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ABSTRACT

PARTICLE SIZE DISTRIBUTIONS
OF TRACE ELEMENTS IN
POLLUTICN AEROSOLS
by
Gordon Dale Nifong

Co-Chairman: Edward A, Boettner
Co-Chairman: John W, Winchester

Irace element content of particle size fractions of
pollution aerosols has been determined within a polluted
source area in order to better understand aerosol source
pProcesses, atmospheric transformation, and removal mecha-
nisms, or, the aerosol “life cycle.” With the excéllent
sensitivities available for many elements through non-
destructive neutron activation analysis, the analysis of
particle size fractions for 29 eiemgnts has been accom-
pPlished, The technique consisted of giving each size
fraction neutron irradiations for 5 minutes at 2x1012
n/cmZsec and for 2 hours at 10-fold higher neutron flux.
Amounts-ﬁf each element were calculated from short-iived
and long-lived induced radiocactivity measured by Ge(Li)
gamma-ray spectrometry in a sequence of counts over a 3J-week
period. 7Two of the 29, iron and zinc, were also quantitated
by atomic absorption spectroscopy, with excellent agreement
fround between the! methods. Forty-four samples at 11 loca-
tiocns in the industrial atmogphere of Northwest Indiana,
end 6 samples at 1 location in urban Ann Arbor, Michigan,
were collected using 7-at&ge cascade impactors equipped with
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in-line backup filters, Analytical daﬁa_obtained from these
samples were used 1n.an attemﬁt to determine types of source
processes involved in pro%ugtion. degree of transformation
in the atmosphere, and di%férential removal of the elemen-
tal components, particularly by dry fallout,

Twenty-five of the elements were found to fall into one
of several observed groupings, based on similarities in
appearance of size distr%butions of aerosols with which the
elements were assocliated. The steel complex of Northwest
Indiana accounts for much of the particulate matter present
in the atmosphere in the source area, and, comparing these
data with the "Junge mass distribution,” aM/d(log r) =
Conatant, the steel related elements; iron, manganese, chro-
mium, and cobalt, in addition to scandium and thorium, show
a distinet large particle preference suggesting a predomie
nantly dlspersion source process., In contrast, zinc, anti-
mony, arsenic, and indium appear mostly on small particles,
suggesting a process of vapor condensation at high supersatu-
ration, but a process also located within the steel industry.

Two other groups of elements strongly assoclated with
dispersion sources could be clagsified. Calcium, magnesiun,
’ and titanium originate from a variety of sources——steel
production, eemenf panufacturing, and coal combustion, as
well as the natural process of soil re-entrainment; aluminum
and the rare earths, lanthanum, samarium, europium, and
cerium, appear largely natural in origin, Qlihoush steel and

coal sources are significant,



Intermediate’ particle-size preferehce is indicated for
the apparent groups sodium and chlorine; bromine, gallium,
and potassium; copper; and vanadium, The ma jor sources
appear to be combustion of leaded gasoline for Br, steel
production for Cu, and chemicals processing for K and v,

Some elements—Na, K, Br, Cle-rapidly approach a
“Junge distribution” while airborne; others—Fe, Cr, Ca,
Al=—do not. Elements ligely to be assoclated with conden-’
sation source processes tend to be more “Junge distributed”
than do those arising by dlspersion pfocesses. In
Northwest Indiana the number of different types of source
processes for several elements is few, but many of - these
elements appear “Junge distributed.” It is suggested that
primary particle size distributions determined by source
processes may be modifled by coagulation and sedimentation
of aerosol particles within the urban area studled.

.Rough calculations of fallout indicate that both
gravitational settling and turbulent impactlion are important
mechanisms of aerosol removal by fallout,

. Knowledge of elemental content of particle size frac~
lfisnshéerves to establish natural tracers for certain
‘emission processes; for example, Mn/Fe or Sb/Zn ratios may
be used as indicators of steel plant emissions. ‘This work
suggests that'éther'eleménts or combinations of elements
added to the urban atmosphere may also be‘useful tracers of

aerosol particle diffusion.
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CHAPTER 1
INTRODUCTION

Aerosols are suspensions of liquid or solid airborne
particles, important because they may influence cloud and
rain formation by nucleating cloud-droplets and ice crystals
(Fletcher, 1962), may affect visibility end air temperature
by absorbing and scattering radiation (U,S, Department of
Health, Education, and Welfare, 1969), mey present a health
hazard upon being deposited in the respiratory tree (Cadle,
1965), and may cause economic loss through damage to live~
stock, plants, and materials. To better understand these
roles, aerosol concentration, composition, and particle size
distribution must be considered.,

Considerable interest has arisen in recent years among
persons involved in the study of urban alr pollution about
the composition of aerosol particles. But most aerosol
meagsurements performed involve simply a determination of
total particulate concentration by weight as collected on
some type of filter, despite the fact that such "high-
volume sample” results are dominated by the larger particle
8izes, whereas smaller sizes afe often of more interest
from an effects standpoint, A strong interest exists in
the area of particle-size distribution of aerosols, and

this field 1s under intensive study (Whitby, 1969).
Measurements of composition usually involve the determination
of certain trace metals by emission spectroscopy upod total
suspended partioulate matter (U.S, Department of Health,
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Education, and Welfare, 1966), But links between these two
types of measurements have been scarce, desplte the fact

that such observatlions might prove quite valuable to toxl-
cologists in better understanding possible public health
hazards assoclated with urban air pollutlion, for an element
carrled by particles of respirable size may have toxicity
effects which depend on particle size and indirectly on water
golubllity and anmbient relative humidity. Also, such obser-
vations should prove egqually valuable in 1dent1fy1ng source
processes and evaluating their contribution to local air
pollution levels, in better understanding changes occurring
in aerosols during their residence in the atmosphere, and,
finally, in considering mechanisms by which aerosols are re-
moved from the atmosphere. Thus a measure of distributions
by mass of speclfic elemental components of aerosols according
to particle size-fraction should prove valuable in evaluating
aerosol generation processes, "life cycle,” and effects. It
has been the purpose of this research project to perform such
measurements and to use the data obtained in order to better
understand the aerosol in the ways discussed above,

As has been mentioned, current knowledge of the
relationshlp between composition and particle size of atmos-
pheric aerosols, especlally close to a large industrial area
source, is definitely limited., In addition to data on metal
-components of total suspended particulate matter in the
atmosphere, such as that reported by the U, S. Public Health
Service (1966). investigators such as Junge (1963) and



Friedlander (1960) have remarked extensively on the particle
slze distribution of aerosols, Work linking the two con-
cepts 18 not extensive, Lee, Patterson, and Wagman (1968)
of the National Alr Pollution Control Administration used
the Andersen Cascade Impactor to sample for aerosols in the
cities of Cincinnati and Falrfax, Ohio. Atomic absorption
gpectroscopy was used to determine concentrations of 6
metals-=iron, lead, cadmium, magneslium, copper, and
chromium==in the air. They reported total concentration of
each metal in the atmosphere, and presented graphs showing
concentration over each size range. Also calculated for
each metal were mass medlian diameters for'aerodynamically

equivalent spheres of unit density. BResults of their study

are shown in Table 1.

TABLE 1

CONCENTRATION AND SIZE OF CERTAIN METALS IN
AMBIENT AEROSOLS (after Lee et gl., 1968),

Cincinnaeti, Ohilo Fairfax, Ohio

ue/n®  MMD, nm us/m® MMD, um
Fe . 3.12 3.7 1.15 1.4
ca 0.08 2.1 0,02 10
Mg 7.21 5 0.42 72
Cr» 0.31 15 0.28 1.9 .
Pb ' 24 78 0.18 006 0.42
cu ' 0019 1.2 ’ 0.0 -

A major limitation of these data was the limited
sensitivity of atomic absorption spectroscopy. Another
limitation was in the smgll number of sampling locations
avallqblé. with a reaulfing lack of data on areas of varying



commerclal and lndustrial activities. Other investigators
have indicated the need for information of aerosol composi-
tion as a function of particle size. Corn (1969), Whitby
(1969), Mirsky (1969), Wagman (1966, 1967), and Faith (1964)
all point out the great emphasis beginning to be placed on
this particular type of air pollution research by govern-
mental agencies and universities,

Junge (1963) and Wagman (1966) in particular have
stressed the importance of composition of serosols as a
function of theilr size in understanding mechanisms of their
formation and in characterizing their sources. For example,
certain trace elements (silicon, calcium, magnesium) can be
of natural origin, whereas others (lead, manganese, copper,
zinc) are usually due to men-made rollution sources. A few
(iron, aluminum) may arise from both. Particles of relatively
large slze tend to be generated as a résult_of mechanical
forces, and are termed dispersion aerosols. Smaller-sized
particles are usually products of combustion, arise by vapor
condensation due to high supersaturation coﬁhitions. and
are termed condensation aerosolas. Dispersion aerosols are
eaglly formed in sizes larger than about 1 um, but only with
difficulty in smaller sizes where surface free energy'becomes
appreciable and may inhibit further disintegration. Con-
densation aerosols, on the other hand, are usually less thah
1 um when formed. Thus, when an aerosol is very near its
source, but airborne, the characteristios of the source

largely détermine the particle size distribution.
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With respect to their sources and to fhe etmospheric
processes which modify, often guite rapidly, elemental con-
ponents of aerosols, particle size distribution is a key
parameter. Junge (1963) has chosen to express the distri-
bution as the number or volume of aerosol particles per unit
logarithmic slze-range. He has also recognized a "universal"
mean distribution for atmospheric aerosols in populated
continental areas. The "Junge distribution,” n(r), can ve

approximated by

aN ~8
n(r) = g{icg v) ~ ©°F 0ul ym < r < 10 um

where N 1s the number of particles of radlus less than r,
C 1s a scaling factor, and the cempirical constant g ~ 3.

This regularity of particle spectra in the atmosphere
is applicable to the "stable"” aerosol particle size range,
including “large"” particles 0.1 to 1 um in radius and "glant®
particles 1 to 10 uam in radius, Particles smaller than 0,1
um coagulate rapildly, and in a sense serve as a source of
larger-sized particles; particles greater than 10 um fall out
of the atmosphere rapidly, as the Stokes settling velocity
for sucﬁ.slzes is generally greater than atmospheric turbu-
lence motidns.

Following Junge (1963), aerosol surface area and volume

distributions are expressed as

g({r) = 4nr®n(r)

and



vir) = Emr°n(r)

respectively, Then the "Junge surface area distridbution”
is

s(r) = Unr2eCey™? = Bep~l

and the "Junge volume distribution” is

vir) = %«ra°0'r.3 = B*

where B and B* are scaling factors. Hence the size dis-
tributlon of aerosol surface area 1s observed to vary
inversely with particle size while the siie distribution of
aerosol volume 1s observed to be constant with particle
size. Since mass 1s a function of density times r®, the

“Junge mass distribution” is

m(r) = %.ﬂaodoCor-a == B'

where 4 = particle density.
Or, Aif density is constant,

M = C tant
Tiog 37 = Oonstant,

where M is the mass concentration of particles less than
slze r. |

Friedlandex (1960) has offered a dimensional analysis
almilar;ty theory in explanation of the occurrence of the

"Junge distribution.” This theory involves dynamio



equllibrium between processes of formation and loss, or
between coagulation and sedimentation of aerosol particles.
Such a distribution shows an upper and lower size linit,

The upper size 1limlt, =~ 10 um, 1s largely determined by
sedimentatlon, but this involves the density, hence the
composition, of the particles, in addition to size. The
lower size limit, =~ 0.1 um, is considered a result of coagu-
lation, involving particle surface area, or size and shape,
and possibly chemical reactions between particles, which are
dependent on size and composition., Since the surface-to-
mass ratio 1s greater for small particles than for large
ones, cozgulation is more likely to occur on small particles
than on large. Also, smaller particles may be more reactive
than the larger,

Junge (1969) suggests that such a dyngmic equilibrium
cannot generally be approached over the requisite size range,
0.1 to 10 um, at a rate faster than the rate of change of
meteorological conditions. Coagulation is rapid for parti-
cles < 0.1 um, but slow for particles > 0,1 um. The
observed distriﬁﬁtlon arises not by heterogeneous coagulation
80 much as by the mixing (without cosgulation) of aerosols
from mény independent sources both natural and man-made.

The situation is such that the aerosol populations from each
source may be distributed approximately log-normally in

‘volume (as dispersion aerosols tend to be (Fletcher, 1962)),
and that the resultant mixture might display a broad log-

normal distribution, nearly constant over the stable



aerosol rangee. But there is a distinction between an
expected “Junge distribution” for a multi-elemental aerosol
distribution and a "Junge distribution” for any one of that
aerosol's elemental components. The presence of a "Junge
distribution” of total aerosol indicatea the same distri-
bution for one element in that aerosol only if the percent-
age of that element 1s constant within particles of all size
ranges, Even though this is probably not the case for most
elements, the "Junge distribution” can still serve as a
useful index of comparison when considering elemental
distribuﬁion according to particle size range.

