Computer Simulations of the Atmospheric

Chemistry of Sulfate and Nitrate Formation

Abstract. Simulations of the atmospheric chemistry of sulfate and inorganic
nitrate formation have been carried out by means of a detailed gas phase-liquid
phase chemical kinetic mechanism. Consideration has been given to the effect of
changes in sulfur dioxide, nitrogen oxides, and reactive hydrocarbon concentrations
on sulfate and nitrate formation for conditions typical of the midwestern and
northeastern United States. The results indicate significant nonlinearities in the
chemistry of acid formation, particularly between sulfur dioxide and sulfate concen-

trations.

Evidence of lake acidification in north-
ern America and Scandinavia has been
reported in recent years. It appears that
mitigation of the acid deposition problem
will require a reduction in the ambient
concentrations of sulfate and nitrate
brought about through control of their
rate of formation in the atmosphere (/).
However, because of the complex non-
linear aspects of atmospheric chemistry,
reductions in the concentrations of the
anthropogenic precursors sulfur dioxide

(SO,) and nitrogen oxides (NO,) may not
lead to equivalent reductions in sulfate
and nitrate concentrations, respectively.
In addition, the reaction of reactive hy-
drocarbons (RHC) with NO, determines
the ambient concentrations of oxidants
in the atmosphere; therefore, SO, and
NO, oxidation rates are also sensitive to
RHC concentrations.

This report preserits the results of sim-
ulations of the atmospheric chemistry of
sulfate and nitrate formation performed

Table 1. Initial concentrations and emission fluxes used in the model simulations.

Initial concentrations (ppm) Emission
. fluxes
Species June December (mol - m™2
simulations simulations year™!)
Sulfate 0.00025 0.00005
Nitrate 0.0005 0.0001
SO, 0.010 0.010 0.45
NO, 0.006 0.006 0.27
RHC 0.015 0.015 0.68
NH; 0.001 0.001
H,0,* 0.001 0.0001
3 0.045 0.045
CO, 320 320

*0 ppm for gas-phase simulations because the chemical kinetic mechanism calculates H,O, formation during

the course of the simulation.
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to investigate the effect of changes in
SO,, NO,, and RHC concentrations on
sulfate and nitrate concentrations for
conditions typical of midwestern and
northeastern America. Our model calcu-
lations suggest that there are strong non-
linearities in the atmospheric chemistry
of acid species.

The mathematical model used for this
investigation provides a detailed treat-
ment of the chemistry of 54 chemical
species including sulfate, nitrate, SO,
NO,, RHC, O, and H,0, in the gas
phase and in cloud droplets (2). The
following major reactions lead to acid
formation in the gas phase (3, 4):

SO, + OH(+ O,, H,0) —

H,SO, + HO, (1)
NO, + OH — HNO; ©)
NO, + NO; s N,Os (a)

N205 + Hzo -2 HNO3 (3b)

The hydrolysis of N,Os (Eq. 3b) is be-
lieved to occur both in the gas phase and
on droplet surfaces. Gas phase-liquid
phase equilibria are treated according to
Henry’s law, and it is assumed that mass
transfer between the gas and liquid
phases is limited by the liquid-phase
chemical reaction rates (5). However,
sulfuric acid and radicals, because of
their low saturation vapor pressure, are
assumed to be transferred from the gas
phase to the liquid phase by a diffusion-
limited process. The scavenging efficien-
¢y of radicals by droplets is assumed to
be 1 percerit.

The following major reactions lead to
acid formation in the liquid phase (6):

SAV) + O3 — S(VI) + O, (4)
S(IV) + HyO, — S(VD) + H,O  (5)

1 o3 M2+
SV) +50; FeMr L S(VI) (©6)

Species S(IV) and S(VI) represent two
different sulfur oxidation states corre-
sponding to SO, (H,SO;, HSO;™, and
S0O4%7) and sulfate (H,SO,, HSO,™, and
S0,%7), respectively. The reaction rate
of Eq. 4 decreases as the pH decreases;
this oxidation pathway is therefore self-
limiting. The reaction rate of Eq. 5 in-
creases as the pH decreases; however,
this reaction may be oxidant-limited.
The oxidation of S(IV) catalyzed by
trace metals (Eq. 6) is zero-order with
Mn?" and first-order with Fe*", and syn-
ergism may occur when both metals are
present.

