that could reduce the emissivity must 
be large, on the order of 30. Such high 
values are larger than those expected for 
basalt and most other nonigneous rocks. 
Pyrite inclusions in the rocks have been 
suggested as a mechanism to increase the 
conductivity of the material sufficiently to 
increase the reflectivity and reduce the emis- 
sivity (1 ) . 

We provide radar evidence that material 
with high Fresnel reflectivity also occurs in 
the low plains regions where the tempera- 
ture is near 735 K. We examined radar 
images that were made with the Goldstone 
triple interferometer during the inferior cotl- 
junctions of 1980 and 1986. The observa- 

Ja Propuls~on Laboratory, C;alifornia Inst~tute of Tech- 
nology, 4800 Oak Grove Drive, Pasadena, CA 91109. 

tions were made at a wavelength of 12.5 cm 
with circularly polarized waves. Right-circu- 
lar polarization was transmitted, and left- 
circular polarization was received; this 
method captures the waves scattered by the 
quasi-specular scattering mechanism. We 
concentrated on images from regions within 
5" to 7" of the subradar point because these 
images have the highest possible signal-to- 
noise ratio. The data acquisition and data 
processing procedures are given in (2), ex- 
cept that high-resolution, digital-acquisition 
equipment was used during the 1986 obser- 
vations. This equipment substantially im- 
proved the best linear resolution of our 
images from about 8 krn to about 1.3 km 
without serious loss of coverage. 

Several of our reduced radar images show 
bright features that extend through a range 
of incidence angles of several degrees. The 
contrast of these features relative to their 
environs remains nearly constant with angle. 
These bright features are most easily ex- 
plained by large values of the Frestlel reflec- 
tion coefficient on the surface. The most 
striking is a large bright feature in the 
northern hemisphere that extends over an 
angular range from roughly 3" to 7" (Fig. 
1A). The radar albedo locally is nearly four 
times as great as the average surface albedo 
(3) .  Although the companion alti~netry im- 
age (Fig. 1R) for the region suffers from 
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minor systematic traces of the interferome-
ter fringe pattern, the feature does possess 
some slight topography. The eastern part of 
the feature contains a ridge, whereas an 
isolated mound occurs to-the west. The 
topography in both areas rises to around 1 
km above the surroundings, with leading 
edge regional slopes between 0.25" and 
0.5". The area between the ridge and the 
mound is flat even though it also has high 
reflectivity. Therefore, the high albedo is 
probably -notassociated with slope-induced 
scattering from the fiont edge of the in-
clines. An alternative explanation for the 
scatteringbehavior requiresthat facetsin the 
10- to 100-msize are preferentially directed 
toward the observer for each angle of inci-
dence. Such a fortuitous situation is unlike-
ly. However, some combination of high 
Fresnel reflectivity and slope-induced scat-
tering remains possible. 

~ v e nwith the presence of this large bright 
feature, the regional scattering properties of 
this plains area are characterized by a rela-
tively small root-mean-square (rms) slope. 
We compared the scattering law for this 
image with the scattering law predicted 
fiom the model by Hagfors (4)with various 
values of the surface roughness parameter, C 
(Fig. 2). A value for C of 250 gives a good 
fit to the observed law for our data and 
indicates that the rms slope is about 4" 
(which equals c-'.' radian). 
During the 1986 inferior conjunction of 

Venus, ahditional observations were made 
that had a best resolution of 1.3 km.The 
image shown in Fig. 3 covers an angular 
range to about 4.5" and is therefore entirely 
in the part of the scattering law in which 
larger C values (smaller rms slopes) in-
creases the albedo (Fig. 2). Thus, rough 

Flp. 1. (Al Radar reflectiv-
in-image bf a smau region 
of Venus that shows a struc-
ture with very high reflectiv-
ity (12).The best resolution 
is approximately 8 km.The 
reflectivity image shows that 
the ratio of the observed 
power to the expected pow-
cr follows the meacured 
scatrcring law (dots, Fig. 2). 
The longitude reference for 
Goldstonc images is given in 
(2).To obtain International 
Astronomical Union Iongi-
tude. add -4" to the longi-
tude shown. (B) Radar 81-
timetn image of the region 
of (A). Thc range in clcva-
rion from dark to light areas 
is -2 to 1 km re1atit.e to the 
radius at the suhradar point. 
Some artihcts of the proc-
essing are visible as horiwn-
tal bands, and noise degrades 
errors vary from 40 m ncar tt 

areas appeardarker than the averagesurface. 
The western and southern parts of the image 
contain extensive bright regions that show 
considerable kilometer-scale structure. The 
image becomes featureless to the north and 
east. Measurements of the bright structure 
indicate that its albedo is enhanced as much 
as four to five times the average surface 
albedo. In the upper part of Fig. 3, there are 
two dark cirmlar regions that have either a 
bright extension or a well-defined halo. The 
western feature appears to have bright mate-
rial overlying the southern part of the dark 
spot. The eastern feature has the morpholo-
gy of an impact crater. The origin of the 
more western feature is less certain, but its 
similarity to the other could indicate a simi-
lar origin. Two similar impact structures in 
close proximity were unexpected; therehe, 
we cannot rule out the possibility that these 
features are volcanic calderas. In either case, 
rough rings would be expected. The halo is 
bright, not dark as would be expected for a 
rough crater rim at this angle of incidence 
and observed in the opposite sense of polar-
ization. The bright halo indicates that the 
material must have a high Fresnel reflectivity 
to overcome the darkening that would occur 
because of the roughness around the rim of 
the crater. We suggest that the feature is 
either an impact or volcanic crater and that 
the rim contains radar-bright material fiom 
below the surface. If the crater is impact in 
origin, we would argue that because radar-
bright material appears plentill to the west, 
less reflecting material likely covers the re-
gion to the east. Additionally, the entire 
southwestern part of the figure may expose 
radar-bright material that has been swept 
clean of regolith. If the crater is volcanic, we 
would suggest that much of the bright 

