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CHARACTERISTICS AND METEOROLOGICAL IMPACT 
OF POLLUTANTS FROM THE KENNECOTT COPPER SMELTER

F. Parungo, R. Pueschel, E. Ackerman, H. Proulx, D. Wellman

Abstract. To study the meteorological impact of the pollutants released by the Kennecott Copper 
smelter, Salt Lake City, Utah, we collected airborne aerosol samples on Nuclepore filters in the plume at 
different distances from the stacks. Electron microscopes were used to analyze the morphology, 
concentration, and size distribution of the aerosols. An X-ray energy spectrometer was used to determine 
the elemental composition of the individual particles. Chemical and physical properties were related to 
cloud condensation and ice nucleation activities, which were measured with thermal diffusion chambers.
We found that all the particles contained sulfur and were enveloped in a sulfuric acid liquid layer. The 
diameters of 95% of the particles were smaller than one micrometer. Most of the larger particles (d > 0.5 
jitm) consisted of Si, Fe, Cu, Ca and/or Mg. Most of the smaller particles (d < 0.5 /urn) consisted of Pb, As,
Se, Sn, etc. Because of their hygroscopic acidic surface, the aerosols are active cloud condensation 
nuclei. The ice nucleation activity of the aerosol was found to increase with distance downwind. In 
conjunction with long atmospheric residence time due to the small size of the particles, long-range 
transport and effect on mesoscale cloud structures are possible.

1. INTRODUCTION

The scientific community and the public have 
been greatly concerned about inadvertent 
weather modification resulting from air pollution. 
Large concentrations of aerosols released from 
industry can increase condensation or ice nuc
leus budgets, modify cloud microphysics, and 
influence precipitation downwind from the 
sources. Nevertheless, research on air pollution 
as a cause of weather modification is still con
troversial and inconclusive. To understand the 
mechanism for inadvertent weather modifica
tion by anthropogenic aerosols, we investigated 
the Kennecott Copper Corp. smelter plume be
cause it is rich in sulfates, heavy metals, and 
S02.

The Kennecott Copper smelter, located near 
Magna, Utah, by the south shore of the Great 
Salt Lake, has operated with practically the 
same basic facility since 1904 to extract copper 
from ore. The crude ore mined at the Bingham 
Canyon open-pit mine contains copper sulfide 
(>0.4% Cu), iron sulfide, molybdenum, lead, 
gold, silver, etc. The ore is concentrated by a 
flotation process prior to smelting. The concen
trated ore (25% Cu) is first smelted in rever
beratory furnaces to separate copper and iron 
sulfides from siliceous slag. The resulting cop
per matter (40% Cu) is transferred to converter 
furnaces where sulfide reacts with high- 
pressured air to form S02 and produces 98.5%

copper. In both kinds of furnaces sulfur dioxide 
is the major exhaust gas. Sulfuric acid and par
ticulates are also expelled from the furnaces and 
emitted into the atmosphere through the stacks 
(Tayler, 1975). In general, the winds blow from 
the northwest across the Great Salt Lake, carry 
the plume along the southern side of the Oquirrh 
mountain range, and disperse it into the valley of 
Salt Lake City.

To study the meteorological impact of the pol
lutants from the smelter, we studied the charac
teristics of the aerosols in the plume. We flew an 
instrumented aircraft (Cessna 206) in and around 
the plume to collect samples. The plume was lo
cated with a sulfur dioxide sensor. Particulates 
were collected on Nuclepore filters (0.1 /*m pore) 
with an isokinetic sampler and on an electron- 
microscope copper screen with an impactor. We 
investigated the morphology, chemical composi
tion, concentration, and size distribution of the 
aerosol. We also measured cloud condensation 
nucleation activity and ice nucleation activity so 
that we could interpret the effect of these an
thropogenic aerosols on cloud formation and pre
cipitation.
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2. MORPHOLOGY OF THE PARTICLES

We used a Coates and Welter scanning elec
tron microscope (sem), resolution 100 A, and an 
rca transmission electron microscope (tem), res
olution 10 A, to study the morphology of the parti
cles. Plume aerosols isokinetically collected rep
resent the true concentration and size distribution. 
The sample on Nuclepore filter was coated with 
carbon and inserted directly in the sem specimen 
chamber for observation. Figure 1 shows images 
of the particles. The pore size (0.1 /u,m) can be 
used as the length-measurement standard. Sam
ples collected near the stack contain individual 
spheric particles, and samples collected at a dis
tance downwind contain individual spheres, crys
tals, or agglomerates. For comparison, we 
examined dust from the base of the stack and from 
a deserted electrostatic precipitator of the smelter. 
Figure 2 shows that both samples are agglomer
ates of spherical, crystalline, and irregular parti
cles.

We also examined the samples with the tem,
which provides better resolution than the sem. Be
cause the tem beam cannot penetrate the filter, 
Ackerman (nee Frank) developed a method to 
replicate the samples on a silicon monoxide (SiO) 
film and dissolve the Nuclepore filter with 
chloroform (Frank et al., 1970). Figure 3 shows 
micrographs of four samples collected at different 
distances from the stack. The samples collected 
near the stack appear as droplets enclosed with 
particles; at 10 km downwind, the droplets seem to 
be growing and solidifying; at 15 km, many or
thorhombic crystals appear; at 30 km, there are 
individual and agglomerated particles. Figure 4 
shows aerosols collected above the plume (3 to 4 
km MSL); the many agglomerates of spheres and 
crystals are a mixture of natural, city, and aged 
plume aerosols.