Aerosol composition determines its water solubility,
and solubllity is exceedingly important to the future 1life
of the aerosol. Junge (1963) has stated that as little as
1% or as much as 30% of continental aerosols may be water-
soluble, Small water=soluble aerosols tend to grow, given
proper relative humidity, and hence the "solute efféct" is
quite important in determining final size of an aerosol
droplet. Such particles make excellent condensation nuclel.
But if the particle is insoluble, no "solute effect” will
exist, and essentially radlus-of-ourvature is predominant
An determining final particle size (Fleagle and Businger,
19633 U,S, Department of Health, Education, and Welfare,
1969). In a region heavily polluted, such as the region
studied during this project, it is likely that a large
fraction of the total aerosol 1s inorganic in nature, perhaps

reaultiné in a larger percentage of soludble materlai than
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1s often found, Thils idea 1s not in conflict with the high
degree 6f adherence to the "Junge distribution” found for
many elements,

Aerosol particles are eventually removed from éhe
atmosphere by elther dry or wet fallout. Wet fallout may
occur by washout below the cloud (giant particles where
r > 1 um), by attachment to droplets within the cloud
(Altken particles), or by cloud-droplet nucleation and sub-
sequent rainout., BRailnout is likely the importent process
(Junge, 1963). In an area of strong pollution sources,
considering that rainfall occurs only a small fraction of
the time, gravitational settling may be an important mechanism
of aerosol particle removal from the atmosphere, but perhaps
for only gilant (r > 1 mm) particles. Hewson (1964) states
that for any specific plume, rainout is not important, and
most particles undergo dry removal by turbulent impaction
caused by small swirling eddies of ailr near the ground.

. Dry removal, or dry fallout, may be by several mechanisms,
For particles of dlameters greater than 10 um, Stokes settling
may occur, but for smaller dlameters, impaction, electrostatic
forces, and turbulent ailr motioﬁs may all operate in a con-
plex and poorly understood process (Slade, 1968), The Stokes
settling velocity is defined ass
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= gé¥%151£ ,» where

g = Stokes settling velocity
= particle radius
= acceleration of gravity
= particle density

E am M <

= atmospheric dynamic viscosity

The above formula is for smooth spheres and neglects
effects of buoyaﬁcy and 8lip flow. Irregular particle shape
also reduces V8 by about two-thirds from that of spheres.

For phrtlcles about 10 um in dlameter, a sett;ins veloclty'
(Vg) & 1 om/sec 1s not unreasonable (Slade, 1968). Ir
Vg < 1 cm/sec, the effect of sedimentation is negligible,
and thus for particles < 10 um dlameter, other mechanisme of
dry removal, turbulence and impaction, predominate; Ifr Vg, 1s
between 1 and 100 ocm/sec, diffusion equations may be used to
Predict a ground level concentration, énd from this a removal
rate calculated. Assuming that a particle is removed when it
reaches the ground-air interface, an emplirical deposition
velocity can be estimated by

where W = amount removed per unit time per unit area,
V4 = deposition velocity due to all effects,

X = volumetric concentration of aerosols at surface.

In general, Vaiz Vge If Vg > 100 cm/sec.IStokes
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'settling is the dominant effesct, turbulence much less so, and
V& and wind shear opérate to ﬁroduce a particle trajectory.
However, at small Vg, V4 may be determined largely by other
mechanisms, and this may bg generally true for particles of
diameter 4 < 10 um,

Similaritles in concentration and size distribution of
aerosols suggest common types of source processes. MNetal-to-
metal correlations in sigg distributions, compared to sourée
total emissions, may pinpoint a particular source process. In
the data to follow, a striking simllaiity 13 noted between the
size distributions of iron (Fe) and chromium {(Cr), suggesting
a common source process, the steel industry in this case,
Also, zinec (2n) and antimony (Sb) show similarities, both
being condensation aerosols. Unlike Fe and Cr, which are con-
tained in large particles, Zn and Sb are predominantly associ-
ated with smaller particles. 2Zinc appears on both large and
small particles in the immediate vicinity of a steel manuface
turing plant, and again in an urban, non-industrial, area. In
the former case, an additional source process creating a Zn
dispersion may be suspected. But in the urban area, growth of
small particles by adsorption of Zn~onto larger particles 1is
' possible, in addition to the.presence of an unsuspected local
source of Zn. Th?se relationships are shown in the plots of
the data presented in Chapter 1V, ‘

Thus 1t has been shown that a knowledge of composition .’
of aerosols as a function of their particle size could con-

tribute to an understanding of such aerosols in several WAy 8~
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in the;r formation, in transrarmations occurring during their
residence times in the atmosphere, and in their removal, in
addition to their possible health effects. In some cases,
man~-made pollution may be distinguished from pollution by nat-
ural sources, such as the re-entrainment of soll particles.

A goal of this research project is to characterize
source processes and source conditions for various elements
found in the sampling program, by examining through numeric
and graphic techniques the relatlonships existing between
s8ize distributions of various elements, and by relating
these in terms of source processes, based on local source
conditlons and meteorology. Also, changes in particle size
spectra for elements during atmospheric “11fgt1mes" are to
be established, and mechanisms by which such changes in size
occur postulated., These data are then used to determine
aerosol removal mechanisms and the possibility of using
natural tracers to ldentify certzain types of source processes,

The relation between air pollution generation in a
source area and possible water pollution is considered.

Also, recently, Winchester and Slfong (1969), and Winchester,
Robbins and Dams (1969), raised the question of water pPole=
lution of Lake Michigan by trace elements from pollution
aerosol fallout. Although pollution of lake water by dis-
solved inorganic substances, such as C1~, Souf, Né+. and
cd**, may be due to surface water input, certain trace metals
strongly assoclated with air pollution sources around the
southern édge of lLake Hiéhigan may be contributing
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significantly to lake water pollution by an atmospheric
route. ﬂWinchester and Nifong (1969) considered this ques=-
tion with the aid of an approximate meterials balanpe. The
pollution of the lake by a speciflc metal depends essen-
tially on the amount of that metal emitted to the atmosphere
by some source or sources, and its transport to, and fallout
into, the lake,

Although transport and fallout processes are strongly
affected by the particle silze of aerosols, the size distri-
bution of trace metals has not been measured for the south-
ern Lake Michigan area. In fact, only for the cities of
Cincinnati (Lee et £2l1., 1968) and Los Angeles (Lundgren,
1969) have silze distributions of trace metals in pollution
aerosols been published.

In the materials balance mentioned above, only esti=-
mates of metals emitted to the atmosphere from sources around
the southwestern shore of Lake lMichigan could be made, and
these were based on a consideration of total particulate
emissions from the area, together with avalillable elemental
analyses of stack gas emlssions from various industrial and
combustion processes. Then, coﬁsidering gross meteorology
of the area, the fraction of the total emission to the atmos~
phere that might find its way into Lake Michigan was esti-
mated. Ten per cent was chosen as a conservative estimate.
A computer calculation performed later, and based on wind
speed and direction, showed that the transfer efficiency of
eerosols from Northwest Indiana to the Lake Michigan wéter
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surface varied from 25 to 50% for realistic atmospheric resi-
dence times of 1 to 12 hours (Winchester, Robbins and Danms,
1969). Even with the lower estimate of 10%, amounts of some
metals (notably Zn, Ni, and Cu) entering the lake from the
atmosphere were significant when compared with lake content

and surface water input, These amounts are shown in Table 2

TABLE 2

COMPARISON CF AIR POLLUTICN INVENTCRY WITH RIVER
INFLOY OF TRACE ELEMENTS TC LAKE MICHIGAN,

METRIC UNITS (after Winchester and Nifong, 1969).

Cu N1 Zn Hn  Eb

Air pollution emission 3200 1000 3900 4600 2200
inventory, tons/year

Mean concentration in g0 40 30 - -
Lake Michigan rivers,

micrograms/iiter

Inflow to Lake lMichigan, 2700 760 500 == -
tons/year .

Expected natural stream 230 10 650 230 100
input to Lake fichigan,
tons/year

Thus a study of aerosol size and composition from a
heavily polluted source area around the southwestern shore
of Lake Michigan, together wlth.meteorologlcal data, should
prove useful in evaluating potential pollution of the lake,
but, more important, provide data useful in studying the hisg-
tory of the aerosol. A final goal of the present work is to
determine whether or not pollution of Lake Michigan by cer-
tain trace elements from aerosol fallout is significant, based

on concenfrattons and paiticle sizes found in the source area.



CHAPTER II
EXPERIMENTAL DESIGN

In formulating an aerosol study, an initial consider-
ation is the measurement of composition, concentration and
particle size on each individual sample., The solution to
this task 1s explained in detall in Chapter III. In this
chapter sample locatlions, times, and lengths willl be
presented.

An equally important consideration was the decision of
where to sample., Since the prevalling wind over Lake
Michigan is from the south to southwest (U.,S, Department of
Interior, 1959), and lake pollution is of importance, the
Chicago metropolitan area presented a good locale for investi-
gation. The main purpose of the experiment was air pollution
source characterization by the study of ambient aerosols;
therefore, a region of strong pollution source potential
was desired., The area of Northwest Indiana seemed ideal for
this purpose. The citiles of Gary, Hammond, and East Chicago
were chosen in which to locate sample sites because they have
a high'population density, with attendant commercial sources
of pollution, plus one of the densest industrial complexes
gnywhere in the nation., Two additional advantages soon
appeafad in the choice of Northwest Indlana. First, the
three cities mehtioned are located 1in close proximity to
one another, and each has a governmental alr pollutlon.
control agency, which subsequently proved most helpful.
Second, by far the largest type of industrial process

15
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in the area 1s the steel industry, and in Northwest Indiana
edmittence could be obtalned to the premises of one such
company in order to take amblent air samples as close as
poselble to specific source processes.

Contact was made with all parties concerned, and it
was decided to utilize local community alr sampling network
stations for urban sampling points. It became necessary to
establish sample points within the steel industry.

Three samples were taken on Lake Michigan by using a
research vessel, the R/V Inland Seas, owned by The
University of Michigan, and several samples were taken in
the City of Ann Arbor, Michigan, for comparison with the
Northwest Indilana samples. Descriptions of sample sites
follow:

e }Open Hearth Vicinity

Samples here were taken at the south sgide of
& complex of open hearth furnaces. The sampling
equlipment was located 20 feet above ground on the
roof of a small shed ad Jacent to the open hearth
area. Three 24-hour samples and 2 shorter (45
‘hours) samples were obtained here.
2, Sinter Plant Vicinity
- Jamples were obtained here at the south side
: of a slnter plant. The sampllng apparatus was

located 6 feet above ground, and 4 24-hour samples

and 1 shorter (4 hours) sample obtained.,
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3+ Blast Furnace Vicinity
Only 1 (5-hour) sample could be obtained
at this location. It was taken 8 feet above ground
on the roof of a maintenance bullding at the
gsouthern edge of the blast furnace area,

Stations 4-10 were established at sites used by the
control agencles for ambient air sampling, and are shown in
Figure 1 by number,

b, Central Fire Station, East Chicago, Indiana

This site 18 located at 450 East Columbus
Drive in East Chicago. Eight samples—7 24<hour
and 1 2-week-——were collected on the fire station
roof, 30 feet above ground. This site is % to 2
miles SSW of large steel operations, It is
enclosed by industrial operations, with oll refining
and oll storage to the north and west, a foundry
to the southwest, a chemical company to the south,
and a refractories operation to the east. Moreover,
Columbus Drive is a major traffic artery.

5. Markstown Park, East Chicago, Indlana

_ Markstown Park at Broad and Pine Streets,
East Chicago, is located in a small residential
island surrbunded by industry., Most of this is
steel, although beyond the steel complex to the
west, about 4 to 5 miles, are major oil refineries,
A gypsum plant is located 1 mile south., Two
2U-hour samples'and-l 2-week sample were taken 10
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feet off the ground on the roof of a small shelter
in the park,
Fleld School, East Chicago, Indiana _

Fleld School, at Block Avenue and James Place
in East Chicago served as a sample site for 4
24-hour samples. These were taken on the school
roof, about 50 feet above ground. The immediate
vicinity around the school i3 residential,
although a large steel industry stretches from
the north to the west about # mile away,
Wirt School, Gary, Indiana

Wirt School 1s located at Grand Boulevard
and Cypress Avenue in the northeastern rart of
Gary, Indiana, One 5-day sample was collected
here, at an elevation of 25 feet above ground.
The location is in a residential area, several
miles east of industrial and commercial activities,
This sample was used as a “control” against which

to compare many of the others.