material is volcanic in origin and mantles the 
darker surface material. 

Radar images made by the Venera 15and 
16syntheticape- radar show craters that 
are similar in size to the craters discussed 
above but at much more northerly latitudes. 
Ivanov etaf. indicatethat 25% of the Venera 
craters have bright halos (5). The halos 
extend roughly 1.8 2 0.5 times the crater 
diameter outward from the crater's center. A 
few craters have dark outer halos as well. 
The angle of incidence of the Venera images 
is near lo", and thus these images likely 
show slope enhancementsthat are similar to 
those of the Goldstone images. Many of the 
Venera craters have slope enhancementsbut 
lack bright halos. Ivanov ttaf. attributed the 
bright halos of the craters that have them to 
increased surface roughness; the dark outer 
ring they attributed to a shock smoothing 
process. If we assume that Hagfors scatter-
ing model is a good representation of the 
surface and the average C parameter is near 
250, then rougher surfaces that have C 
parameters as low as 25 would not show 
substantial brightening. Bright halos might 
be seen against a significantly smoother 
surface if such surfaces occur on Venus. 
(They might also be visible in regions hav-
ing atypical scattering properties.) Most 
likely, the bright halos are the result of ejecta 
material that has higher Fresnel reflectivity. 
The dark outer halos may be the result of 
shock smoothing as proposed (5) or the 
product of weatheringof ejecta material that 
has been blown from the surface. Such 
material might be more porous than the 
normal surface material and yield a lower 
Fresnel reflectivity. Alternately, the distal 
ejecta may be extremely fine and tend to fill 
in and smooth the surface. Radar-bright 
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Fig. 2. The radar c m  section, a@), per unit 1000 

surface area at angles of incidence and observa- 
tion, 0, as predicted by Hagfors' model (4). The 
solid lines are for the case of a Fresnel reflection 
coetlicient, p, of unity and demonstrate how 
changes in surface roughness (C parameter) affect 
the scattering law. The dashed curve shows the loo  
best fit to the data (dots) from 2 July 1980; the 
coefficient p, is 0.125 and C is 250. 
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Fig. 3. Radar dectivity image at 
1.3-km best resolution of a region 
farther east from the one in Fig. 1 
that has regions with high dect iv-  
ity and a bright crater ring. The 
largest incidence angle is about 
4.5". The data are normalized in the 
same manner as in Fig. lk The 
altimcay image is not shown. 

rings have been observed at large angles of 
incidence where the quasi-specular scatter- 
ing component nearly vanishes, which leaves 
the predominent diffuse scattering fiom the 
rings (6) .  

Additional evidence of radar-bright ejecta 
from the 70-an lunar radar maps of Thomp- 
son and co-workers (7) and the 3.8-cm 
maps of Zisk et  al. (8) indicates that bright 
rings or halos are common in the depolar- 
ized maps for incidence angles less than 15" 
(9). The polarized component in this angu- 
lar range has slope-induced enhancements 
fiom the crater walls and facing rims, but 
complete rings are observed only around the 
crater Copernicus. Copernicus is perhaps a 
special case where dense rock is contrasted 
against the radar-dark mare at an angle of 

incidence for which roughness could bright- 
en the ring. We conclude that lunar craters 
rarely show bright ejecta at small angles of 
incidence when observed in the polarized 
mode. 

Radar-bright rings or halos associated 
with Venusian craters that have been ob- 
served at small angles of incidence are un- 
likely to be a result of increased surface 
roughness. Neither theoretical scattering 
laws nor radar images of lunar craters indi- 
cate that surface roughness can be a sigmfi- 
cant mechanism for generating bright rings 
at angle of incidence less than 10". For 
example, two Venusian craters in the 1978 
Goldstone series of observations show dark 
rings at small incidence angles (lo), which 
indicates that not all craters have bright 

rings. The radar-bright rings are most likely 
the result of ejecta or volcanic material from 
the subsurface having high Fresnel reflectiv- 
ity. Such material is apparently widespread 
in some regions of Venus where it occurs on 
the surface. The material is also apparently 
common in the highlands as well, where it 
causes distinct emission anomalies. The 
Venera 15 and 16 data indicate that many 
craters with bright halos are widely distrib- 
uted on plains regions in the northern hemi- 
sphere. Thus, we conclude that the material 
is widespread, chemically stable (1 1 ) on the 
surface, and probably covered by a lower 
reflective blanket (possibly basaltic) in many 
other regions and perhaps globally. 
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