The impactor collected the plume aerosols 
anisokinetically. It tends to select large particles. 
However, the particles were deposited on 
Formvar film on an EM specimen screen which 
can be directly observed with a tem. This elimi
nates the replication procedure and produces true 
images of particles. Figure 5a shows the tem im
ages of the aerosols, which appear as solids im
bedded in liquid drops. Figures 5b and 5c show the 
tem images of dust from the base of the stack and 
from the electrostatic precipitator.

When treated with water, approximately 50% 
(by weight) of the dust dissolved. The solution had 
a pH value between 1 and 2, which indicated that 
the particles are very acidic. In the high vacuum of 
the tem, volatile material, such as H2S04, evapo
rates and cannot be detected. We used a method, 
developed by Frank and Lodge (1967), to identify 
sulfuric acid morphologically with the tem. When

samples on Formvar film are shadowed with 
chromium, sulfuric acid will produce a unique ap
pearance in which rings of small satellite particles 
surround a large nucleus particle. We observed 
many such formations in the plume sample as 
shown in Figure 6, left column (arrowed), indicat
ing that many particles were enveloped with sul
furic acid. Because H2S04 is very hygroscopic, the 
particles should be very active cloud condensation 
nuclei. When we treated the sample with ammonia 
(NH3) prior to chromium shadowing, the sulfuric 
acid was neutralized to solid ammonium sulfate 
(Figure 6, right column) and no rings were ob
served. Comparing the micrographs of the NH3- 
treated and NH3-untreated samples, we observed 
that numerous very fine particles (d<0.1/im) ap
peared on the NH3-treated samples. This indi
cated that a mist of sulfuric acid was present in the 
plume and was converted to (NH4)2S04. Such a 
mist can play an important role in the formation of 
haze.

Samples collected 10 or 20 km downwind 
showed fewer sulfuric acid droplets and more 
crystalline particles. It is possible that sulfuric acid 
droplets were neutralized with atmospheric am
monia to form solid particulates.
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Near the stack

------- 1 /xm (10,000 X) ------- 0.5 /xm (20,000 X)

Figure 1. SEM micrographs of the plume aerosol on Nuclepore filters.

30 km downwind

tr

From the base of the stack

From the electrostatic precipitator.

1 /xm (10, 000 X) -------0.5 /xm (20, 000 X)

Figure 2. SEM micrographs of dust from the copper smelter.
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Near the stack 10 km downwind

Figure 3. TEM micrographs of plume aerosol replicas.

15 km downwind 30 km downwind

Figure 4. TEM micrographs of aerosols from above the plume.
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a. From the plume.

b. From the base of the stack.

9. *
c. From the electrostatic precipitator.

-1 (4,100 X) —1 fj.m (12,300 X)
Figure 5. TEM micrographs of plume aerosols and dust.
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Before NH3 treatment After NH3 treatment

1 /x (4,100 X) 1 fj. (4,100 X)

1/a (6,500 X)

1 /x(12,300 X)

5 V •*

1 yu.(12,300 X)

Figure 6. TEM micrographs of plume aerosols before and after ammonia treatment.
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3. CONCENTRATION AND SIZE DIS
TRIBUTION OF THE PARTICLES

We used only samples that were collected 
isokinetically on Nuclepore filters for concentra
tion and size distribution studies. Filter samples 
were replicated on SiO film and examined with the 
tem. Figure 7 shows that near the stack the 
aerosol concentration was approximately 5x10 
per cc with a mode of diameter at 0. Vm. Thirty km 
downwind from the source, the concentration de
creased to 103 per cc and the diameter mode 
shifted to 0.2 /am. Aerosol concentration over Salt 
Lake City was approximately 5 x 103 per cc with 
major mode at 0.1 /xm. However, particles coagu
lated to form larger partides. Thus a minor mode 
appeared at 1.0 /u.m.

Because sulfuric acid droplets evaporated and 
were lost in vacuum during electron microscope 
study, we exposed the sample filter to ammonia 
(NH3) vapor to convert H2S04 into (NH4)2 S04 and 
compared NH3 treated samples with untreated 
samples. Figure 8 shows the differences between 
the four sets of samples. Near the stack, NH3 
treatment increased particle concentration three- 
to four-fold, indicating a high concentration of

H2S04 droplets. Farther downwind or over the city, 
concentration increased only a little, but the mode 
shifted to a larger size. Our interpretation is that 
most sulfuric acid droplets were neutralized by 
atmospheric ammonia or reacted with natural 
aerosols and the remaining free H2S04 coated 
existing particles.

Figure 9 displays the cumulative size distribu
tion, comparing particle sizes of the dust from the 
electrostatic precipitator, the dust from the base of 
the stack, and the sample taken in the plume. It 
indicates that the emission control device (elec
trostatic precipitator) tends to collect the larger 
particles; thus, the smaller particles escape into 
the atmosphere.

dN
/d

 log
 D 

(c
m

Jan 30, 1977

>— Near the Stack

-.—x.... 13 km Downwind

»— 30 km Downwind

-a— Salt Lake City 
2 km (MSL)

Particle Diameter, D (/xm)

Figure 7. Concentration and size distribution of aerosols.