Gary Airport, Gary, Indiana

The Gary Airport is off Industrial Highway in

northwest Gary, Indiana, A coal-fired power

generating station and a large cement pPlant are
located 2 miles north. One to two miles east lie
oll storage and chemicalloperationa. amd a
detinning company., Eight 2i4~hour samples were
collected on the roof of the operations building,
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about 12 feet above ground,
Central Fire Station, Gary, Indiana

The fire statlion 1s located in downtown Gary
at the intersection of Fifth Avenue and
Pennsylvania Street. The immediate vicinity 1s
entirely commercial, with Fifth Avenue (as well as
Fourth Avenue one block north) being a major traffic
artery. One mile northwest, north, and northeast,
lies a major steel complex., Three 24~hour samples
were obtained on the fire station rocof, about 15
feet above ground.,
City Hall, Hammond, Indiana

Three 24-hour samples were taken at the City
Hall in Hammond, located at Calumet Avenue and
Highland Street in Hammond. These were collected
on the buildihg roof, 50 feet above ground. This
area 1s commercial and residential, and about 5=6
miles SSW of the East Chicago steel complex.
Calumet Avenue is a major traffic artery.
R/V Inland Seas, Lake ﬂlchigan

Three samples were taken on southern lLake
Michigan on board The University of Michigan
research vessel, the "Inland Seas," Sample #42
was taken near the middle of the southern third
of the lake, starting at a point 20 miles offshore
west of Hollana (Lat. 42° e N, Long. 86° 33* W),
and ocontinuing scuthwest for 50 miles (Lat. 42°
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16* N, Long. 87° 10' W). The other 2 samples
were taken approximately 4-8 miles off the Chicago
and northwestern Indiana shoreline—run #43
from a point 2 miles due east of Chicago Harbor
to Lat. 41° 43°' N, Long. 87° 21' W; and run #4b
from Lat., 41° 43' N, Long. 87° 21°' W to Lat, 42°
0' N, Long,. 87° 28' W, All 3 samples were taken
in the bow of the shlip, as far forward as possible,
about 15 feet above the water-line,

12, School of Public Health, The University of Michigan,
Ann Arbor, liichigan

Six samples were taken for comparison purposes

in Ann Arbor, Michigan. ‘These samples were taken at
roof level, about 60 feet above ground. This
location is in a commerclal-industrial area, but
several power plant stacks are close by,

Elght field trips to Northwest Indiana and one to Lake
Michigan were made to collect the data. Arrangements were
made for sample sites during the Spring of 1969, Samples
were collected during Summer and Fall, 1969, and Winter
1969-70.

Fifty runs were made with a cascade impactor sampler
during the sampling program, two of which were paralleled
by duplicate runs, for a total of 52 samples. Also 16 high-
volume sample runs, 14 in parallel with impactor runé. were
obtained, Detalls of each sample are reported in Table 14
of the Appendix. '
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Meteorological conﬁitions were determined during the
time of all samplé runs made in Northwest Indlana, This is
recoxded in Table 15 of the Appendix. Values for wind speed
and direction are averages from two meteorological stations,
one located on the roof of the City Hall in downtown East
Chicago, aﬁd fhe other located at Kalser Aluminum,
Incorporated, in western Gary. Winds from.all quadrants
except east were recorded during at least one day of sampw
ling. Temperatures are those recorded in East Chicago.
Relative humidity and preclpitafion_are taken from records
obtained at O'Hare Airport in Chicago, Illinoils, and
avallable f£rom the National Weather Records Center in
Asheville, North Carolina, |
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Figure 1, Urban Sampling Locations in Northwest Indiana

Lake Michigan

INDIANA




CHAPTER III
'SAMPLING APPARATUS AND ANALYTICAL PROCEDURES

A, BSANMPLE COLLECTION

In order to establish components, concentrations, and
particle size distributions of any one aerosol sample, it
was deemed best to collect the aserosol by size-fractions,
then to analyze each size-fraction quantltatively rfor mass
concentration of selected elements. Hence data for all
size-fractions for any one sample would represent mass
distributions of certain elemental components in an aerosol
as a function of particle size. Such data do not indicate
the “purity” of any one aerosol particle, but only the
mass of an element associated with particles of a given size,
In other words, Af zine (2n) is found to equal 100 ng on
particles 2-4 um in radius, this may mean a émall number of
particles of that size have been collected, which are
mostly Zn in composition, But far more likely, it means
that a larger number of particles have been collected, and
Zn content 1s a smaller fraction of each varticle. The
latter is stated to be the more -likely, based on the work
of Junge (1963) and the U.S, Public Health Service (1966,
1969).,

This point is related to a point discussed in Chapter I,
that if an aerosol is "Junge mass distributed,” any one
element will follow the same distribution only if its

Percent composition is uniform over all size particles.

23
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The Andersen1 sampler (Model 0203), modified by a -
seventh impaction stage and followed by an in-line filter,
was used to collect the tbtal aerosol and sort it by
particle size-fractions. This device separates an aerosol
into 7 size ranges, based on initial impaction, and an
elghth size based on flltration. This last size-fraction
is designated "stage 8" on all tables and figures in this
report, Hence particle size expressed by data from the
first 7 stages of the Andersen involve not only diameter,
but also density and shape of the particles. The Andersen
sampler (Figure 2) consists of 7 impaction plates in
series, each plate preceded by a group of parallel air
Jets, of uniform size within that group. Air flows through
the jets, and must then negotiate a 90° turn at an impaction
rlate, establishing streamlines. But an aerosol particle,
based on its size and density, may have sufficient momentum
to depart from the air streamline and impact on the coliec~
tion plate. This is axial momentum, and is developed by
the mass and velocity of the particle, But radial momentun,
developed by the drag of the curved air flow, also acts on
the particle, and only if axlal momentum exceeds radial
momentum, or drag, will a particle leave the air flow and
impact. But if a particle does not 1mpéct on one stage
(insufficient mass (density and slgq)) while traveling at

a given velocity, it goes to a next stage, where conditions

lAndersen-Air Samplers, Medi-Comp Research and Develop-
ment, 1423 South 2nd West, Salt Lake City, Utah,
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Figure 2, Schematic view of Andersen Sampler, Model 0203,
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are the same, except that dlameter of the air Jets of that
group Has been reduced, This increases veloclity of both
alr and particles, but increases axial momentum more so
than radiael momentum for the particle. Hence particles

of smaller mass may impact here, while they followed the
alr flow on the preceding stages The Andersen 1s composed
of 7 such stages, each of decreasing alr Jjet diameter
(except stage 7, where the number of jets 1s reduced) such
that in general, particles of a certain size and larger,
impact on each stage. Finally, most particles that are
small enough to escape impaction on all 7 stages are
trapped by a back-up fllter., Size as measured by the
Andersen 1s related to true particle size only if uniform
denslity and shape of the particles are agssumed, A number
of investigators have considered inertial impaction in
detall, HMay (1945, 1962), Mercer (1963), Lundgren (1967),
Ranz and Wong (1952), Wilcox (1953), and Davies and Aylward
(1951) have treated the subject extensively. An inertial
impaction parameter (K) has been established as:

r'oga '

X 18°n+D

where

~ = particle density
ﬁ = air viscosity

d = particle diameter
D = jet dlameter

V = particle velocity
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The larger K becomes, the more efficient impaction becomes,
Clearly, impaction 18 proportional to particle mass (or
size, if uniform density is assumed) and velocity.

Similar conditions lead to a means for calculating
“out-off diameter" for the impaction sampler. This is
defined as that particle size for which 50% of the particles
will be impacted at a given stage. "Cut-off diasmeter” is

commonly used as the minimum dlameter for particles collected

on a particular stage.,:

DRy = 360°d

etV

D

min = minimum 4diameter

n = alr viscosity
o= particle density
V = particle velocity

4 = mininum width of air streamline

This enables one to calculate the size fraction that should
be separated on any stége of the Andersen, a hglp since the
7th stage modification until very recently had not beeq'
calibrated by others. o |

Andersen (1966), Flesch et al. (1967), and May (quoted
in Flesch et 8l1., 1967) report experimental balibrations of

the Andersen. A summary of their work is presented in
Table 3.
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TABLE 3

CALIBRATION OF THE ANDERSEN SAMPLER
50% CUT OFF DIAMETERS, um

Stage 1 2 3 b4 5 6 7

Andersen 9.2 5.5 3.3 2,0 1.0 - -

Flesch - 5.35 3 «28 1. 76 089 P 5“‘ -
(averaged)

May - 505 305 206 1.1 - -

The cut off diameter for stage 7 was calculated by Gillette
(1970) using the method previously discussed and found to be
O.40 num, One may now see-that minimum diameters, or radil,
for Andersen stages decrease by a factor roughly equal to
<2 from one stage to the next. But the "Junge mass distri-
bution” specifies a logrithmic radius interval, Therefore,
an aerosol "Junge mass distributed” should also be distri-
buted uniformly over the Andersen stages. This does not
hold true for stage 1, which collects everything above a
certain size, nor for stage 8, which collects everything
below a certain size, Gillette (1970) has calculated how

a "Junge distribution” should be impacted on successive

Andersen stages. This 1s given in Table &,

TABLE 4

PERCENT OF TOTAL MASS VS. ANDERSEN SAMPLER STAGE FOR
THE "JUNGE” DISTRIBUTION (after Gillette, 1970),

A.,3, Stage Percent of Total Mass
) | 25,0
2 9.8
Z 9.8
9,8
5 11.1
. 6 9.8
7 8.l
8 16.4
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This demonstrates that a "Junge distribution,” itself a
”straiéht line"” distribution, should impact more or less uni-
formly over stages 2-7 of the Andersen, resulting in a hori-
zontal strailght line at some given concentration f&r stages

2 through 7, but with a peak at stage 1 and at the filter.
Since a main technigque for data interpretation in this work
18 the comparison of aerogsol samples with the "“Junge mass
distribution,” the Andersen Cascade Impactor was chosen to
collect and separate by size~fraction those aerosols,

During the course of the project an especially interest-
ing experiment was conducted with the Andersen impactor. Two
aerosol samples were collected in Ann Arbor, each by 2 Ander-
gens (runs #47 and #48)., For run #47, 2 impactors were
arranged in series, Andersen #2 sampling the ambient air, and
Andersen #1 sampling the air that had Just passed through the
earlier impactor, No filter was used with the leading sam=-
pler. Results are shown in Table 32 of the Appendix, showing
iron (Fe) and Zn analyzed by atomic absorption spectroscopy.
It is quite evident that most aerosol particles of suffi-
client q;ze to be impacted have done so in the leading Andersen.

For run #48, 2 impactors were dismantled, and reassem-
bled such that except for stage 1, 2 identlcal stages were
. paired in series, a "13 stage” impactor, Again Fe and Zn
were run by atomic absorption spectroscopy on the contents of
each impaction plate., About 75% of material on each pair of
identical stages was collected on the leading stage. Since
cut-off dlameter is not sharply defined, and each second
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plate of a palr changed the size distribution of the aerosol
entering plate 1 for the next smaller size range, 75% is a
reasonable value and does not conflict with theory.

One final piece of wofk that should be described was a
laboratory test of Andersen impaction efficiency. This was
performed by generating a spherical test aerosol of known
density and uniform, known, size. This was laboratory=-
sampled by an Andersen, and stages examined microscopicslly
to rind out if the bulk of the test aerosol had impacted on
the proper stage. Two sizes of polystyrene latex particlesl
of density = 1.05 g/cc were used==6-14 um diameter and 1.1 um
dlameter., lMicroscopic examination showed the former to have
impacted in about equal amounts on stages 1 and 2., For the
latter size, a trace was found on stage 4, about two-thirds
on stage 5, and one-third on stage 6. These distributions
agree well with those found by the other investigators named,
Andersen, Flesch et al., and Gillette, -

During actual field sampling, each Andersen stage was
covered with a washed, l-mll polyethylene disc., At the com=
pletion of each run, the discs were removed and individuelly
stored in clean petrl dishes. Use of the plastic dlscs served
two purposes—1t facilitated handling and analysis of the sam=- -
ple, and it improved Aimpactor collectloﬁ efficlency by provid-

1hs & 8lightly rougher impaction surface, compared with glass
or metal discs,

Each run, except those for extended periods of time,

lBiological Products Division, Dow Chemical Company,
Midland, Michigan, '
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4was made with an in-line backup filter atfached to the
Andersen, A Millipore type AAWP0251 membrane filter of pore
size 0.8 um was chosen., This cholce was made on the basis of
required alr flow and trace element impurity characteristics
of the filter., A similar, but larger filter (Millipore type
AAWPO47) was chosen for "high volume® sample runs. A des-
cription of sample media and impurilty lefels for all sam=-
pling medla for those elements under test are listed in
Table 16 and Table 17, respectively, of the Appendix.

Each Andersen sample, as well as each "high-volume"”
sample, was collected by use of & vacuum pump (Gast, MNodel
0740-V1052) and flowmeter (Dwyer, Series RMB, #53°). Each
flowmeter was calibrated against a “primary” standard, a
chain-compensated gasometer, in the laboratory before field
use, In order to achleve proper alr velocities through the
Andersen impactor, it was necessary to operate it at 28 lpm
(1 c¢fm) in the field., Therefore, calibrations of flowmeters
included temperature corrections for the approximate ambient
temperatures expected during each field trip. Impactors
were housed in standard U, 3, Weather Bureau meteorological
sheltefﬁ or "high volume"” sample shelters during each run.

Details of sample runs and meteorological conditions during

lnlllipore Filter Corporation, Bedford, Massachusetts,

2Gast Manufacturing Corporation, Benton Harbor.
- Michigan,

3F. W, Dwyer Manufacturing Company, Incorporated.
Michigan City. Indiana.
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each run are given in the Appendix, Table 14 and Table 15,
respeoﬁlvely.

Twenty-nine elements were quantitated with respect
to particle size range by the use of two analyticai
techniques—neutron activation analysis with gamma-ray
spectrometry, and atomic absorption spectroscopy. Since
sample preparation and analytical techniques differed
markedly between the two techniques, each will be dlscussed
'separately.