The model does not treat turbulent
diffusion and is therefore representative
of a well-mixed atmosphere with uni-
formly distributed emission sources.
Model simulations were conducted for
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daytime conditions only so that the as-
sumption of a well-mixed atmosphere
would apply. Cloud model simulations
were representative of stratus clouds
rather than cumulus clouds because the
latter require treatment of dry-air en-
trainment. Therefore, this study consid-
ers two extreme cases of atmospheric
conditions: dry gas-phase chemistry and
cloud chemistry without dry-air entrain-
ment.

Limited data bases exist for the evalu-
ation of a cloud chemistry model. We
evaluated the ability of the model to
reproduce the major features of atmo-
spheric cloud chemistry by comparing
the model calculations with several sets
of ambient measurements collected un-
der various conditions. Such compari-
sons were conducted for nonprecipitat-
ing clouds in the Adirondacks, raining
clouds in the Ohio River Valley, and
nighttime fog and stratus clouds in the
Los Angeles Basin. The model calcula-
tions were in good agreement with ob-
served concentrations of sulfate, nitrate,
and cloud pH within the range of experi-
mental uncertainties (2).

Four simulations typical of conditions
in the midwestern and northeastern
United States were conducted: simula-
tion of the atmospheric boundary layer
without clouds and simulation of an ele-
vated stratus-cloud layer, each for two
sets of seasonal conditions, June and
December. Boundary-layer simulations
were conducted for a 12-hour period
from 0600 to 1800 hours. Cloud-layer
simulations were conducted for a 3-hour
period from 1000 to 1300 hours since
cloud lifetime is a few hours. Dry deposi-
tion on the ground was treated for the
cloud-free simulations with deposition
velocities of 1 cm sec™! for gases and 0.1
cm sec”! for aerosols. Thermodynamic
and kinetic parameters were calculated
for a temperature of 25°C for all simula-
tions. The temperature dependence of
these parameters could easily be incor-
porated into the calculations to investi-
gate the sensitivity of modeling results to
temperature (for example, for seasonal
variations). The cloud water content se-
lected for the cloud simulations was 0.5 g
m~3. The June and December simula-
tions investigated the effect of solar irra-
diation on chemical kinetics. Table 1
presents the initial conditions and emis-
sion rates used in these four simulations.

The concentrations of SO,, NO,, and
RHC were independently reduced by 50
percent for each of the four scenarios.
These reductions applied to both initial
concentrations and emissions. Table 2
presents changes in the amounts of sul-
fate and inorganic nitrate formed as a
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Table 2. Model simulation results. Changes in sulfate and inorganic nitrate concentrations
(percent) due to reductions in precursor concentrations.

50 percent reduction in

Variable S0, NO. RHC
De- De- De-
June cember June cember June cember
Clear-sky environment
Sulfate —48 —48 -18 -9 +9 -9
Nitrate +1 0 -55 —58 +11 +4
Stratus-cloud environment
Sulfate =22 -26 +30 +33 -7 -5
Nitrate 0 +2 -41 -32 -9 -9

result of changes in the precursor con-
centrations for each simulation. The net
effect of a 50 percent reduction in precur-
sor concentrations on acid formation de-
pends on the relative contribution of the
clear-sky and stratus-cloud processes to
acid species formation. This is illustrated
in Fig. 1, A and B, for sulfate and nitrate,
respectively.