Near Stack

■« »
30 km Downwind

10^ —* NH3 Treated
—• Untreated

Salt Lake City 
Above 2 km MSL13 km Downwind

Particle Diameter, D (/xm)

Figure 8. Concentration and size distribution of NH, 
treated and untreated aerosols.
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4. CHEMICAL COMPOSITION OF THE 
AEROSOLS

We used an X-ray energy spectrometer (kevex) 
interfaced with an sem to determine the elemental 
composition of individual particles. Particles with a 
diameter > 0.05 ju,m, and all elements with an 
atomic number >10 can be analyzed simultane
ously. Figures 10 and 11 show some examples of 
the images and the X-ray spectra of large and 
small particles. The horizontal scale of the spectra 
is the energy of the emitting X-rays in KeV, which 
identifies the elements; the vertical scale is the 
X-ray intensity, which reflects the quantity of each 
element present in the specimen. We made ele
mental identifications on the samples that were 
taken on 18 June 1976 five miles downwind of the 
smelter but at different altitudes. On each sample 
filter, we randomly selected 75 particles for 
analysis. The results are shown in Figure 12. It 
displays the percentage, by number, of the parti
cles containing certain elements but not the per
centage by weight (quantity). Because the filters 
were treated with an organic phosphate to im
prove the electrical conductivity and microscopic 
images, the presence of phosphorus should be 
ignored. The sample collected in the plume (2 km 
MSL) showed that almost all the particles con
tained S, and that more than 70% of the particles

n—r
-------Particles from the Electrostatic

Precipitator

Particles from the Base 
of the Stack

Airborne Sample 
in the Plume

10 15 20 30 40 50 60 70 80 90 95 98

Percentage

Figure 9. Cumulative size distribution of particles from 
different sources.

contained Na, Mg, Al, and Si. Toxic elements, 
such as As and Pb, were present in approximately 
20% of the particles. In samples from higher al
titudes (3 or 4 km MSL), where natural aerosols, 
city pollutants, and aged smelter exhaust have 
mixed, and where coagulation and sedimentation 
have occurred, 90% of the particles contained Si 
and 70% contained S. The presence of con
taminants of other elements such as Pb and As 
was drastically reduced. Samples collected at 
ground level (1.4 km MSL) were similar to plume 
samples, except that they contained less S and 
more Fe.

On 30 January 1977, samples were taken in the 
plume but at different downwind distances from 
the smelter. Unlike the previous samples, these 
samples did not have organic phosphate on the 
filters; therefore phosphorus could be detected. 
Figure 13 shows the results of the analysis. 
Ninety-eight percent of the aerosols collected near 
the stack contained S, 70% contained Pb, and 
25% contained As. Farther downwind the plume 
aerosol settled, dispersed, and mixed with natural 
aerosols. The amount of Pb particles decreased to 
< 10%, and of As particles to <2%. However, the 
amount of S particles decreased only to 75%. This 
demonstrated that significant S-containing parti
cles were formed during the dispersion of the 
plume.

At present, the smelter releases 400 tons of 
S02 and 12 tons of H2S04 daily. The S02 concen
tration measured near the stack was > 10 ppm and 
at 30 km downwind was 0.05 ppm. The S02 decay 
rate was greater than the plume dispersing rate 
(Pueschel and Van Valin, 1977). This is because 
S02 is oxidized to S03 in the atmosphere and 
forms H2S04. The neutralization of H2S04 by ab
sorption of NH3 from air takes place almost in
stantaneously as demonstrated by Cadle and 
Robbins (1958). The mechanism of conversion 
from S02 gas to sulfate particles is very complex. 
Many theoretical and experimental studies have 
been devoted to this problem (e.g., Junge and 
Ryan, 1958; Gartrell et al., 1963; Bufalini, 1971; 
Roberts and Friedlander, 1975; Takahashi et al., 
1975; Barbaray, 1977). It is believed that sulfate 
particles are formed in the atmosphere two major 
ways: photo-oxidation and catalytic oxidation. 
These reactions are formulated as follows:

Photo-oxidation

S02+0 (free radical) —* S03 

S03+H20^ H2S04(v)

8



homogeneous 

H2S04(v)--------------*
nucleation

heterogeneous

H2S04(v)+M---------------» H2S04 M(p)
nucleation

The gas phase reaction between S02 and 02 
alone under tropospheric radiation (X > 2900 A) 
was very slow (oxidation rate = 0.04% h \ Kasa- 
hara and Takahashi, 1976). However, in the pres
ence of substances that can provide oxygenated 
free radicals, photo-oxidation becomes an impor
tant removal process for S02. In the atmosphere 
the hydroxyl radical concentration was measured 
to be 106 molecules per ml; it has been claimed to

be the major oxidant (Davis and Klauber, 1975). 
Furthermore, in the plume there are nitrogen 
oxides, ozone, and organic vapor which can also 
provide free radicals and enhance this photo
chemical reaction. Freiberg (1974) found that 
humidity is also a rate-determining factor. The 
photo-oxidation product S03 reacts almost 
simultaneously with ambient water vapor to form 
sulfuric acid vapor. This vapor can form sulfate 
aerosols by either homogeneous nucleation or 
heterogeneous nucleation. Goetz and Pueschel 
(1967) found that the presence of foreign particles 
is a dominant factor in the rate of aerosol forma
tion.