B, NEUTRON ACTIVATION ANALYSIS

For analysis by neutron activation and gamma detection,
a portion of each polyethylene disc or membrane filter
containing the impacted aerosol sample was irradlated in
the Ford Reactor, Phoenix Memorizl Laboratory, The
University of Michigan. Each size-fraction 6f most samples
was initially irradiated in a flux of approximately 2 x 1012
neutrons/cmz/seo in a pneumatic tube system for a duration
of 5 minutes. After 3 minutes of cooling, 5 elements were
“counted” for a period of 400 seconds, "Counting" consists
of recording counts, or the gammaeray pulse height, over
given energy (keV) ranges for the specified time, where
time 1is live-time, rather than clock time. Fifteen minutes
after irradiation. each sample was agaln counted, but for
1000 seconds, to obtain data on 7 additional elements.
These 12 elements and thelr nuclear properties are listed
in Table 18, "Nuclear Properties and Measurement of Short-

Lived Isotopes,” of the Appendix, Counts above background
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over a given energy range for each element were then com-
pared with a standard that had earlier been treated in an
identical manner as the sample, Blanks were subtracted,
and concentration and a standard deviation, the latter
based on nuclear counting statistics, calculated for each
element over each size range. Computer programs were

- written to assist in calculatlons.

Next, longer-lived isotopes were produced and measured,
giving data on an additional 17 elements. Actually, 21
additional determinatlons were made on each sample size-
fraction, but since two gamma energles were measured for
each of 4 pollution elements, information was gained on only
17 different additional elements. The propedure for this
work involved heat-sealing each sample fractlion in a plastic
vial, and irradiating it for l-2 hours in the core of the
reactor at a flux of 1.5 x 1013 neutrons/omzlseo. Then,
after allowing the sample to decay for appréximately 24
hours, each vial was cut open, its sample transferred to a
clean glass vial, and 11 elements determined’ during a 2000~
second count. The sample was éllowed then to decay an
additional 2-3 weeks and a 4000-second count taken, giving
information on 10 elements. The decay periods were necessary
in order to allow shorter-=lived isotopes to die away, since
their presence at times shortly after irradiation would
give rise to large peaks, obsocuring smaller peaks of the
longer-lived material., These 21 determinations (i,e., 17

elements) and their nucle#r properties are listed in
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" Table 19 of the Appendix, "Nuclear Properiies and Measurement
of Long-Lived Isotopes.,” Isotopes are grouped in the
Appendix tables according to counting time (400~ and 1000-
second together), and ranked within groups in order of
ascending atomlc welght of the element sought. The counting
equipment used for all neutron activation analyses was a

4096-channel gamma spectrometer1

» fitted with a high reso-
lution Lithilum-drifted Germanium detector. Gamma energies
used for eall 33 determinations of the 29 elements were
selected from a tabulation of energies found with Ge(Li)
Spectrometry by Dams and Adams (1968),

For the longer (1=2 hour)Airradiations. a standard
containing all elements of interest was irradiated with
each group of size-fraction samples represenﬁing one run.
Counts for each sample were compared with counts for the
standard for each element, corrections madé for differences
in decay times, blank values subtracted, and appropriate
concentrations and standard deviations calculated. Again,
all computations but peak examination were computexlzed.
For these longer counting times, certain samples were
analyze& individually and others composited before
analysis. 'Composites were necessary because of the large
amounts of time needed to perform the 2000~ and 4000-
second counts. The decision of when to composite was made

-on the basis of sample location and knowledge of -

1Nucleer Data, Incorporated, Chicago, Illinois.,
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meteorologicai.conditions existing during sampling.

.Spectrometer counts were usuall& printed out by chan—-
nel on ﬁaper tape. In most cases (e.g. Cl, Br, Na, 2n) these
were manually treated to determine peék sizes and standard
deviations, This was done by summing counté in five channels
at the peak, then subtracting five background channels loc;ted
neardy. The standard deviation was calcqlated as the square
root of the total éounts in all ten channels, This method
of data handling was especially necessary, often including
graphs of peak height versus channel or energy, whenever
spectra needed to be resolved boéause of close peak proximity
for two elements, For a few elements, graphiéal treatment
was éssential. for one peak might be located on the side of
a larger peak,

Essentially, analytical techniques and data processing
involved in analysis by neutron activation were patterned . -
after that outlined by Dams, Robbins, et al. (1970).

The limit of detection for each of the 29 elements is
outlined in Table 20 of the Appendix. For most elements,
limite of detection are well below those attained by other —_
methods of analysis. It should be stressed that analysis eof
many of the less-common trace elements on one particular size-
fraction has been achieved only because of the very low
1imits of detection attainable by neutron activation
analysis. Por some elements (Cl, Br, Na, Zn, e.g.),
sample media impurities are the limiting factors, For
many qthora. especially those having longer-lived isotopes,
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the 1limit of detection is determined in part by the presence

of the more abundant elements—Na, Br--which give rise to

large amounts of radioactivitys hence the lénger cooling

time before counting of the longest-lived group of isotopes.

For all elements, limit of detection is governed by:

1.

2,

Natural abundance of an isotope that can be acti-

vated to produce an isotope having a gamma ray.

The ease with which the isotope can be activated

by thermal neutrons (atomic cross section).

These two factors, plus the half-life itself of an isotope

produced by activation, largely determine the feasibility

of analysis by this method.

These eoncepta may be shown theoretieally by the

equation:

where

AxM
W = 6,02 x 107¢Fe7ef-S

Qo 2> 0
»

& > U "
"

1 - Q'At

weight of the element
activity in disintegrations per second
atomic weight
neutron flux in neutrons/cm®/second
atomic cross section in barns

(1 varn = 10~2% on?)
fractional abundance of target nuclide
saturation facfor
radioisotope décﬁy constant
time of 1pradiation
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'In practice, A, #, and f in the above equatlion cannot be
determined accurately, and the equations are not relled
upon. Rather a sample and a standard are treated under
identical conditions during irradiation and analysls and

then comparisons mede, which was the procedure followed

during this work.

C. ATOMIC ABSORPTICN SPECTROSCCPY

Each size fraction of each aerosol sample was also
examined by atomic absorption spectroscopy. For a few
samples taken early in the experiment, this means provided
the only data available, as analysis by neutron activation
for this speciflic work was in a stage of development.

Sample preparation for analysis by atomlc absorpiion
was quite different than that requlred for actlvation
analysis. For this procedure, the aerosol_ffaction had to
be removed from the polyethylene or filter disc, and the
inorganic portion placed in solution. A number of possible
téchniques were considered, and a treatment of the sample
with acid and ultrasonic vibrations was developed. This
consisted of taking one-half of each disc (polyethylene
or membrane) and cutting it into smaller sections. These
sections were placed in a cléan, acid-washed, glass vial,
Five milliliters of 1 N reagent-grade hydrochloric acid

were added, and the sample treated by ultrasoﬁié vibrations
.rqr one hour. Thls process also warmed the sample solutions,
due to thp hpat of dissipation of fluid motion, assisting in
putting the elements into solution. Several strengths of
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HC1, HNOB' and mixtures of the two were evaluated for
removal ability and effecting solution, but 1 N HCl seemed
to give slightly better efficlencies. Longer times of
vibration were also checked, but one hour was deemed
sufficlent. These efficliencies were evaluated 1in several
ways—in microscopic evaluation of larger particles on
stages before and after treatment, various parallel treat-
ments of equal segments of individual samples, and by
sequential treatments of individual samples, with analysis
at each stage of the sequence. These tests, together with
later comparisons of these data with that obtained by
neutron activation analysis for the same samples, show that
the procedure, as discussed, removed and placed in solution
85% + 10% of the total mass present of the elements under
test,

It should be mentioned here that all polyethylene
discs were washed prior to field use by subjécting whole
discs to ultrasonic vibrations in 1 N HCl, followed by
three rinses in distilled, de-ionized, water,

During early work, consideration was given to the
analysis of 6 metals—Zn, Fe, Cu, Mn, Cr, Pb—by atomic
absorption spectroscopy. But lead was found to be present
essentially on the filter for urban samples, and other
Anvestigators (Robinaon, 1963; Gillette, 1970; Harrison,
1970) had been or were studying lead distributions exten-
sively: hence Fb was omitted. Due to the very small mass

involved in any one size fractlon. or any one stage, data
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for Cu, Mn, and Cr by atomic absorption spéctroscopy were
much less reliable than that produced by neutron activation
for these elements. Hence recourse to the latter method
was taken. But for Fe (because of its prevalence and
better method sensitivity) and Zn (because of excellent
method sensitivity) atomic absorption spectroscopy wes used
on each sample size fraction for quantitation. Atomic
absorption spectroscopy serves equally well for Zn as
neutron activation analysis does, and it is much superior
regarding Fe. Sensitivities by atomlc absorption spec-
troscopy are given in Table 20 of the Appendix,

A Jarrell-Ash Model 82-360 Atomic Absorption
Spectrophotometer1 equipped with recorder was used for
analysis of each 5-ml sampie of one size fractlion. Operat-

ing parameters are given in Table 5.

TABLE 5
ATOMIC ABSORPTION SPECTROPHOTOMETER OPERATING PARAMETERS
Lamp Spectral Line Fuel
Mode Current
Fe . Normal 20 ma, 2483 R hydrogen-air
Zn Hi-Intensity 6 ma. . 2136 & hydrogen-air

Optimal lamp current, flame composition (fuel/ailr ratio),
and flame position for each element were determined by
Plotting each variable against abgorption to locate condi=

tions for maximum ebsorption. Prior to each series of

lJarrell-Ash Corporation, Newtonville, Massachusetts.
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analyses, exact wavelength for maximum absorption was
deterﬁined. Five dilutions of a multi-element standard
were prepared and run frequently during sample analyses.
From these a standard curve for each element was ﬁrepared.
mass of element for each sample determined, and concen-
tration calculated. A standard deviatlion for each sample
was similarly calculated, based on absorption variability

for each sample,

D, COMPARISON OF METHODS

The analyses of two metalg—~Fe and Zn-~by both analy-
tical techniques that have been discussed present an
excellent opportunity to compare results from the two
methods., Moreover, several samples were analyzed in dupli-
cate by one or both methods, and on two occasions duplicate
'“Andersen impactors were operated simultaneoﬁsly in the fileld.
Finally, es previously mentioned, several elements could be
quantitated by two counts within the neutron activation
procedure. Thus ample opportunity for various types of
"eross~-checking” exists, and will be discussed.

Duplicate analyses of an individual sample for Fe and
Zn by atomic absorption spectroscopy usually differed by
less than 10%, with one standard deviation being =~ 10%.
This is shpwn for run #29 in Figure 3. Duplicate analyses
by neutron activation showed that agreement was usually
within one standard deviation of concentration. This
is 1llustrated by Figures 4, 5, and 6, showing respec-
tively, Na and C1 for run #4, Al and Mn for run #4
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and V and Br for run #43.

Magsses and mass ratlos for these duplicate analyses
are listed in Table 6 for runs #4 and #29.

Copper, 2Zn, Sb and Br each were determlned on two
counts with the neutron activation .procedure whenever longer-
lived isotopes were determined., Copper from 400- and 2000~
second counts, Br from 1000- and 2000-second counts and 2Zn
and Sb each from 2000- and 4000-gsecond counts could be
compared, Zine, Sb and Br provided better agreement than
Cu, as can be seen in Table 7 (run #22).

A nmost interesting finding was the good agreement
between analysis for Fe by 4000-gsecond gamma counts and
atomic absorption and for Zn by 2000-second gamma counts,
4000-gsecond counts and atomic absorption. These results
are tabulated in Tadble 8 and shown graphically in Figures
7 and 8 for run #22,

Finally, samples #21 and #35 were collected in dupli-
cate, Results were within 20% of each other for most
elements. Results eand ratios for Al, Mn, Bn and C1 on run
#21 and for Al, Mn, Na, and C1 on run #35 are presented
graphically in Figures 9, 10, 11, and 12, with mass and
mass ratio tabulated for run #21 in Table 9.
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TABLE 6
MASS RATIO BY DUPLICATE ANALYSIS

MASS* AND
1
RBun 2 AA
Fe 1400
Fe (D) 1400
F
F%‘ﬁiy 1.0
Zn 56
Zn (D) 60
Z
Zn 57 0.9k
Run 4
Na ' 460
Ne (D) hos
Na
 Fa D) 0493
(o3 1 690
Cci1 (D) 750
C
c1 (D 0.92
Al . 1950
Al (D) 1990
A |
1 0,98
Mn s
Mn (D) h2s
Mn (D 0.97

2
700
700

1.0

29
30
0,97

200
190
1,05

300
260

1l.15

1180
1020

1.16

147
227

le15

3
800

800

1.0

69
61

1.13

230
240

0.96

365
390

0.93

1110
1000

l.11

113
110

1.03

500
500

1.0

™
72
1.03

225
205

1.10

285
305
0.93

1710
1605

1,07

118
108

1.10

Stage
5

500
500

1.0

220
210

1.05

310
300

1.04

390
375
1,04

1830
1720

1,07

113
108

1.05

300
Loo

075

160
150
1.07

315
310

1.02

670

1.03

478
460

1,04

118
117

1.01

* Mass expressed as concentration in ng/m3,

7
300
300

1.0

220
120

1.83

270
260
1.04

530
500

1.06

116
112

1,04

132

118

l.11

8
200
200

l.0

290
270

1.07

375
390
0,96

790
810

0.97

35
32
1.10

151
161
0.94
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TABLE 7
MASS® AND lMASS RATIO BY DIFFERENT COUNTING TIMES

