Fig. 2. Red spruce stem in transverse section. The
sapwood (S) is visually distinguishable from the
heartwood core (H) because the cut surface was
sanded immediately after sectioning and photo-
graphed before the surface was allowed to dry.
After drying, the distinction between S and H is

not apparent.
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Fig. 3. Map of the red spruce study plots; A,
Mount Abraham; CN, Crawford Notch; B, Bart-
lett; HB, Hubbard Brook; RP, Roach Pond; K,
Kossuth; H, Howland; BD, Beddington; GN,
Grafton Notch. Listed with the plots are the
molar ratio values of Al:Ca in fine roots collected
from the humus layer. The mean ratio for Mount
Abraham was significantly different from that of
all other locations (P < 0.05). Methods of analy-
sis are given in (2, 3).

is a logical consequence of the progressive
loss of sapwood basal area. The increased Ca
demand of old trees and diminishing Ca
supply may have hastened their decline;
young trees are also declining in several
areas (I). Once a tree has less than 25%
sapwood in its cross-sectional area, it be-
comes highly vulnerable to death from sec-
ondary pathogens and insects (11). Trees at
high elevation sites have apparently been
most affected because the molar Al to Ca
ratio is greater than one in both the humus
(which contains the majority of absorbing
fine roots) and the mineral subsoil (3).
Whether input of acids that are derived
from sulfur and nitrogen emissions has
caused the low soil pH conditions extant
across the spruce-fir forests in the northeast-
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ern United States and Germany is moot.
Continued input of strong anions of sulfur
and nitrogen will increase amounts of Al in
solution. This increase in Al concentration
will reduce uptake of Ca through competi-
tion for binding sites in the cortical apoplast
of fine roots. The problem is not one of Al
toxicity (that is, an irreversible effect on the
symplast), although this can happen with
prolonged exposure to high Al concentra-
tions, but rather a simple exchange phenom-
enon that can limit the rate of wood forma-
tion, decrease the amount of functional sap-
wood, and leave large trees more vulnerable
to common diseases and insect pests. Simi-
larly, any additional abiotic stress such as
chronic air or soil pollution levels will also
accelerate decline in trees that have already
been weakened by the Ca deficiency syn-
drome.
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Antarctic Ozone Depletion Chemistry: Reactions of
N,O;s with H,O and HCI on Ice Surfaces

MARGARET A. TOLBERT, MICHEL J. Rossi, DAviD M. GOLDEN

The reactions of dinitrogen pentoxide (N,Os) with H,O and hydrochloric acid (HCI)
were studied on ice surfaces in a Knudsen cell flow reactor. The N,Os reacted on ice at
185 K to form condensed-phase nitric acid (HNOj). This reaction may provide a sink
for odd nitrogen (NO,) during the polar winter, a requirement in nearly all models of
Antarctic ozone depletion. A lower limit to the sticking coefficient, v, for N,Os on ice
is 1 x 1073, Moreover, N,Os reacted on HCl-ice surfaces at 185 K, with v greater than
3 x 1073, This reaction, which produced gaseous nitryl chloride (CINO;) and con-
densed-phase HNO;, proceeded until all of the HCI within the ice was depleted. The
CINO;, which did not react or condense on ice at 185 K, can be readily photolyzed in
the Antarctic spring to form atomic chlorine for catalytic ozone destruction cycles. The
other photolysis product, gaseous nitrogen dioxide (NO;), may be important in the
partitioning of NO, between gaseous and condensed phases in the Antarctic winter.

HEMICAL THEORIES FOR ANTARC-
tic ozone depletion generally rely on
catalytic ozone destruction cycles

promoted by active chlorine (Cl and CIO) in
the stratosphere (I-6). Moreover, only low

levels of NO, can be present or else the
active chlorine will be scavenged. Because
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purely homogeneous chemical reactions do
not meet these requirements, heterogeneous
reactions on the surfaces of polar strato-
spheric clouds (PSCs) are thought to play a
central role in the dramatic decrease in
ozone recently observed in the Antarctic
spring (1-5).