KEUEX-RAY H8- 20EU/CHKEUEX-RAY HS« 20EU/CI

Figure 10. Images and X-ray spectra of two large particles.
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0.5 /xm

Figure 11. Images and X-ray spectra of small particles.

Zn Si SP Zn Au
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Ground 
1.4 km MSL

Na Al P Cl Ca Cr Fe Zn Cd Sb La Ba I Pb 
Mg Si S K Ti Mn Cu Ag Sn As Pd Sm Ge

Figure 12. Elemental composition of aerosols collected at 
different altitudes.

i rn --j I I T I I l I i l I I i l i I i I
Near the Stack

JIL. r-rm-w^
Na Al P Cl Ca Cr Fe Ni Zn Se Sn Au 

Mg Si S K Ti Mn Co Cu As Ag Sb Pb

13 km (8 Miles) Downwind

30 km (19 Miles) Downwind

Figure 13. Elemental composition of aerosols collected at 
different downwind distances.

Catalytic oxidation

o2 h2o
S02+M —» S03 • M-----»H2S04 • M

Smith et al. (1969) reported that sorption of S02 
was 3% by Fe304 particles, 50% by Al203, and 
100% by lead oxides. Urone et al. (1968) found 
that S02 in the presence of powdered oxides of Al, 
Ca, Cr, Fe, Pb, and V oxidized within minutes 
without ultraviolet irradiation. The plume aerosol 
contains numerous heavy metallic aerosols. 
When S02 vapor is adsorbed on these particles, it 
can be rapidly, catalytically oxidized to S03 and 
forms sulfate on the surface of the particles.

To study the relative importance of sulfate
forming mechanisms, it is necessary to know the 
sulfur concentration in each particle. Quantitative 
analysis by the sem-xes system is still in its in
fancy. Because of fluctuations in instrumental 
conditions and the complex matrix of the particles, 
our analysis is only relative and semi-quantitative. 
We determined the relative concentrations of all 
the elements in individual particles from the ratios 
of their X-ray intensities. We calculated the weight 
percentage of each element in a particle on the 
basis of the following relationship (Hendricks, 
1975):

C[
Cj

li/Pi
lilPi ; W% =;

a
Id x 100

where i and j are different elements, C is concen
tration, / is the X-ray intensity, and P is the ele
mental detection efficiency.

We kept the operational conditions on the spec
trometer constant: accelerating voltage = 17 KV, 
beam current = 15/xA, magnification 75,000 x, 
beam spot diameter = 90 A, detector distance = 3 
cm, and X-ray acquisition time = 60 sec. We mea
sured the X-ray intensities of a series of standards 
of known concentrations. The relative P value for 
each element was determined. Because we as
sumed that the inter-element effect, matrix effect, 
and instrumental instability are negligible (which is 
not always true), the average error was found to be 
±10%. The X-ray intensities of the elements and 
the weight percentages (Figs. 14 and 15) were 
calculated by computer. The particles are in 
three classes: large (d>2.0/xm), medium 
(0.5 /xm <d <2.0 /xm), and small (cK0.5 /xm). The 
dot in the figures is the average weight percentage 
of each element in that class, and the bar is the 
range. The reason for the size classification is that 
small particles are in the majority when considered 
by numbers, but in the minority when considered by 
weight; for example, the weight of 1000 particles 
with d = 0.1 /xm equals the weight of one particle 
with d = 1.0 /xm. If we consider all the particles 
indiscriminately, the weight contribution of the small

11



100
d>2.0/i.m 
(10 Particles)

■l l lit l li
2 100 i i i i i r i i i i i r

0.5 fj. m< d< 2.0 
(25 Particles)

I T'T'TT
d<0.5/i.m 
(28 Particles)

Na Al P Cl Ca Cr Fe Ni Zn Se Sn Au 
Mg Si S K Ti Mn Co Cu As Ag Sb Pb

Figure 14. Weight percentages of elements in the particles 
collected near the stack.

FT "I I I I

d >2.0 /j.m 
(10 Particles)

-Lai. I l
TTTTT

0.5/xm<d<2.0/u.m 
(20 Particles)

ili i i i*i i itiHi i

d<0.5 fj.m 
(30 Particles)

U 1 I I I I I l«l I I I I
Na Al P ci Ca Mn Fe Ni Zn Ag Sn Au 

Mg Si S K Ti Cr Co Cu As Cd Sb Pb

Figure 15. Weight percentages of elements in the particles 
collected 30 km downwind from the stack.

particles is negligible. However, these small parti
cles are most important for cloud microphysics and 
effects on health. Therefore they should not be 
neglected.