Stage

1 23 m z g7

Run 22

Cu (400") 23 20 53 sk 66 29 34
Cu (1000") ko 23 4o 69 ol 47 26
Cu (400"

Eﬁ‘%iEEB%T 10.58 0,88 1.32 0.78 0,70 0,62 1.30
Br (1000”) 3.6 . ll-.6 9,0 7.2 77 7l 9.1
By (2000“) 5.8 6.8 905 1100 10,1 10.7 26.0
Br (1000"

T 0,62 0,68 0,95 0.66 0,76 0.67 0,35
Zn (2000") 15 27 Ly 82 16 107 70
Zn (4o00") 23 23 39 78 135 86 sh
Zn (2000"

A (TR 0,65 1,18 1,11 1,04 1,19 1.23 1.28
Sv (2000") 1,1 0,6 0.9 1,6 2,8 2,4 1,9

3b (4000") 0,8 0,7 1.2 1.4 4.5 1.4 4,7

sb (2000"

T 1.4 o.g 0.8 1.1 0,6 1.7 O0.b

* Mass expressed as concentration in ng/m®.
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TABLE 8
MASS* AND MASS RATIO BY ANALYTICAL METHOD

S tapge

1 2 3 N 5 6 7
Run 22
Fe (4000") 920 565 460 235 210 4o Lo
Fe (AA) 790 40O 390 300 280 190 70
Fe (4ooo0o"
Ak . 1.16 1.41 1,18 0,79 0.76 0,21 0,57
Zn (2000") 15 27 44 82 161 107 70
Zn (koOO") 23 23 39 78 135 86 sl
Zn (AA) 21 28 bs 90 173 102 77
Zn (2000"
gn 0.72 0,97 0.98 0,91 0.93 1,05 0,91
Zn (4o00")
Zﬁ‘{KKT'“l 1.10 0.83 0,87 0f87 0.78 0.85 0,70

* Mass expressed as concentration in ng/m3,
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TABLE 9

‘MASS* AND MASS BATIO BY DUPLICATE SAMPLE RUN

: S tage ——
1 2 3 Iy 5 6 7 8

Run 2)
Al 225 283 312 206 170 143 17 17
Al (D) 205 270 298 200 160 125 37 30
Al
ST 1,10 1.05 1,05 1,03 1,06 1,14 0,46 0,60
Mn 13 11 16 14 26 27 15 14
Mn (D) 12 9 16 13 28 30 14 13
Mn
o T5T 1,07 1.22 1.00 1.07 0,93 0,90 1,07 1.07
Br (1000*) 11% 140 120 87 185 144 200 160
Br (D) 100 125 105 81 190 141 190 150
%ﬁ‘ﬁir 1,1% 1,12 1,14 1,07 0,98 1,02 1,05 1,06
(o5 53 95 56 73 140 135 92 120
C1 (D) I8 100 51 70 150 126 81 102
C
E%fTﬁT 1,10 0,95 1.09 1,04 0,93 1,07 1.13 1.17

* Mags expressed as concentration in ng/m®.
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Figure 3. Duplicate analyses by atomic absorption
spectroscopy, run 29,
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Figure 4, Duplicate analyses by neutron activation, run 4,
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Figure 5. Dupli'tl'cate analyses by neutron activation,
run S
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Flgure 7, Duplicate analyses by analytical method, by
4000-sec. neutron activation and by atomic

absorption, run 22,
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Figure 8, Duplicate analyses by analytical method, by

by atomic absorption, run 22,
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Duplicate samples, run 2l.
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Duplicate samples, run 21,
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Duplicate samples, run 35.

Figure 11,
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Duplicate sanples, run 35.
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CHAPTER 1V
RESULTS AND THEIR iNTERPRETATION

A, INTRODUCTION

Results found for all 50 Andersen Impactor runs are
included in the Appendix, Tables 21 through 32, Data
have been organized such that all results from any one
sample location are grouped on one table, with individual
“samples designated as runs, All Sd runs are numbered
consecutively for ease in identification. Duplicate sample
runs are given the same run number, but the second sample
of the pair is designated "Duplicate" for identification
purposes, Duplicate analyses are gleo‘labeled as such,
‘and are grouped with original analyses,

For each datum polnt} one standard deviation is entered
in parentheses immediately after the concentration figure,
This error function is based on couﬁfing statistics for
neutron activation data, and absorption peak variability for
atomic absorption data, Buf for all sample. each concen-
tration datum point is subject to an additional error of +
10% of the value listed. This error arises due to possidble
. errors in sample collection and in sample preparation,
including such items as power fluctuations affecting flow
rates, and sample disc aliquoting. .

All 16 “high-volume“ samples are arranged in a single
table, Table 33, immediately following the Andersen data.,
Fourteen of these were taken in parallel with 14 of the

5
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impactor samples, and these have been designated with the
same run number as was assigned the parallel indersen.

Two "hi-vols" were taken when it was not possible to
collect a size distribution sample; these are assigned runs
#51 and #52. The format for entering the data is the

same for these samples as was used for the impactor data.
Standard deviations are based on the same considerations,
and, again, an additional + 10% error must be assigned to
each concentration, ’

It has been found that of the 29 elements detected and
quantitated by neutron activation and atomic absorption
spectroscopy, 25 of these tend to fall into one of eight
groups. This observation 1s made mainly on the basis of the
slze spectra, but it is also reinforced by total concentra-
tlions over all slze ranges for a glven element, and also by
data obtained from high volume air samplihg. Thus, it should
prove useful to pick what seems to be an important single
element in each group, based on abundance, to compare this
with other elements in the same group, considering size
spectra and concentrations, and to compare this group with
other groups. It has proven most userul‘tO'compare each
group's elements with the Junge distribution, dM/a (log r)
= C, Group 1 consists of metals assoclated with large
aerosol particles arising from dispersion source processes,
mainly assoclated with the ferrous metals industry, andv
includes iron (Fe), manganese (Mn), chromium (Cr), and

cobalt (Co), in addition to scandium (S¢) and thorium (Th).
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Group 2 includes elements found on very small, or “conden-
sation.“ aerosol particles, again erising mainly from the
steel industry, but from processes involving conditions of
high supersaturation. Group 2 includes zinc {Zn), indlum
(In), antimony (Sb), and arsenic (As). Group 3 includes
only copper (Cu) and seems to have source processes as
mentioned for elements in both groups 1 and 2 above., Other
apparent groupings from the data include elements associated
also with large particles, such as group &4, including
calciun (Ca), magnesium (Mg), and titanium (Ti); and group 5
including aluminum (Al), lanthanum (La), samarium (Sm),
europium (Eu), and cerium (Ce)., Elements associated more
with smaller particles include group S6~~bromine (Br),
gallium (Ga), and potassium (K); and group 7==sodium (Na},
and chlorine (Cl). As willl be seen in the discussion,
vanadium (V) seems to have a2 unique size pattern of its

own. Because of extremely low concentrations involved,
and/or erratic spectra obtained, tungsten (W), mercury (Hg),
seleniunm (ée). and iodine (I) could not be adequately
classified, although several comments about these 4 elements

will be mentioned at the close of this discussion.

B, GROUPINGS BY PARTICLE SIZE DISTRIBUTIONS

l, Iron, Manganese, Chromium, Cobalt, Scandium, and Thorium

The "iron" group of elements, which includes Fe, }Mn,
Cr, Co, Se¢, and Th, should first be considered. Essentially,
these are‘obvicus dispersion aerosols and thelr origin is

mainly the ferrous and non-ferrous metals industries. The
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link between this group and the second group 1is through Cu,
where Cu seems to be emitted by both dispersion and con-
densation processes. Among the elements discussed, Fe

shows the largest concentration of any element on particles
of such a slze as to be impacted on stage 1 of the Andersen
Sampler, and decreases more or less gradually in concene
tration, depending on the sample location, toward the smaller
slzes. The closer to a source, the higher the stage 1
concentration is relative to total Fe, and the steeper the
slope of decreasing concentration. In other words, it would
seem that in general a larger fraction of the Fe found close
to source processes is assocliated with large particles than
ls true for more distant locations. Hanganese is similar,
generally having a large stage 1 size-fraction, but then a
more uniform, or “flat"” size distribution for particles ime
pacted on stages 2 through the fllter. ' This even distribu-
tion on smaller particles 1s not the case fo; Fe, Chromiun,
Sc, and Co tend more to parallel Fe. The relationship
between Fe and Th 1s less distinct. Thus, lo6oking for a
moment at sample #19, taken over a two-week periocd at the
Eagt Chicago fire station (Figures 13 and 15), the Fe con-
centration 1s ~ 700 ng/m® in the size fraction impacted on
stage 1, drops to about 300 ng/m® at stage 5, and drops
quite rapidly to less than 100 ng/m® at the filter. This

is very similar to Cr and S¢ where Cr is present to 1%

of the Fe, and Sc 0,058, It is not similar to Mn in that

Mn has a more uniform conéentration distribution, but
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shows & strong peak associated with stage 1. HManganese

at this location has a slightly rounded area around stages
6 and 7 similar to what will be shown to be the 4n pattern.
This indicates some ln on aged aerosol particles, or, Mn not
necessarily local in origin. Hanganese on other samples
often approaches the Zn pattern except for a hlgh stage 1
level, where stage 1 size ln represents local disperslon
sources., A number of other elements have size dlstrlibution
patterns similar to Fe, and for sample run #19, include Mg
and Ca, Also, Cl, Al, and Ti show a partial resemblance to
Fe. These elements arise only partly from the area steel
complex, and will be discussed in later sectlons,

Turning to the 2-week sample from Markstown, run #22
(Figures 14 and 15), Fe again shows a very even slope down-
ward in concentration from stage 1 to stage 7, ranging from
800 to 100 ng/m® per size fraction. Thorium, Cr, Co, and
Sc¢ show simlilar distributions, but Mn again deviates in
that it is more evenly distributed through all size ranges
except the largest. These elements; except for Mn, are
quite regular in their declining concentrations per stage
from stage 1 to stage 7. |

Contrast this with the next locatlion, Wirt School in
Gery, Indiana (Figure 16). The aerosol sampled here, run
#27, shows an Fe pattern from large to small particles that
slopes much more gradually than on previous samples, but, of
course, concentration is still higher on larger particles.

This pattern 1s also seen for S¢, Cr, and Co, as well as
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for Ca, Ti, and Mg. Again, Mn 1s more evenly distributed
among the stages, The magnitude of Fe at Wirt School 1is
several hundred ng/m® per stage. Wirt School in Gary 1is
located much further from the steel industry than 1§ Fiela
School or Markstown in East Chicago., This 1s reflected in
the lower concentrations and more uniform size distribution
for Fe found at Wirt than in East Chicago., But also notice
ratios of elements. Fe/Mn is » 10 for all particle sizes
at Wirt, is = 10 for small particles in East Chicago, but
then rises to = 50 for sample stage 2 in East Chicago. This
shows dispersion Fe by steel industry pollution in East
Chicago, with a small-particle background. Then Fe/ln drops
on stage 1, showlng not an Fe decrease, but a sharp increase
in large particle ln pollutlon from steel industry sources.
Cn the Ann Arbor samples, runs #45-50, Fe shows the
customary slope downward, somewhat steep, and the concen=-
trations are on the order of as much as several hundred
ng/m® down to less than a hundred ng/m® ranging from size
1l to the filter (Figufe 17). MNany other elements parallel
it quite closely, including Zn, Cr, Al, Na, Ca, Ty, Cu,
Cl, W, but not Sb., Manganese, Sc and Th show resemblance
on larger sizes (Figure 18). A dispersion aerosol (fly
ash from power generation) is strongly indicated for this
area.

Considering samples taken on Lake Michigan, Mn 1is

"Junge-distributed” far from shore, run #42, but strongly

concentrated on those particles impacted on stages 1 and
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2 where sampled close to the Gary shoreline, runs #43, L4
(Figure 19)., In fact, the closest sample to Gary, run #h3,
shows a strong peak on stage 1 an order of magnitude greater
than that on any other stage, but, on the next sample taken
further away from Gary, run #4l4, Mn 1s predominantly stage

1 and stage 2-sized, then drops sharply in concentration

- to the other sizes. This would indicate that large particles
containing most of the lin mass are falling out, Note the
decrease in stage 1 concentration from sample run #43 to run
#42 for Al (Figure 19), Ca, Mg (Figure 53), Ka, Cl (Figure
79), K (Figure 71), In and Cu (Figure 45), indlicating greater
pollution by dispersion aerosols of sample #43. Since only
very small samples could be taken on lake Michigan, 1t was
not possible to accurately measure Fe.

Looking at the samples collected near open hearth opera-
tions, runs #1 through 5, Fe is present on all stages greater
than a microgram/m® per stage, but it is 10,.;Jg/m3 on stage 1,
dropping to about 2 to 5 ng/m® on most other staées. Chro-
mium follows & very similar pattern, two ordérs of magnitude
smaller. All samples for Fe bear this out; runs #2 and 4
have been plotted in Figure 20. DMNanganese also follows this
pattern, and Sc (Figure 21), Na (Flgure 78), Ca, Ti, and Mg
(Figure 50) bear some resemblance. It appears as though the
above mentioned elements are definitely associated wlth the
steel industry, but that Ca, Mg, and Ti have other man-
made and/or natural sources.