Model calculations suggest that the
relation between sulfate and SO, reduc-
tion is nearly linear in a cloud-free atmo-
sphere but is strongly nonlinear if clouds
are present. In the latter case, sulfate
formation occurs primarily in the liquid
phase through the reaction of dissolved
SO, with H,0;, and O (Egs. 4 and 9).
The net effect of SO, reduction on sul-
fate formation depends on the relative
contributions of dry gas-phase and cloud
processes (Fig. 1A). For example, if we
assume that cloud processes account for
50 percent of sulfate formation, a 50
percent reduction in SO, concentrations
leads to a 36 percent reduction in sulfate
(7). Reductions in SO, concentrations
have a negligible effect on nitrate forma-
tion.

Our model calculations show that a
reduction in NO, concentrations leads to
a decrease in nitrate formation; this de-
crease is more important for dry gas-
phase conditions than in the presence of
clouds. A reduction in NO, emissions
leads to a slight reduction in sulfate
formation for dry gas-phase conditions
but to a significant increase in sulfate
formation in the presence of clouds. This
results from the effect of changes in NO,
concentrations on oxidant concentra-
tions.

Calculations indicate that a 50 percent
reduction in RHC could lead to either a
slight increase or a slight decrease in
sulfate and nitrate formation, depending
on both the season and the occurrence of
cloud chemistry (Table 2 and Fig. 1).

In summary, our model calculations
suggest that, for the conditions consid-
ered, reductions in SO, and NO, lead to
nearly equivalent reductions in sulfate

and nitrate, respectively, for clear-sky
conditions; however, such reductions
lead to significantly less reduction in acid
levels in the presence of clouds. Changes
in RHC do not seem to have significant
effects on acid concentrations.

One should view these calculations as
illustrative of atmospheric chemistry,
recognizing that treatment of atmospher-
ic transport is required for a more accu-
rate determination of the relations be-
tween atmospheric acid concentrations
and their precursors. For example, en-
trainment of air into clouds would yield
higher oxidant concentrations than those
calculated in our cloud simulations and
might lead to less nonlinearity between
SO, and sulfate concentrations. Refine-
ments of the chemical mechanism may
also be required as our knowledge of
atmospheric chemistry improves. Nev-
ertheless, because the model reported
here is based on a detailed treatment of
gas-phase and liquid-phase chemistries,
it may therefore be considered an effec-
tive tool for the analysis of atmospheric
acid formation.
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Disruption of the Terrestrial Plant Ecosystem at the

Cretaceous-Tertiary Boundary, Western Interior

Abstract. The palynologically defined Cretaceous-Tertiary boundary in the west-
ern interior of North America occurs at the top of an iridium-rich clay layer. The
boundary is characterized by the abrupt disappearance of certain pollen species,
immediately followed by a pronounced, geologically brief change in the ratio of fern
spores to angiosperm pollen. The occurrence of these changes at two widely
separated sites implies continentwide disruption of the terrestrial ecosystem, proba-
bly caused by a major catastrophic event at the end of the period.

Since the discovery of an anomalously
high concentration of iridium and other
platinum-group elements in rocks at the
Cretaceous-Tertiary (K/T) boundary at
Gubbio, Italy (/), over 50 more localities
worldwide with anomalously high Ir con-
centrations have been found in marine
rocks at the K/T boundary, as defined by
pronounced changes in the marine fossil
biota (2, 3). We report high Ir anomalies
in continental rocks deposited in fluvial
environments at the palynologically de-
fined K/T boundary from 12 localities in
the Raton Basin in Colorado and New
Mexico and two more in the Hell Creek,
Montana, area.

The K/T boundary, as defined palyno-
logically, occurs in the lower coal zone
of the Raton Formation of Cretaceous
and Paleocene age (4-7). It lies at the top
of a 1- to 2-cm-thick kaolinite-rich clay
bed in an ordinary-appearing interval of
carbonaceous shale and coal (Fig. 1).
The first determination of the approxi-
mate position of the palynological
boundary was described by Orth et al.