In samples collected near the stack on 30 
January 1977 (Fig. 14) large particles contained 
0% to 45% of S by weight with an average of 30%; 
medium particles contained 0% to 90% of S with 
an average of 50%; and small particles contained 
0% to 100% of S with an average of 70%. Particles 
that contained S and other elements are assumed 
to be sulfate salts; they are formed either by the 
catalytic oxidation between metallic aerosol and 
adsorbed S02 vapor, or by heterogeneous nucle- 
ation of sulfuric acid vapor on the plume aerosols. 
We found that large and medium particles are 
wholly metallic sulfates, and most of the small 
particles are also metallic sulfates. Thus, catalytic 
oxidation or heterogeneous nucleation is the dom
inant process for sulfate formation at the begin
ning. However, it is interesting to note that 15% of 
the small particles, indicated in the X-ray spectra, 
contained nothing but S. Pure S particles cannot 
survive the smelting process which must convert S 
to SOz or H2S04 under 1500°C, with pressured air. 
Sulfuric acid (liquid) and S02 (vapor) cannot sur
vive in the vacuum of the scanning electron micro
scope. Those particles showing only the sulfur 
X-ray are most likely ammonium sulfate, but could 
be organic sulfate. (The elements H, C, N, and O 
emit X-rays below the energy sensitivity of our 
instrument.) These small particles probably 
formed through homogeneous nucleation of 
H2S04 vapor, and were instantaneously neutral
ized by ambient NH3 to form ammonium sulfate 
particles. We attempted to identify such particles

with the electron diffraction method. Un
fortunately, however, most of them are too small to 
yield any significant diffraction pattern to match 
with known compounds.

The sample collected 30 km downwind (Fig. 
15), shows that the average weight percentage of 
S is 75% in small particles, 50% in medium parti
cles, and 2% in large particles. Compared with the 
sample collected near the stack, the S weight de
creased from 30% to 2% for large particles, re
mained the same (50%) for medium particles, and 
increased slightly from 70% to 75% for small parti
cles. The number percentage for particles that 
showed nothing but S X-rays remained 0% for 
large particles, increased from 0% to 20% for 
medium particles, and increased from 15% to 50% 
for small particles. This further demonstrated that 
during plume dispersion, the large S-containing 
particles were deposited on the ground. However, 
a tremendous number of small S-containing parti
cles was formed. One logical hypothesis for their 
formation is that the major plume gas S02 was 
photo-oxidized into S03 and formed H2S04 
aerosol through homogeneous nucleation. The 
H2S04 mist reacted with atmospheric ammonia 
and produced fine particles of ammonium sulfate.
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5. CONDENSATION NUCLEATION 
ACTIVITY

The plume aerosol consists of high concen
trations (104 cm 3) of submicron sulfuric acid mists 
which are highly hygroscopic and thus are active 
cloud condensation nuclei (CCN). However, the 
narrow size distribution of these droplets inhibits 
coalescence that would form large precipitable 
drops. As a result, haze or fog can form in the 
nearby downwind area.

At greater distances downwind from the plume 
source more sulfuric acid aerosol is formed by 
gas-to-particle conversion. The acid is then neu
tralized by atmospheric ammonia, producing am
monium sulfate either as new individual particles 
or as a coating on existing particles. This process 
not only increases the concentration of CCN but 
also broadens the size distribution of CCN. Be
cause of these greater numbers of active CCN with 
a wide spectrum of sizes, condensation of water 
vapor to form cloud droplets and coalescence 
among the droplets to form raindrops will take 
place. Thus, an increase in warm season rainfall 
can be expected.

The in-situ field data on Aitken Nuclei (an) ac
tive at 200% supersaturation are shown in Table 1. 
The first column gives the distance from the stacks 
at which the measurements were performed. The 
second column gives quantities of an measured 
with an Environment-One counter which was 
backed up by and calibrated with a Gardner 
counter. These concentrations are the net in
crease of aerosols within the plume. Horizontal 
and vertical fluxes of an are given for plume 
cross-sections at given distances. The formation 
rate of Aitken nuclei is

Aan
aF~

=fl-fl,+fq

where F. and FL2 are the horizontal flux through 
the plume cross sections at distance /., and L2, 
respectively, and FG is the vertical flux to the 
ground. The nucleus flux calculations used a sim
ple plume model (Turner, 1970) for atmospheric 
stability based on measured wind speeds and 
temperature lapse rates. The increase with dis
tance of the rate of formation of Aitken nuclei ap
pears puzzling at first and warrants further investi
gation. However, if viewed in the light of existing 
models for gas-to-particle conversion processes 
as mechanisms of aerosol formation, this 
phenomenon appears reasonable. The concen
trations of oxidants such as 03 and OH, and/or 
ammonia as a buffer, which all affect the rate of 
conversion of S02 toS04, are increasing because 
of the plume mixing with the environment as it 
travels to greater distances.

Because of some difficulties with the thermal 
diffusion cloud chamber, the in-situ field data on 
cloud condensation nuclei active at 1% supersat
uration were not measured. Laboratory results in
dicate that in the Kennecott smelter dust about 
50% of the Aitken nuclei are active as cloud con
densation nuclei. This is to be expected because 
of the water solubility of sulfur particles which 
dominate in this aerosol.