At the sinter plant;'runs #6=10, a much stronger Fe
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peak is found on stage 1 than existed at the open hearth
(Figure 22)., The composite sample ylelds 1 to 10 ng/m®

in size ranges 2 through the filter, but as much as 30,

40, or 50 ug/m® on stage l. Manganese shows a very similar
pattern of being predominantly contained on stage 1, but
then Mn on smaller sizes may become fairly evenly dlstri-
buted (run #7), or fall off more rapidly in concentration
(run #9). Sodium follows Fe, but Cl does not; Cl is

fairly evenly distributed over all slize-fractions except
for a strong peak on the filter. Chromium quite closely
parallels Fe, as does Cu, but Zn is somewhat different. The
ratios lin/Fe, Cr/Fe, and Na/Fe have been plotted (Figure
23).

The Gary Ailrport samples, runs #28=35, shows fairly
steep Fe curves, but of much smaller magnitude than samples
taken near steel operations (FPigures 24, 25). Iron is
present to the extent of 2000 ng/m® on stage 1, and declines
to several hundred ng/m® throughouf most of the size ranges
for most samples. Chromium again is two orders of magni-
tude 10ﬂer in concentration and very similar to Fe.
Manganese shows peaks in concentration at stage 1 and
usually alsb in the smaller size ranges. This indicates
some local dispersion Mn is still present, but much of that
on the larger sizes has fallen out. Hence a dip in con-
‘centration in stages 2, 3, and 4 results, Chromium is
quite close to Mn in appearance, but Na and Cl tend to re=-

semble Mn more so than they resemble Fe (Figure 75).
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Element-to-element ratios have been plotted for Cr/Fe and
in/Fe, énd are shown in Figure 26, It is apparent that the
fallout rate for large particles is much greater than 1t is
for smaller particles. To elaborate, if an element.is
emitted on a dispersion aerosol and has a sharp excess 1in
concentration in that size-fractlion impacted on stage 1,

as contrasted with size-fractions on stage 2 and smaller,
then & sample collected at some distance downwind shows &a
loss of these largest stage 1 assoclated particles, loss to
a smaller degree of partlicles that would impact on stages
2, and only slight loss of those in size ranges 5-fllter,
Hence the resulting curve shows an apparent dip in the
distribution curve over size ranges 2, 3, and 4, But, if
the element is assocliated with a dispersion aerosol, peaking
in concentration on stage 1, but having a more gradual con-
centration decline as particle size decreases, then fallout
results in a curve more nearly resembling a "Junge distribu-~
tion." It should be emphasized that on a sampling trip during
the first week in December of 1969, there was a large dif-
ference ;n Fe concentration between the first part of the
week when the wind was from the north-northwest, and the last
day of the week when it was from the southeast (Flgure 24),
On the last day Fe is much more evenly distributed over all
sizes; the frirst 4 days it is steeper in slope and 2 to 3
times higher in concentration than on the last day. This
gshould strengthen the hypothesis that the steel complex is

the main source for Fe in that area. This same finding
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1s true for Mn. Note especially the difference in shape

as well as megnitude for Mn between runs #33 and 35 (Figure
24), In general, the elements ascribed to steel industry
sources are considerably lower in concentration at the alr-
port when the wind is not from the mills than when the
sample 18 located downwind from the source. This includes
- Zn, Cu, Sb, and Cr, in addition to Fe and Mn,

At the Gary fire station, samples #36-38 show high Fe
values in the larger particle sizes, closely paralleled by
Mn, and somewhat by Na., At the fire station the concen=-
tration of Mn is more elevated in the largest particle
sizes with a north wind than it is with a south wlnd, al-
though the magnitudes of the concentrations are not too
different,

On samples from the East Chicago flre statlon, Fe
again is much elevated in the stage l-size range when there
is a north wind, runs #15-17. Iron is much lower in mag=-
nitude and more uniform in size distribution when winds are
not from the steel complex, run #18, Iron and Mn have dif-
ferent spectra between run #17 and run #18, as shown in
Figure 27. Iron has a strong dip in concentratlon on run
#18 on stage 2, which means that larger particles are falling
. out rapidly, lowering that part of the curve, but not that
part representing smaller sizes, Chromium parallels Fe
quite closely, Sc less so. lManganese concentrations are

considerably lower on run #18 than on other samples, and

somewhat more evenly distributed. Manganese is quite
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“Junge-distributed” in many samples further from a suspected
source, Again, Ca, Mg, and Ti, parallel Fe in part.

At Field School, the general pattern is repeated
(Figure 28)., But there is one difference, Fe is quite high
on stage 1 for 2 samples, runs #23 and 24, 2-5 ug/m*®, then
is almost "Junge-distributed” over other sizes, equal to
approximately 1 ng/m® per stage, a falrly unusual finding.
It seems that most local pollution Fe was of large particle
sizes, but that there was extensive background Fe present
on smaller particles. This finding elso applies to Mn and
Cr.

Considering last the Markstown station, on runs #20
and 21, Fe and Cr are related, but Mn less so (Figure 29),
Iron 18 = 1000 ng/m® per stage. langanese may be emitted
over a much wider range of particle sizes or,. more probably,
there 13 a natural background of lMn in the smaller slze
ranges. This agrees with local Mn pollution by larger- .
slzed particles.

In summation, the 6 elements in this group, Fe, Mn,
Cr, Co, Sc, and Th, are all essentially dispersion in
origin, Undoubtedly all ferrous industries and non-ferrous
metals industries emit all 6 to some degree, with the steel
1ndustry‘the prime source.
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Figure 13. BRun 19, East Chicago Central Fire Statlion.
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Figure 15.
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Run 19, East Chicago Central Fire Station;
end Run 22, East Chicago Markstown Park.
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Run 27, Gary Wirt School,

Figure 16.
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Run 49, Ann Arbor.
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Run 49, Ann Arbor.

Figure 18,
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BRuns 2 & 4, Open Hearth Vicinity.
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Figure 21.
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Figure 22, Runs 7-9, Sinter Plant Viecinity., /‘b
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'Figure 24, Buns 31-35, Gary Airport.
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Figure 25. BRuns 31=35, Gary Airport.
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Figure 26, Runs 31-34, Gary Alrport.
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2, 4Zinc, Antimony, Arsenic, and Indium

Consider the second group mentioned, which might be
called the "zinc" group. These elements seem to be
largely assoclated with the steel industry in Northwest
Indiana, and include In, Sb, and As, in addition to Zn.
They are 16caﬁed'on condensation aerosols from the steel
1ndustr§. In many cases, however, their spectra do show
large particle size components which resemble the large
rarticle size components of dispersion aerosols from the
same industry, polnting to two separate source processes,

Regarding the two samples takeﬁ in East Chicago for an
extended period of time, runs #19 and 22, and considering
Zn, this element has the general pattern of containing tens
of hanograms/cubic meter per size-fraction on those aerosols
of larger particle size as collected by the first several
sfages of the Andersen, but rising uniformly to a peak of
about 200 ng/m® on aerosols collected on stage 5, and
decreasing again through stage 7 (Figures 30 and 31).
Related to Zn quite closely in both these sample runs are
Sb, In, and As. In magnitude, Sb is 10-20%, As 5-10%, and
In 0,01%, of the Zn, Antimony/Zn, In/Zn, and As/Zn ratios
are shown for run #19 in Figure 32, In sample run #22,
results are quite similar, but also Cu is closely related,
especlally to Sb. |

Whgn one looks at Wirt School in Gary, the same general
pattern for Zn is seen (Figure 33). Here Sb, but not As,

is related to Zn. Zinc concentrations range from 10's to 100
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ng/m® per size fraction,

'Ovér the south-central part of Lake Hichigan, on run
#42, the Zn concentration peaked on stages 6 and 8 of the
Andersen. OUffshore, but close to Gery, Indlana, ruﬁ #43,
Zn peaked on stages 1 and 8, then shlfted to stages 3 and 8
somewhat further away from the shore, as shown by run #44,

' Total Zn rose from about 1 ug/m® in the first sample to

Ll ng/m® in the sample taken closest to Gary. 4inc was not
especlally related to Sb, As, or Cu; however, these three
elements were related to each other. These relatlionships
are shown in Figures 34, 35, and 36.

On the open hearth samples, runs #1-5, Zn showed a high
concentration as sampled on stages 5 through 8 and on stage
1 of the Andersen sampler, as seen in Figure 37. 2Zinc 1s
as high as 500 ng/m® on stage 1, falls to 150 ng/m® on
stage 3, and rises to 750 ng/m® on the filter. Zinc 1s
similar to Sb, although Sb peaks more sharply on the fllter.
This is also true for As, Antimony and Cu are strongly
related at this location. 2Zinc is somewhat similar to Cu,
but not to Fe, Cr, or Mn,

At the sinter plant, samples #6-10 show a strong Zn
peak on stage 1, roughly 3000 ng/m®, decreasing sharply to
a stage 4 concentration of 350 ng/ﬁ?. and rising somewhat on
stages S, 6, and 8, This pattern, as seen in Figure 38,
indicates a strong dispersion Zn aerosol from the sinter
plant, as contrasted with the condensation 4n aerosol from

the open hearth., Antimony follows Zn fairly well at this
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location, but has a higher fllter and lowver stage 2 con=
tent. 2Zinc follows Fe quite closely, indlcatlng common
origin by dispersion. Again, As and Sb appear more closely
related to Cu.,

Away from the immediate source vicinity, samples taken
at Fleld School in Easst Chicago, Indiana, (runs #23-26)
- show slightly elevated 2n content in the largest particles,
but more importent, all runs except the last one show Zn
as high as 800-1000 ng/m® on stages 5 through 8 (Figure 39).
On the last run Zn drops'as usual on the filter. Antlimony
and As parallel Zn except they exhliblt rising filter levels,
but they do not resemble Cu.

At Markstown Park in East Chicago, Indlana, sample #20
shows a peak in the concentration of Zn on stage 1 of
60 ng/m® (Figure 40). It is much higher on stage 6,
200 ng/m®, end drops in concentration to 60 ng/n® on the
filter. Sample run #21 shows no peak in staée 1, but has a
high (160 ng/m®) filter value. Since wind patterns are
different, it éeems that the first sample corntalns more
steel industry dispersion Zn than the seconds On the flrst
sample Sb 1s of small size and follows the Zn pattern qulte
well except for the stage-1 Zn content. Antlmony in the
second sample follows Zn except for somewhat greater Sb on
stages 1 and 2. Antimony does not follow the Cu pattern.

Samples collected at the Central Fire Station in East
Chicago, Indiana, runs #12-18, show the customary Zn

pattern (note run #15); however, one sample taken under a
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different wind reglme (#18) shows Zn decreasing gradually
from stage 1 to the filter, but with a peak at stage 5.
These points are illustrated in Flgure L4y, Total concentra-
tions are similar to those found at Harkstown. On sanmples
#15-17 Sb and As resemble each other, but do not resemble
Zn., Antimony asnd As peak slightly on stage 1 and strongly
on the filter. On the last sample, #18, Sb is predominantly
from condensation sources, Antimony, As and Cu are related
well on run #15, although Cu 1s not especially high on the
filter of the last sample. |

At the Central Fire Station in Gary, runs #36-38, Zn
peaks on both stages 1 and 5. Wind from the steel industry
north of Gary emits Zn on aerosols of such slze as to be
impacted on Andersen stages 1, 7, and 8. Under other wind
reglmes Zn peaks as usual in aerosols impacted on stage 5,
as shown in Figure 42,

At the Gary Airport Zn on samples #31, 32, 33, and 34
peaks on stage 5, with very small peaks also on stage l. A
last sample, #35, shows the stage 5 peak but not a stage
1 peak due to wind shirt (Figure 43). Also, there is low
Zn concéntration on the filter.. One other run, #30, shows
a very flat'Zn curve, falling off sharply on the filter.
Here the wind was from the south. At this location Sb and
As sometlmeé parallel Cu., On samples #31-34 Sb and As
parallel Zn, but on sample #35 Sb does not follow the Zn
so well, due to high Sb on smaller aerosol particle sizes.

At Ann Arbvor, Michigan, runs #45-50, Zn is generally
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qulte erratic, is located on larper particles, and tends
even to follow Fe in its size distribution (Figure U4),
Only one sample shows the more characteristic shape (#45),
On the samples taken over an extended perliod of timé in
Ann Arbor (#49, 50), Zn is paralleled closely by Ca, Na, and
Ti, slightly by Cu and Cl, and not at all by Sb, As and In.
Most 4n found in Ann Arbor aerosols is dispersion in form,
from power plant and incinerator Tly ash, and much probably
arises by re-entrainment from the soil. Antimony, As, and
In, closely related to each other, do not have dispersion
source processes,

The conclusions arising from the size patterns outlined
above are that in Northwest Indiana Zn arises primarily from
the steel industry and 1s emitted by the industry in two
slze ranges: one 1s the large particle sizes that come pre=-
dominantly from the sinter plant, the other is that fraction
outlined by stage 5 through the filter of the Andersen, or
the smaller sizes. These are the condensation aerosocls from
the open hearth and blast furnace areas, and are much greater
in magnitude than 1s the dispersion Zn. There is a relatively
fast falibut of the large-particle Zn, but the smallest pare
ticles of Zn, perhaps Zn fume, found near source processes
on the filter and stage 7, tend to grow toward stages 6 and
5 by coagulation or surface adsorption onto other particles.
For the aged aerosol, then, we have the customary shape,
There are undoubtedly other sources of Zn in the area, which

may emit particles even smaller in size than those from the
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'open hearth and blast furnace areas. Thls-is especially
well indicated by high concentrations of filter-sized Zn

on samples taken when the wind was not from the direction

of the steel industry, and probably arises from hot-melt
processes such as galvanizing., These data are supported by
the high volume data, which also indicate that near the open
hearth area Zn is very closely paralleled in total concen-
tration over several daily samples by Sb and As in the small-
est size range, but at the sinter plant Zn parallels only Sb.
Copper, although not closely related to Zn, resembles As and
Sbh in temporal distribution.