Fig. 1. Photograph of the K/T
boundary interval at the Stark-
ville North site near Trinidad,
Colorado (6). The fossil-pol-
len-defined boundary is at the
top of a white-weathering, ka-
olinitic claystone bed beneath
the dark coal layer. The clay-
stone consists of finely crystal-
line to amorphous kaolinite
with scattered fragments of
quartz and feldspar. It con-
tains abundance anomalies of
Ir (6 ng/g) and other elements,
including Sc, Ti, V, Cr, and
Sb, that distinguish it from
other nonboundary kaolinitic
clay beds that occur in coaly
sequences (/4). A thin, flaky,
dark shale separates the ka-
olinitic claystone from the
overlying thin coal bed.
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(4). This boundary is defined by the
disappearance of several Cretaceous pa-
lynomorph taxa, chiefly Proteacidites
spp. and Tilia wodehousei sensu Ander-
son, and often Trisectoris and Trichopel-
tinites. These taxa have not been found
in samples overlying the boundary clay
layer.

The disappearance of the taxa did not
involve all of the plants represented by
the Cretaceous palynomorph assem-
blage. Although the flora was decimated,
some taxa apparently withstood the
boundary event only to disappear during
the early Paleocene (Kurtzipites); a few
others have persisted to the present,
relatively unchanged (Ulmipollenites).

The abrupt increase in the proportions
of fern spores to angiosperm pollen at the
palynological K/T boundary (4) may in-
dicate a local abundance of fern plants at
or near the deposition site or, if consis-
tent and widespread, fern-spore domi-
nance could reflect a pronounced change
in the regional flora. We now also report
fern-spore abundance peaks in samples

from Brownie Butte and Seven Black-
foot Creek localities (Hell Creek, Mon-
tana) more than 1000 km to the north; the
samples were taken immediately above
the palynological K/T boundary and the
Ir-rich clay layer (8). The genera found in
the Tertiary fern-spore abundance peaks
are also present in terminal Cretaceous
rocks as well as in other nearby localities
).

Figure 2 shows the succession of rock
types across the boundary in the repre-
sentative Raton Basin section (the Stark-
ville North site) (6). Observations of
slides prepared from samples spanning
the boundary reveal changes not only in
the palynomorph content but also in the
kind and abundance of accessory materi-
al present. The description below refers
to the sampling intervals shown in Fig. 2
but generally represents the boundary
interval throughout the Raton Basin.

In the lower part of the section, the
samples from Cretaceous carbonaceous
shales and shales with coal streaks com-
monly yield an abundance of cuticular
material and epidermal tissue along with
a suite of Cretaceous palynomorphs. Pal-
ynomorphs are sparse in the overlying
boundary clay layer, but there are suffi-
cient specimens to identify the assem-
blage and determine the fern-spore and
angiosperm-pollen percentages. Even
when the sample is dark, with an admix-
ture of organic matter, palynomorphs are
exiguous. The organic material common-
ly consists of sapropel and fragmented
organic particles.

The overlying thin shale layer also
contains scant palynomorphs. The flecks
of organic material in this layer are often
dark charcoal-like woody tissue consist-
ing of fusinite and semifusinite. Frag-
mental particles of unidentifiable organic
material commonly are present and, oc-
casionally, a few algal spores are ob-
served. The identifiable palynomorphs
commonly are fern spores. In this layer,
the first evidence of fern-spore domi-
nance appears. The content of fern
spores in latest Cretaceous samples from
the Raton Basin varies from a few per-
cent to a maximum of about 25 percent.
Immediately above the palynological K/
T boundary the proportion of fern spores
increases to between 65 and 100 percent.
For example, the fern-spore component
of the assemblage shown in Fig. 2
changes abruptly within less than a centi-
meter from about 20 to almost 100 per-
cent. This fern-spore dominance imme-
diately above the boundary is present in
all Raton Basin K/T boundary localities
examined where Ir anomalies have been
found. Fern-spore dominance is general-
ly not associated with other thin ash falls
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