Table 1. Aitken Nucleus Activity in the Plume*

Distance Aitken Horizontal Flux Vertical Flux AAN
From Stacks Nuclei F fg At

(km) (cm3) (sec'1) (sec1) (sec1)

-2 300
3.2 166x103 1.1X1016 7.6x1012 1.1x10,e

12.8 8.5x10s 2.4x1016 2.1X1012 1.3x1016
30.4 17x10s 2.Ox 1017 1.1 x 1013 2.0x1017

‘Variation with distance L from the stacks of Aitken nuclei (active at 200% supersaturation) concentrations, fluxes, and rates of 
formation measured on 30 January 1977 in the Kennecott Copper smelter plume.
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6. ICE NUCLEATION ACTIVITY

Many methods are used to measure ice nuclei 
(in). Since our samples are collected on Nuclepore 
filters, we are limited to using a membrane in 
counter which counts ice crystals grown on the 
filter in a sub-freezing thermal diffusion chamber 
(Langer and Rodgers, 1975). One disadvantage 
of this method is that when condensation nuclei 
(CN) co-exist with in, the cn are stronger com
petitors for moisture than in, thus interfering with 
ice crystal growth. We found that the plume 
aerosol contains many hygroscopic particles such 
as sulfuric acid, sulfate, and chloride. When we 
measured in at water saturation, the in count in the 
plume aerosol averaged a few particles per liter 
compared with less than one particle per liter in a 
natural aerosol. When we applied excess mois
ture (3% supersaturation), the in count increased 
more than ten-fold. Since we could not measure 
the moisture adsorbed by cn or the humidity 
around in for initiating crystal growth, the counts of 
in on filters must be considered relative values. 
We placed the sample filters side by side in the in 
counter to compare in activity as shown in Figure 
16. Particle concentration decreased as distance 
from the stack increased; however, in activity in
creased as distance increased. Parungo et al. 
(1977) reported that gases adsorbed on particles 
in the plume of a coal-fired power plant can deacti
vate in activity. Since the gas concentration is 
higher near the stack, more in are poisoned. To

test this hypothesis, we placed the filters in a vac
uum (10-4 torr) for 4 hours to get rid of volatile 
materials and found that in activity increased by 
approximately one order of magnitude for the 
samples nearthe stack, but increased very little for 
the sample taken 30 km downwind. This experi
ment demonstrated that the plume particles that 
adsorb gases in the stack are not active ice nuclei, 
but can be activated as in farther downwind when 
the volatile material evaporates during dispersion.

Langer (private communication, National 
Center for Atmospheric Research) installed an 
ncar acoustic ice nucleus counter in an aircraft 
and flew in the plume of the Kennecott smelter. He 
measured in concentrations as high as 104 /'. We 
used the same in counter to test the dust collected 
in the smelter’s electrostatic precipitator and at the 
base of the stack. We measured the number of 
particles introduced into the in chamber and the 
number of ice crystals formed. The ratio between 
the two measurements is the fraction of particles 
forming ice crystals, or the probability of one parti
cle becoming an active in. The results are shown in 
Table 2. The probability of the dust from the pre
cipitator forming ice nuclei was 5.55 xIO-4 and 
2.06x 10 3 at temperatures -16°C and -20°C re
spectively. The probability for dust from the stack 
was approximately one order of magnitude lower, 
3.66x105 and 4.75x10 4 at -16°C and -20°C 
respectively. The electrostatic precipitator of the

• Unpumped 
x Pumped

------------First Run
------------Second Run
—o—Particle Concentration

180 —

160 —

r 140 -

c 120
Water Supersaturation

S ioo

« 80 —

« 60 —

Water Saturation

Distance from the Stack (km)

Figure 16. Ice nucleus concentration and particle concen
tration of plume aerosols.

/ x Baked 
• Unbaked 

-------- Agl
----- --  Dust from Electrostatic /

Precipitator •
-------- Dust from Base of

Stack

Temperature (°C)

Figure 17. Ice nucleus activity of Agl and smelter dust.
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smelter had been shut down for more than a year. 
The dust had been aged and some of the ad
sorbed gases may have escaped. This could be 
the reason for its higher activity.

To test whether or not the volatile material 
poisons ice nuclei, we baked both kinds of dust in 
an oven (200°C) for 5 hours and then tested their in 
activity. The in activity of baked stack dust in
creased approximately five-fold at -16°C and 
two-fold at -20°C; the in activity of baked pre
cipitator dust increased two-fold at -16°C and 
showed no change at -20°C. The test indicated 
that volatile materials indeed cause deactivation, 
and the poisoning effect is stronger at warmer 
temperatures (-16°C) than at colder tempera
tures (-20°C). To determine what the adsorbed 
gases are, we propose to use a gas-chromato- 
graph interfaced with a mass spectrometer. How
ever, this work has not been pursued because of 
lack of funding.

Figure 17 compares in activities of the two kinds 
of smelter dust and silver iodide, which is one of 
the most active in agents (Parungo et al., 1975). It 
shows that the in activity of the dust is 2 to 3 orders 
of magnitude lower than Agl at -16°C but ap
proximately 2 orders lower at -20°C. In cloud 
seeding operations, several kilograms of Agl 
aerosol are usually dispersed to increase pre
cipitation. The smelter releases tons of dust per 
day. The total in released from the smelter is far 
greater than the amount released by seeding op
erations. Therefore, the smelter’s potential effect 
on ice nucleation in clouds and on snowfall down
wind should not be neglected.

Table 2. Ice Nucleus Activity of Baked and Unbaked Dust.