As one moves further away from the steel industry, these
relationships grow less distinct, and are more altered by
much smaller local sources, such as foundries. Thus it can
be said that a large number of small sources..plus steel
industry sintering operations, contribute Zn to the atmos-
phere on particles 4=10 um in radius or larger. But a much
greater Zn emission occurs from steel industry furnace
operations and from other sources, such as galvanizing, fof
which thg rarticle size is sub-micron, perhaps 0.l um or
smaller in radius. As the pollution aerosol ages, larger
particles féll out, and smaller particles increase their
gilze by coagulation and/or adsorption onto larger particles,
until finally a distribution is reached such that only a
small fraction of Zn present in the atmosphere is on giant

(r>1 um) particles., Particles = 1 um contain more Zn than
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do other sizes, and 4n drops in concentration on both sldes

of this latter size.
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Figure 30. Run 19, East Chicago Central Fire Station.
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Figure 31, Run 22, East Chicago Markstown Park.
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Figure 32. Run 19, bkast Chicago Central Fire Station.
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Run 27, Gary Wirt School.
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Run 42, Lake Michigan.
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Run 43, Lake Michigan.
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Run 44, Lake Michigan.
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Figure 37. Runs 2-4, Open Hearth Vicinity.
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Runs 7«10, Sinter Plant Vicinity

Figure 38.
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Figure 39, HRuns 23-26, East Chicago Field School.
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Runs 20 & 21, East Chicago Markstown Park,
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Runs 36 & 38, Gary Central Fire Station.
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Figure 43, Runs 31-3s, Gary Airport.
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3, Copper

Copper has a distribution on many samples suggestive of
both dispersion and condensatlon types of source processes.
In the two-week sample from the East Chicago fire station,
#19 (Figure 13), Cu is very nearly "Junge-distributed,”
having a slight peak in stage 1, a dip in stage 2, rising
slightly in stage 4, but dropping off very gradually toward
the filter. This pattern is paralleled very closely by ¥n,
slightly by K, slightly by Cr, and there seems to be some
correlation with Co, Ce, Se, and Th. It is most important
to consider that the average amount of Cu found here is
approximately 3 to L ng per cublc meter per stage, for a
total of about 30 ng per cublc meter.

In another large sample, #22 (Figure 14), taken at
Markstown Park in East Chicago, Cu seems to follow in general
the last sample described, but the peak on stage 1 is
slightly more pronounced and there 1s a fairly strong peak
on stage 5, declining toward stage 2 and stage 7. The mag-
nitude of Cu is 20-100 ng/m® per stage, with total Cu equal
to abouy'hoo ug/m®., Several elements tend to follow thils
pattern quite well; Sb does, and is present to about 5% the
extent of Cﬁ; Mn does to a certain extent, and is about 1/3
the magnitude of Cu, Samarium, Cr, and Ce also appear
related to Cu.

At Wirt School in Gary, #27 (Figure 33), Cu is roughly
2 to &4 ng per cubic meter per stage, or a total of about

25 ng per cubic meter, It 1is falrly *Junge-distributed” .
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except for a small increase on stages 6 throught 8. The
filter value is the highest. Only V seems to follow Cu
fairly well at Wirt School; Sb, Ga, 4s, Zn, and Co show only
slight similarities to Cu. This level appears to be a
background level of Cu,

On Lake Michigan (Figure 45) Cu is somewhat erratlc
due to the small sample collected, but it should be polnted
out that close to lNorthwest Indlana and Chicago, Cu has a
small peak on stage 1 = 30 ng/m®, and a very large peak
on stage 8 » 300 ng/m®. It is shown in both the samples
taken close to the shore, #43 and Wi, But when one gets
further out over the lake, #42, the Cu has developed a
large peak on stage 6 ~ 200 ng/m®, which was not present on
the other two samples. There 1s also a smaller peak on
the filter = 60 ng/m®*. This suggests that Cu 1s growing in
size b& coagulation or adsorption onto larger aerosol par-
ticles. Zinc and Br parallel Cu on run #42 very well,
indicating an aged aerosol. Antimony and As, but not Zn,
resemble Cu in theilr size spectra when sampled close to
'Gary. suggesting local, but different, sources for Zn and Cu.
Away from the shore NMn and Cu are fairly well related, but
near Gary, Mn is not appreciably related to Cﬁ. Close to
Gary, most Mn 1is located on large particles—a dlspersion
source, but Cu is on small particles. Further offshore the
Mn curve flattené, but Cu tends to concentrate on particles
collected at stage 6. Mﬁ varies much less with distance

from the source than does Cu.
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Samples #1-5 at the open hearth show a small (25 ng/m®)
value for Cu on stage 1 of the Andersen, a smaller value 4
for Cu on stages 2-5, and a large Cu content (40 ng/m®) on
the filter (Figure 37). This trend in content geheraily
parallels Sb, As, and Zn, and suggests a condensation aerosol.
But the presence of a dispersion source 1s revealed by stage
1 Cu., The Mn distribution is similar except for the filter
value, where Mn drops. Chloride, Br, and Fe are similar %o
Cu, Chromium and Ce, except that mass in the smaller size
ranges, also resemble Cu,

Samples from the sinter plant show a similar distrie-
bution for Cu as does the open hearth, with elevated Cu
(~ 30 ng/m®) in particles collected on both stages 1 and 8,
contrasted with 10-20 ng/m® on stages 2-7 (Figure 38),
Potassium, Br, and As show this pattern. Antimony and Ga
resemble Cu to a lesser degree. lManganese and Fe are
essentially on large particles, Cl on much sﬁalier particles.,
~Within the steel industry, it seems likely that the major
source of Cu 1s furnace operation, producing small particles,

(r<1om), or fume. A secondary source 1s sintering opera-
tions, ﬁﬁt producing larger particles, 4 > 4 um,

For the samples collected in Ann Arbor..#h9 and 50,

‘Cu very closely parallels Zn in that both elements are
located on very large particles (Figure 44), Most Cu and
most Zn particles have impacted on stage 1., Calcium, Al,
Na, W, and Cl resemble Cu.

Now consider Cu found at the Gary Airport. Here Cu is
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‘lower in magnitude on run #31-34, but otherwise the spec-
trum appears quite similar to those found for samples taken
closer to the steel industry (Figure 46). Concentrations
for the mid-size particles are about 5 ng/m® per stage,
rising to 10 ng/m® on stage 1 and to 10-15 ng/m® on the
filter. Antimony and As resemble Cu extremely élosely on
this saﬁple. but Zn 1s not similar to Cu. In one sample
from the Gary Airport, #55, Cu is more erratic, but is
paralleled by Sb,. Concengrations are lower in magnitude,
without a large concentration on the filter, which may well
be caused by a shifting of wind direction away from the steel
industry toward the airport, thereby lowering the input of
smaller particles.

At the East Chicago fire station, #15-18, Cu decreases
from stage 1 toward stage 5, and most of the Cu is located
oﬁ the filter (Figure 41). Antimony and As are quite similar
in thls case, but Zn is not,

At the larkstown Park station, runs #20-21, Cu shows a
fairly different pattern; Cu drops in concentration from
stage 1, reaching e minimum on the filter (Figure 46), This
would seém to indicate Cu from a dispersion source, but wind
direction does not indicate the steel industry as the only
source., Copper is higher in the two samples ffom this
station than at most community locations. Concentrations
af’ 70-80 ng/m® on stage 1, dropping to 5-10 ng/m® on the
filter, are found. This indicates dispersion Cu from non

big-steel industry, perhaps a foundry, or metals fabrication.
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Other elements which resemble the Cu at Markstown are rather
few, possibly Fe and Cr, but Sb and Zn definitely vary from
the Cu pattern., Hence there are other sources in addition
to the steel industry emitting Cu, both by dlspersiﬁn and
condensation processes, but especially dispersion.

A last group of samples to consider are those collected
at Fleld School in East Chicago, runs #23-26., Copper at
this location 1s nearly "Junge-distributed” except for that
Cu found on the filter, and 1s 10-30 ng/m® per stage in
magnitude, The filter shows a large increase in Cu concen-
tration, meaning small particle predominance. This strongly
indicates an origin within the steel industry. This points
out that thé steel industry 1s responsible for most of the
condensation Cu, and for at least a part of dispersion Cu,
It is likely there are other sources of Cu generated on

large particles nearby.
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Figure 45, BRuns 42-44, Lake Hichigan.
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Figure 46. Runs 20 & 21, East Chicago Markstown Park;

B and Runs 31 & 35, Gary Airport.
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bk, Calcium, Magnesium, Titanium

Caicium. Mg, and Tl group together not only because they
have natural particle size distributions heavily favoring
larger particles, but also because they have 1ndustfia1
pollution sources that generate particle size distridbutions
very similar to, but higher in overall concentration, than
the natural distribution. The data indicate that in North-
west Indiana Ca, Mg, and Ti arise mainly from the steel and
the cement industries. Concentration of these three elements
often reaches a value of an order of magnlitude higher than
that found in the background.

On the extended sample runs (#19, 22) (Figures 47, 48)
taken in East Chicago, Ca has a concentration of about 0.4
ng/m® on stage 1 particles, dropping to less than 0,1
ung/m® at stage 53 Mg has a very similar pattern, with con-
centrations about 40% of that of Ca. Titanium has a similar
distribution, with about 0.01 ung/m® at stage 1, and less
than 0,005 ng/m® on stage 5. Titanium also shows small
peaka'at'stages'z-j in these samples. It was not possible
to obtaln samples close to a cement plant, but steel indus-
try samplés (open hearth and sinter plant) bear out the
obgervation that pollution Ti is on slightly smaller par-
ticles than is Ca or Mg, Calcium is emitted by the sinter-
ing operation in quantities as high as 12 pg/m® on stage 1
sized particles (#9) (Figure 49), and decreases rapidly in
concentration on smaller particles, Magnesium 1is quite

similar, with about 4 ng/m® on particles impacting on
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stage 1. Titanium is emitted also on large particles, but
very much on those particles impacting on both stages 1 and
2. From open hearth operations (#4) (Figure 50) Ca and lg
have concentrations about half that found for sintering
operations, and the decrease 1in concentrations for smaller
size ranges 1s more gradual, Titanlum values at the open

. hearth are higher then at the sintering plant (x 0.5 ng/ms
at stage 1), Thus the slight rise in Ti concentration at
stages 2 and 3 found away from the industry 1s due to
relatively more Ti produced in that size, when compared to
Ca or Mg, plus the more rapid fallout of stage 1 size Ti
when compared to fallout for smaller sizes .(stages 2 and 3).

A sample at Wirt School in Gary, Indiana, shows simi~
lar patterns for these elements, bﬁt lower concentrations
and more gradual decreases in concentratlion uith decreasing
particle size. (Ca =1 ng/m*, Mg = 0.2 ng/m®,

Ty £ ,03 ng/m®, per stage (Figure 51)). -

Observations at other urban locations in Gary and East
Chicego, Indiana, show results similer in distribution to
Wirt School. Examination of runs #33 and 35 at the Gary
Airport is fruitful (Figure 52). During run #33 winds
were from the Northwest Indiana steel complei toward the
sample. Note that all three elements are high in concentra-
tion in total, high on the first stage, and decrease
rapidly with smaller particle size. On run #35, wind had
shifted 180°, and results for all elements are an order of
magnitude lower on larger particles, but dropping less
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gradually to similar values for small particles, Hence
in the latter samples the curves show a much less steep
concentration drop-off with decreasing particle slze.
Samples at Field School and Markstown Park in East
Chicago and at the central fire stations in East Chicago
and Gary show similar results. Samples on Lake Michigan,
close to Northwest Indlana, with an offshore wind toward
the sample point, also point out the importance of the
large particle-size component of pollution Ca, Mg, and Ti,
Sample #43, taken offshore from East Chicago, shows typical
pollution Ca and Mg (Figure 53). Other samples from Ann
Arvor, Michigan, reinforce the validity of this observation.
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Run 22, East Chicago Markstown Park.
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Run 9, Sinter Plant Vicinity.

Figure 49,
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Run 4, Open Hearth Vicinity.
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Run 27, Gary Wirt School.

Filgure 51.
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Runs 33 & 35, Gary Airport, |
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,Figure 53, Runs 42 & 43, Lake Michlgan,.
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5. Aluminum end Rare Earths

Aluminum and the rare earths (La, Sm, Euw, and Ce)
resemble each other in their size distributions, and hence
have been grouped together. lMost of the mass of these
elements appears to be from natural sources, re-entralnment
of dust perhaps, but with a certain input of conslderable
- Al pollution from man's activities.