Recent laboratory studies have shown
that heterogeneous reactions can occur effi-
ciently on surfaces that simulate PSCs. For
example, reactions 1 and 2 of chlorine ni-
trate (CIONO,)

CIONO, + H,0 — HOCI(g) + HNO;(s)
(1)

CIONO, + HCl— Cly(g) + HNOs(s)
(2)

have been observed on ice and HNOjs-ice
surfaces at 185 K (7-9). These reactions
convert stable chlorine reservoir species
(CIONO,, HCI) into photochemically ac-
tive forms of chlorine (HOCI, Cl,, CL0).
Furthermore, the HNOs formed in these
reactions remained condensed in the ice,
providing a sink for NO,.

Other possible heterogeneous reactions of
importance in the Antarctic stratosphere are

the reactions of N,Os on PSCs. For exam- -

ple, reactions 3 and 4

NzO5 + Hzo -2 HNO3(S) (3)

N205 + HCl— ClNOz(g) + HNO3(S)
(4)

would deplete NO, through the formation
of condensed-phase HNO;. Reaction 4 con-
verts the stable reservoir species HCI into
CINO,, which can be photolyzed readily in
the Antarctic spring (cross section o =
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Fig. 1. Mass spectrometer intensities for mass
peaks (@) m/e 30 (expanded X2.5) and (b) m/e 46,
for the reaction of N,Os (P = 1.0 mtorr) on ice at
185 K. The N,Os was exposed to ice only when
the sliding glass seal was in the open position.
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1.55 x 107" cm? at 300 nm) to efficiently
produce atomic chlorine for ozone depletion
(10). Reaction 4 also affects the balance
between gaseous and condensed-phase
NO,. The springtime photolysis of CINO,
from this reaction produces gascous NO,,
therefore preventing total condensation of
NO; during the polar winter.

Neither reaction 3 nor reaction 4 has yet
been reported to occur in the laboratory
under Antarctic conditions (11). However,
reaction 3 has been proposed as important
in the Antarctic stratosphere (3, 12). In the
ozone depletion model proposed by Crut-
zen et al. (3), reaction 3 is assumed to occur
on the surfaces of PSCs during the polar
night, resulting in low levels of NO,. Their
model indicates that in the absence of NO,
and HNO;, hydroxyl radicals (OH) react
with HCI, liberating active chlorine for cata-
lytic ozone destruction cycles. Recently,
Wofsy et al. (5) suggested that reaction 4
may affect the NO,-HCl balance in the
Antarctic stratosphere. In their model,
changes in the NO,-HCI balance in the last
10 years are used to explain the abrupt onset
of Antarctic ozone depletion in the late
1970s. We report that N,Os reacts readily
with both condensed H,O and HCI at low
temperatures on ice and HCl-ice surfaces.

We studied reactions 3 and 4 with a
modified version of a Knudsen cell flow
reactor (8, 13). We found that N,Os reacted
readily on ice to form condensed-phase
HNO; (reaction 3). The steady-state inten-
sities of the peaks with mass-to-charge ratios
(mle) of 46 and 30 were greatly reduced
after exposure of N,Os to ice at 185 K (14)
(Fig. 1), revealing the loss of gas-phase
N205.

The formation of condensed product,
HNO;, was detected in thermal desorption
spectrometry (TDS) by its parent mass peak
(mle 63). Figure 2a displays the HNO; TDS
signal after reaction of N,Os (pressure
P = 1.0 mtorr) on ice for 15 minutes at 185
K; Fig. 2b displays the impurity HNO;
signal after exposure of N,Os at the same
pressure to halocarbon wax—coated copper
for 15 minutes at 185 K. Much more HNO;
was produced in the reaction of N,Os on ice
than was present as a result of impurities,
indicating the occurrence of reaction 3.

Two HNO; desorption peaks (203 K and
230 K) were observed after the reaction of
N,Os with ice (Fig. 2a). The peak at 203 K
is consistent with desorption of overlayers of
“bulk” HNOj;. We believe that the peak at
230 K is due to the desorption of HNO;
hydrates, such as HNO;3;H,O or HNOj:
3 H,O (4).