Ratio of
Activity Fractions: 

Baked Dust Unbaked Dust Baked to Unbaked

Sample From
Base of Stack

No. of particles 287244 19430
No. of ice crystals formed 

at - 16°C 50 7
No. of ice crystals formed 

at -20°C 292 91
Fraction of particles 

forming ice crystals 
at - 16°C 1.74x1 O'4 3.66x1 a5 4.76

Fraction of particles 
forming ice crystals 
at -20°C 1.02x10-3 4.75x10*4 2.14

Sample From
Electrostatic Precipitator

No. of particles 248389 371403
No. of ice crystals formed 

at -16°C 277 206
No. of ice crystals formed 

at -20°C 514 765
Fraction of particles 

forming ice crystals 
at -16°C 1.12X103 5.55x104 2.01

Fraction of particles 
forming ice crystals 
at -20°C 2.07X10-3 2.06x1 O'3 1.00
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7. IMPLICATIONS TO LOCAL CLIMATE

The Kennecott Copper smelter has operated 
since 1904. Its average sulfur dioxide emission 
was as high as 1952 tons per day (T/D) in 1941. At 
present it has been reduced to 400 T/D by air 
pollution control. The emission of sulfuric acid is 
12 T/D, and of solid particles 3 T/D (Dr. R. Heaney, 
Kennecott Copper Corp., private communication). 
Our laboratory study indicated that sulfuric acid 
mist and sulfate particles can adsorb moisture 
even at subsaturated humidity, and thus are active 
haze or fog-forming nuclei. Unfortunately, we do 
not have sufficient data on local air quality, visibil
ity, and fog occurrence to make a statistical corre
lation between the plume emission and 
meteorological conditions. However, during our 
investigation in Salt Lake City, we often observed 
fog or mist in the morning and haze in the after
noon. A photograph, taken above a morning in
version layer (Fig. 18), depicts fog that covered the 
whole valley. Figure 19 shows the smelter plume 
dispersed toward the southeast and a thick layer 
of brown haze extending downwind from the 
smelter and along the mountain range. Appa
rently, if the smelter is not the sole source, it is 
probably a strong contributor to such an
thropogenic meteorological conditions.

Among the best kept climatological data are 
precipitation records. Annual precipitation data of 
Salt Lake City (SLC) since 1892 are plotted in 
Figure 20. Before 1904, the average annual pre
cipitation was 14.72 inches (34.6 cm) with a 
standard deviation o-=2.56. From 1905 to 1948 
(when the downtown station was closed), the av
erage was 16.11 inches (42.0 cm) and o-=3.24. 
The difference between the means for the two 
periods is 1.39 inches and is not significant. In 
1928, a new weather station was added at SLC 
airport and it became the official SLC station in 
1948, replacing the downtown station. The down
town station usually recorded precipitation one or 
two inches higher than the airport. If the airport 
data are included for calculation, the average pre
cipitations for the two periods (before and after the 
smelter operation) are practically the same.

In section 5 we stated that concentration of 
condensation nuclei in the plume increased as the 
distance from the stack increased, because of 
gas-to-partide conversion. In section 6 we stated 
that ice nudei can be reactivated by evaporating 
the adsorbed “poison gas” farther downwind. If 
the plume particles serve as condensation or ice 
nuclei to cause inadvertent weather modification, 
they should be more effective at distances farther 
from the smelter. As the plume travels, it mixes 
with SLC urban pollution and with emission from 
the U. S. Steel mill (30 miles south of SLC). The 
combined air mass further increases the ice nu
cleus budget. In addition, the mountains southeast

of SLC provide an orographic lifting to the plume 
and the nudei can interact with the clouds on the 
east or south side of the mountains. As a result, we 
would expect an increase of precipitation 50 to 100 
miles downwind. However, the directions of winds 
vary from time to time, and a station may be in or 
out of the plume-affected area, depending on the 
meteorological condition at the time. Since 
analyzing all precipitation data of single stations is 
tedious work which may not produce a significant 
result, we reviewed instead the climatological data 
of the entire state of Utah. Ninety percent of Utah’s 
weather stations are within 150 miles east and 
south of the smelter (Fig. 21). Annual precipitation 
data are shown in Figure 22, along with average 
daily sulfur emission of the Kennecott Copper 
smelter. The average annual precipitation for the 
period 1892-1904 was 10.81 inches (27.43 cm) 
with cr= 1.50. From 1905 to 1946, the average 
precipitation was 14.21 inches (36 cm) and <r= 
2.68. An increase of 3.40 inches precipitation per 
year was obtained after the smelter began opera
tion. In the early nineteen-forties, the average 
daily emission of sulfur was reported to be ap
proximately 1000 tons; by the late forties, the 
emission was reduced to about 500 tons; and at 
present, it is 200 tons. The average annual pre
cipitation after 1945 was 11.06 with o-= 2.0, a 
reduction of 3.15 inches from the previous period. 
Unfortunately, we do not have data of sulfur emis
sion from the smelter before the forties to correlate 
with the precipitation data. However, the apparent 
correlation of the increase and decrease of pre
cipitation and of emission suggests to us that a 
thorough investigation of possible inadvertent 
weather modification would be worthwhile.