TDS scans of pure H,O and of H,O after
reaction 3 are shown in Fig. 2, ¢ and d. The
desorption maximum for pure H,O occurs

at 209 K. Desorption of H,O after reaction
3 shows two maxima, at 209 and 230 K.
Thus, the desorption peaks at 230 K in Fig.
2, a and d, are probably due to bound
HNO; and water, respectively, in the form
of HNO; hydrates. TDS scans of HNO;
after cocondensation of HNQO; and H,O
indicated that the hydrate desorbs near 230
K.

The laboratory reaction of N,Os on ice
produced both tightly bound HNO; hy-
drates and overlayers of HNO;. The HNO;
overlayers may be due to the fairly high ratio
of N,Os:H,0 used. Most of the total de-
posited water is used in the formation of
HNO; hydrates, and there is little “free”
water available for reaction (Fig. 2d). Over-
layers of HNO3 may be much less likely to
form on the surfaces of PSCs because of the
much lower concentrations of N,Os in the
stratosphere.
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Fig. 2. Thermal desorption scans of HNO; moni-
tored by m/e 63 after (@) exposure of ice to N,Os
for 15 minutes and (b) exposure of cold wax-
coated copper to N,Os for 15 minutes, shown on
an expanded scale as indicated. Thermal desorp-
tion scans of water monitored by m/e 18 after (c)
deposition of pure H,O onto wax-coated copper
at 185 K and (d) reaction of N,Os on ice at 185
K.
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The reaction efficiency for N,Os on ice
can be characterized by either the loss of gas-
phase N,Os or the formation of condensed-
phase HNOj. The relative collision efficien-
cy for NyOs loss on ice is given by the
sticking coefficient, y (15). Because N,Os
does not have a parent mass peak, y was
measured using mass peaks m/e 46 and 30
(Fig. 1). Unfortunately, the significant va-
por pressure of HNO; at 185 K from the
overlayers contributed to the mass spec-
trometer signals at these masses. A possible
gas-phase reaction product, NO,, also has
mass peaks at m/e 46 and 30 that could cause
interference. Thus, only a lower limit to the
sticking coefficient for N,Os on ice
[y>1x%x10"2 (£50% in ten measure-
ments)] could be determined.

We measured the efficiency of HNO3
production by comparing the total amount
of desorbed HNOj to the total amount of
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Fig. 3. Mass scans of the Knudsen cell effluent for
(@) the reaction of N,QOs with HCI on wax-coated
copper at 185 K and (b) gas-phase CINO..
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N,Os exposed to the ice. A HNO;3:N,Os
ratio of 1.3 was determined for a 5-minute
exposure of N,Os to ice at 185 K. This ratio
was based on the amount of N,Os that
entered the Knudsen cell. If all of the incom-
ing N,Os formed HNO; with unit efficien-
cy, a ratio of 2.0 would be expected for
reaction 3. The lower ratio observed sug-
gests either that reaction 3 proceeds with
less than unit efficiency or that other prod-
ucts, such as NQO,, are formed in the reac-
tion. Unfortunately, unambiguous identifi-
cation of NO, was not possible because its
mass fragmentation peaks (m/e 30 and 46)
were also observed for N,Os and HNO;.

The reaction of N,Os with HCl was
studied on HCl-ice surfaces and on a cold
halocarbon wax-coated copper surface. Re-
action 4 proceeded readily in both cases at
low temperature with formation of gas-
phase CINO, and condensed-phase HNO;.
Although N,Os did not react with HCI on
room-temperature wax-coated copper, there
was a rapid reaction on cold wax-coated
copper (185 K). The mass spectrum before
reaction of N2Os with HCI (Pn,0, = 12
mtorr, Pyc) = 5 mtorr) shows the charac-
teristic N,Os peaks (14) along with peaks
due to HCI [m/e 35(37) from *CI(*’Cl) and
36(38) with m/e 36:35 = 5:1]. The mass
spectrum of the Knudsen cell efluent during
the reaction of N,Os with HCl on wax-
coated copper at 185 K (Fig. 3a) shows
several new features that indicate heteroge-
neous reaction on the surface. Increased
intensities for mass peaks m/e 35 and 37
corresponding to Cl* fragments were ob-
served, as well as new mass peaks at m/e 49
and 51 corresponding to CIN™ fragments.
The spectrum of CINO, (P =2 mtorr)
(Fig. 3b), taken under similar conditions,
shows the characteristic CINO, peaks [m/e
of 30, 35(37), 46, and 49(51)] along with
mass peaks due to a 5% Cl, impurity (m/e
70, 72, 74). The similarity of Fig. 3, aand b,
suggests that the reaction of N;Os with HCI
produced CINO, in the gas phase. TDS
scans after reaction indicated that con-
densed-phase HNOj; was formed, as in reac-
tion 4.

The more relevant reaction for the Ant-
arctic stratosphere is the reaction of N;Os
on HCl-ice surfaces that simulate PSCs.
Solid solutions containing 7% and 14% (per
mole basis) HCl in ice were prepared by
condensation of gaseous species at 185 K;
N,Os reacted rapidly with both surfaces to
form gas-phase CINO,. Mass scans of the
Knudsen cell effluent during these reactions
were similar to that shown in Fig. 3a.
However, the CINO, mass peaks were less
intense because of lower levels of HCI. No
HCI was present in the gas phase over these
surfaces (P < 0.01 mtorr), and thus no

peaks at m/e 36 or 38 were observed.

To test the assignment of CINO, as a gas-
phase product of the reaction of N,Os on
HCl-ice, we studied the reaction of CINO,
on ice at 185 K separately. In contrast to the
results for N,Os (Fig. 1), the steady-state
CINO, (P =5 mtorr) peak intensities did
not change upon exposure to ice (Fig. 4).
This indicates that CINO, does not stick to,
or react with, ice at 185 K. This is consistent
with the above assignment of CINO, as a
gas-phase product of the reaction of N;Os
with HCI on ice.

We estimated a -y value of 3 X 1073 for
N,0Os on HCl-ice after correction of the
N;Os mass peak m/e 46 for the CINO,
contribution by assuming a constant /e
46:49 ratio for CINO, and assuming that
only N,Os and CINO, contributed to /e
46. To the extent that other products such as
HNO:; contribute to m/e 46, this value must
be considered a lower limit.

In order for reaction 4 to be an important
source of active chlorine, the HCI within the
PSCs must be available for reaction (16).
Because HCI diffuses readily in ice (7), all of
the HCI in the bulk ice is expected to be
available for reaction with N,Os. The HCI
content of the ice was measured before and
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Fig. 4. Mass spectrometer intensities for mass
peaks (a) m/e 30 (expanded %25), (b) mle 49
(expanded X2.5), (€) mle 35 (expanded X10),
and (d) m/e 46 for the exposure of CINO; to ice at
185 K. The ice was exposed to CINO, only when
the sliding glass seal was in the open position.
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after reaction 4. (Reaction 4 was assumed to
be complete when the ClI* 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 HCIl. This
suggests that almost all of the HCl in the ice
was available for reaction with N,Os.

The mechanism for the reactions of N,Os
on ice and HCl-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
N,Os with HCl 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 N,Os with HCI and H,O occur
readily at 185 K, providing a sink for NO,
in the form of condensed-phase HNOj; and
producing photochemically active gas-phase
CINO,. 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 Antarctic spring.
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Evidence for Highly Reflecting Materials on the
Surface and Subsurface of Venus

R. F. JURGENS, M. A. S1ADE, R. S. SAUNDERS

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 RADIOMETRIC 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 con-
junctions of 1980 and 1986. The observa-

Jet Propulsion Laboratory, California Institute 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 km 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 Fresnel 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 altimetry im-
age (Fig. 1B) for the region suffers from
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