Climatological Data of Utah 1947 lists com
parative annual precipitation for 45 years for two 
divisions, the Great Basin and the Colorado Basin 
(Fig. 21). Figure 23 shows precipitation for the two 
divisions. For the Great Basin, where 80% of the 
stations are within 50 miles east and south of SLC, 
the average precipitation through 1904 was 11.83 
inches (30 cm) with cr= 1.49, and after 1904 the 
average was 15.14 inches (38.46 cm) with cr= 
2.88, an increase of 3.31 inches. For the Colorado 
Basin, where most stations are from 50 to 150 
miles southeast of SLC, the average precipitation 
through 1904 was 7.67 inches (19.48 cm) with rr= 
1.93 and after was 12.01 inches (30.51 cm) with 
cr= 2.26, an increase of 4.32 inches per year. It 
appears the increase in precipitation is more sig
nificant farther downwind, in the Colorado Basin, 
than it is in the Great Basin area.
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Figure 18. Photograph of the smeiter plume and the fog covering the valley downwind.

Figure 19. Photograph of the smelter plume and haze.
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Figure 21. Locations of weather stations in Utah.

Climatological Data of Utah 1944 shows sea
sonal precipitation from 1891 through 1944 (Fig. 
24). The difference between the periods before 
and after the beginning of smelter operation ap
pears less significant in winter and spring but more 
significant for summer and autumn. Summer and 
autumn precipitation is essentially from convect
ive clouds; winter and spring precipitation is gen
erally from stratiform clouds. If the precipitation 
data reflect anthropogenic weather modification 
by smelter emission, the plume constituents seem 
to have a stronger seeding effect on convective 
clouds than on stratiform clouds. This is probably 
because stronger convection in the warmer sea
sons delivered the plume aerosols into the 
cloud-forming level where “rain-out” takes place.

Currently the Kennecott Copper smelter is 
being remodeled. Electrostatic precipitators are 
being installed to remove solid particles. Ninety 
percent of the S02 will be recovered and con
verted to H2S04. A 1200 ft (366 m) stack is being 
built to lift the plume to a higher level. The new 
facility will be fully operational in 1978. Even if the 
new facility functions well and the emission meets 
Environmental Protection Agency standards, ef
fects on local or regional meteorology may not be 
completely eliminated and new problems could 
arise. For example, most electrostatic pre
cipitators usually collect the large particles only, 
and the small particles escape. If the large parti
cles are not removed from the plume, the small 
particles can coagulate upon them and fall out 
close to the emission point. The large particles can 
also serve as heterogeneous nuclei for gas-to- 
particle conversion to reduce gas residential time. 
If only the large particles are removed from the 
plume, the small particles and gases can remain in 
the atmosphere for a long time and travel long 
distances, thus causing environmental impact at 
greater distances from the point of emission. In 
addition, the tall stacks will lift the pollution to the 
top of the boundary layer where cloud formation or 
interaction takes place, thereby increasing any 
meteorological impact. For the reasons men
tioned, it would be interesting to monitor not only 
the aerosol chemistry farther downwind but also

the meteorological conditions, such as air quality, 
visibility and precipitation in local and regional 
areas, and to compare them with old records. The 
information would be very useful to our un
derstanding of inadvertent weather modification.

Because of lack of sufficient data on smelter 
emission and on local climate, we can only sug
gest that the emission from the Kennecott Copper 
smelter could inadvertently modify the regional 
weather. For a thorough investigation, we should 
measure in-situ ice nucleus and condensation 
nucleus concentrations of the plume at various 
locations. We should record the meteorological 
conditions, model the air mass journey, and 
project the affected area. Then we could compare 
precipitation data in the area with the projection. 
We are planning such experiments and hope to 
carry them out in the future.
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8. CONCLUSIONS

To study meteorological impact of plume 
aerosols released by the Kennecott Copper 
smelter, we collected airborne samples on filters 
and impactors. We determined the chemical com
position, physical properties, and size distribution 
of the aerosol. We studied the plume dispersion 
and chemical reactions during the plume’s journey 
in the atmosphere. We also measured condensa
tion and ice nucleus activities and related them to 
the local climate. Our experimental results led to 
the following conclusions:

(1) The smelter releases a large number (104 cm 3)
of submicron sulfuric acid droplets that are 
highly hygroscopic. The narrow size distribu
tion of these condensation nuclei inhibits 
coalescence, which would produce large pre- 
cipitable drops. The small droplets constitute 
a haze or fog, and visibility is thus reduced.

(2) At greater distances (e.g., 30 km) more sulfuric
acid aerosol is formed by photo-oxidation or 
catalytic oxidation of S02 gas, and sulfuric 
acid is neutralized by atmospheric ammonia. 
The (NH4)2S04 that is produced either forms 
new particles or coats the existing particles. 
This increase in number and in size of con
densation nuclei may broaden the droplet size 
distribution, creating conditions for enhance
ment of the coalescence mechanism. Con
sequently it can increase rainfall downwind.

(3) The plume particleswhen adsorbed with plume
gases are not active ice nuclei. But experi
ments have demonstrated that when the 
gases are removed either by evaporation or 
heating, the particles’ ice nucleation activity is 
increased. Therefore, the plume pollutants 
from the copper smelter are potential ice nu
clei that could increase snowfall over long 
distances and extended periods of time.
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