In & relatively non=polluted area (#27) (Figure 54)

Al exhlbits an even distribution of mass through those
particles of slizes impacting on stages 1, 2, and 3, about
300 ng/m® per stage. Then the concentration drops fairly
smoothly toward the fillter wlth decreasing particle size.
This 1s also true of the rare earths, although in this case
La and Ce are more "Junge=distributed” than the others.

But now consider the long-term samples taken in East
Chicago (#19, 22) (Figures 55 and 56). 'In all but one case,
concentrations of all elements show 1nciease; in at least
one stage, usually in several stages, from stage 2 through
stage 5. Aluminum is several hundred ng/m® per stage
assoclated with larger particles (stages 1-4), dropping
to less than 100 ng/m® on stage 5, and dropping rapidly
on still smaller particles. The rare earths are quite
similar, La = 1% of Al, Sm » 0,1% of Al, Eu = 0,01% of
Al, and Ce = la, But all elements exhibit concentration
peaks in stages 2-4, Note that size patterns differ more

than concentrations,

Within the steel industry, a maximum concentration on
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‘stages -5 is evident for Al and all four fare earths on
samples from the open hearth vicinity (#2-5) (Figure 57).
This maximum 1s approximately 2 mng/m® on stage 5 for Al,
with the rare earths correspondingly lower. On the sinter
plant samples, Al is located on particles impacting on
stage 1, as well as on stages 2-6 (Figure 58). Distribution
shapes are similar for the rare earths, all decreasing fronm
stage 1 through the filter. Less Al is found near the
sinter plant than was present by open hearth operations.

It can be concluded that some Al is emitted on particles

> 5 nm by sintering operations, but most Al emitted by the
steel industry is on smaller particles (1-4 um) from the
open hearth area.

At Markstown Park in East Chicago, a difference in Al
spectra between run #20 and run #21 (Figure 59) 1s noted.
Run #20 is the more polluted sample, and not only are size-
fraction 1=l concentrations of Al elevated in #20, but this
is particularly true of sizes 3-4, Winds were from steel
operations more so during sample #20 than during sample #21,

East Chicago Field School samples (#23, 25) show small
concentrgfion maxima for Al on size-fraction-stage 3, im~
posed on soﬁewhat level distributions from stage 1 to stage
3 (Pigure 60). Note similar patterns for La, Sm and Eu on
the composite sample (#23-26).

Similar size patterns are noted elsewhere in Northwest
Indiana, Note run #17 (Figure 61), the central fire station
in East Chicago, and runs #31 and #35 (Figure 62) at the
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Gary Alrport, where run #31 1s downwind and run #35 upwind
of the local steel complex.

An Ann Arbor sample (run #49) shows similar results
to samples from Northwest Indiana regarding size distri-
bution. Aluminum is lower in concentration in all size
ranges, but the rare earths are quite similar (Figure 63).

It seems likely that background Al is present on
larger dispersion aerosols to the extent of several hundred
ng/m’ per size-fraction. But pollution Al 1s mainly emitted
on sﬁaller particles, 1 or 2 um diameter, of concentrations
in the lmmedlate source area of approximately 1000 ng/m®
per slze-fractlon. Sources are hot processes from the

steel industry, and, undoubtedly, coal combustion for power

generation,
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‘"Figure 54, BRun 27, Gary Wirt School
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Figure 55. HBRun 19, East Chicago Central Fire Statlon,
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Figure 58, Runs 7-10, Sinter Plant Vicinity.
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Figure 59. Huns 20 « 21, East Chicago liarkstown Park
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Figure 60, Runs 23-26, East Chicago Field School.
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6., Bromine, Gallium, Potassiunm

Bromine, Ga, and K form a group of elements present on
condensatlion aerosols of intermediate particle size. Aged
aerosols show more mass associated with smaller particles
than with larger particles, although not to the degree
evidenced by the “zinc" group. This association among these
three elements 1s somewhat unusual, and is based on compari-
sons of spectra, or a grouping by "appearances,” and is not
based on chemical properties——Br being a halogen, K an alkali
metal, and Ga located with the Al family. But perhaps a
conslideration of possible source processes may_provide a clue
as to the relationships.

Inspection of runs #19 and 22 from East Chicago shows
quite simillar distribution curves for Br and Ga, Sample #19
shows a definite concentration maximum on that particle-size
range assoclated with stage & (Figure 64).4 A definite maxi-
mum 18 located at stage 7 on run #22 (Fizure 65); this sample
being taken much closer to the steel industry. Perhaps this
8lze is more representative of source particle sizes, at
least fo; this industry. Fillter data are unavailable for
these samples, but based on other samples; i1t seems most
likely that‘peak concentrations also exist on particles that
would have been trapped by a filter. Note that on both runs,
especially #22, K is more nearly *Junge-distributed” than
most other elements. Concentrations of Br are approximately
10 ng/m® per stage, with a decrease of 100-fold for Gaj;

K 1s between 20 and 100 ng/m® per stage,
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Concentrations of Br at Wirt School (#27) are similar
to thosé found at Harkstown (#22), agein with a rise at
stage 7, and an even greater concentration at the filter
(Figure 66), Gallium agein follows at & magnitude of 1%
of Br., Potassium is approximately 100 ng/m® per stage, or
similar to other samples. -

Considering samples taken at a steel industry (#2-4,
6-9) (Figures 67 and 68), Br shows very little change in
concentration or in shape of the size spectra-=Br again
equals about 10 ng/m® per stage, with a peak of several
10's of ng/m® on the filter. This indlcates that, within
this industry, amblent Br levels are less! The sltuatlion
regarding Ga is a bit different. Gallium spectra agaln
resemble Br, but here the concentrations are 5-10% of the
Br. Potassium is several hundred ng/m® per stage, with a
filter peal of nearly 1 ug/m®, at the open hearth, and
similar in the mid-size ranges at the sinter plant. But
this latter sample contains sharp K peaks on particles
gized by stage 1 and the fllter.

To yarwing degrees, urban locatlons in East Chicago
generally show Br patterns havihg concentration maxima on
particles impacting at about stage 5. With decreasing
particle size smaller than that impacted on stage 5, con-
centrations may increase or decrease slightly, or remaln
constant except for fillter-sized particles. Concentrations
per stage range from less than 10 to several hundred ng/m*.

Run #21 (Figure 69) shows a fairly level Br distribution,
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paralleled by Ga, at the Bast Chicago Markstown area,
Gallium is less than 1 ng/m®, and Br approximately 100
ng/m*, per stage, or Br/Ga m 1000, Runs #15-17 show a
different pattern for both, with emphasis on the smallest
particle size (Figure 70), Magnitudes of Br are 10's to
100's of ng/m® per stage, and again Ga is less than 1% of
Br. BRun #18 (Figure 70) shows an elevation of Br, perhaps
caused by a reduction in wind speed, which results in less
Br beilng swept away from the sample site, the East Chicago
fire station, located in a commercial area, Wind speed,
rather than direction, seems to effect greater changes in
Br levels. Essentially K appears less "Junge-distributed,”
with peaks on large and small particles, when the wind is
from industrial, rather'than comnmercial, sources. Its
magnitude approximates 100 ng/m® per stage.

RBuns #36 (north wind) and #38 (south wind) show obvious
Br pollution on small particles from downtowﬁ Gary (Figure
71). .

Buns #42 and 43 on Lake Michigan point out the
greater amounts of Br found on small particles near Gary,
as contrasted with further offshore (Figure 71).

Based on these results, it appears that Br is produced
mainly by transportation sources, with almost no Br
assoclated with the steel industry. This Br is associated
with condensation aerosols of very small particle size.
Bromine quickli,attaches to larger particles of about
0¢5-1.0 um in redius (stages 4-5). Gallium is also emitted
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on condensation aerosols, but here primaril& by the steel
industry, and on particles larger than those emitted by
transportation sources. Potassium is emltted by a wlder
variety of sources, including the steel industry, mostly on
condensation, but partly on dispersion, aerosols. Some K,
perhaps most, undoubtedly arlses from area chemical opera-
tions., Because of its high degree of reactivity, and
fallout of large particles, K quickly approaches a "Junge
distribution.”
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64, Run 19, East Chicago Central Fire Station
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Figure 65, Run 22, East Chicago Markstown Park.
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Run 27, Gary Wirt School.

Figure 66,
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Runs 2-4, Open Hearth Vicinity.

Figure 67,
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Runs 7-10, Sinter Plant Vicinlty.
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Figure 69, Run 21, East Chicago llarkstown Park.
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Figure 70, Buns 15«18, East Chicago Central Fire Statlon.
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Figure 71. Runs 36 & 38, Gary Central Fire Statlon;
and Buns 42 & 43, Lake Michigan.
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7. Sodium and Chlorine

Sodlum and Cl have been grouped together because of
thelr obvious assoclation together in sodium chloride salt
crystals. If this assocliation holds true for most aerosol
Na and Cl, then not only should theilr size distributions
be parallel, but mass concentration shoul@ follow a Cl/Na
ratio of 1l.5. Also, due to the fallout of large particles,
and the chemical reactivity of both Na and Cl, one might
expect a “Junge distribution® for urban aerosols to be
achleved rather rapidly. In this section.these concepts
are considered and predominant sizes of fresh Na and Cl
pollution aerosol components are determined., Then this group
ls compared with K and Br from the preceding group, for Na
and K are quite similar chemically, as are Cl and Br,
Finally Br/Cl ratios are considered.

A two-week sample from East Chicago (#19) shows very
smooth size distribution spectra for both Na and Cl at the
fire statlion, with some predominance of mass on larger
particles (Figure 72). Sodium concentrations on stage 1
are 200-300 ng/m®, dropping to about 50 ng/m® at the filter.,
Chloride concentrations are 50-100% higher on larger par-
ticles (perhaps salt crystals) as might be expected, but
drops more rapidly than does Na with decreasing particle size,
until; at filter size, Na exceeds Cl in concentration by a
factor of 2-3, Similar features are shown by run #22;
Figure 73. | .

At Wirt School in Gary (#27) the C1/Na ratlos are 1-2
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for all size fractions except the filter, where it is

5 (Figure 74). Hagnitudes per stage are m 125 ng/m® and

80 ng/m®, respectively, for Cl and Na, But for this sample,
concentrations are more uniform over the size ranges.than
was the case in East Chicago. Simllar patterns are seen at
the central fire station and airport in Gary (#36-38 and
#28=35); again the ratio of Cl/Na on the filter may be
somewhat higher than that for the 7 impaction stages. Two
runs from the airport are graphed on Figure 75.

In East Chicago on dailly samples from the fire station
(#12-18) size distributions are again essentially "Junge;"”
however, the C1/Na ratio is more variable—from 1 to 5
(Figure 76). Note the Cl peak on stage 5 of run #17.
Similar findings arise from samples at Markstown (#20-21)
and Field School (#23=26) (Figure 77).

Now note the steel industry (Figure 78). Open hearth
samples (#1I-5) show the expected pattern and magnitude,
except for stage l. Here Cl and Na are elevated in con-
centration four-fold. Also some elevation of concentration
of both elements is noted on the smaller particle sizes.
But a C1/Na ratio of 1.5 holds well. At the sinter plant
(#6-10), Cl1 concentrations are elevated on all stages,
especlally the filter, Sodium concentrations are high on
both stage X and the filter. From stage 3 to stage 7 the
C1/Na %s constant, but high--about 5. This ratio increases
to = 20 on stage 8, but has a value of 1.2 on stage 1.

Hence it seems l1ikely that the steel industry emits
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large NaCl salt particles from both open hearth and
gintering operations, some small particles from both
gsources, but including an aerosol especially rich in con-
densation Cl1 from the sinter plant.

Samples from the air over Lake lMichigan show fairly
parallel Cl/Na distributlons, except for high Cl concen=-

. trations on size interval-stage 8 (Figure 79).

It has been noted by Loucks and Winchester (1969) that
generally the Br/Cl ratio in aerosols lincreases with de-
creasing particle size, and it has been postulated that Br
leaves larger particles preferentially to Cl, and attaches
to smaller particles. These data conflrm that the Br/C1
ratio does indeed increase with decreasing particle size on
urban aerosols. This effect is masked, however, near sources
(such as sintering operations) where there 1s a large input
to the atmosphere of small particles containing Cl. This
effect is shown on Figure 80 for urban samplés #27 and 30,
and for industrial complex samples #4 and 7.
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Figure 73, BRun 22, East Chicago, Markstown Park.
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Run 27, Gary Wirt School.

Figure 74.
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Figure 76 Runs 17 & 18, East Chicago.Central Fire Station.
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Figure 77. Bun 20, East Chicago Markstown Park; and
Run 25, East Chicago Fleld School,
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Figure 78. Run 4, Open Hearth Vicinity; and Run 9,
%5 Sinter Plant Vicinity.
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Figure 79, Runs 42 & 4i4, Lake Michigan,
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Figure 80, Run 4, Open Hearth Vicinity; RBun 7, Sinter
Plant Vieinity; Run 27, Gary Wirt School;
% and Run 30, Gary Alrport.
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8. Vanad fum

Vanadium has been classified by itself due to 1its
having a constant and unique size distribution on nearly
all samples. Total concentrations vary more than do the
slze spectra.

Urban Wirt School in Gary (#27) (Figure 81) shows a
typilcal size distribution for V-contalning aerosols. This
distribution is nearly uniform over the largest 5 slze
ranges (stages 1-5), with qoncentratlon decreasing in stage
6, but rising to a sharp maximum point at stage 8, Con-
centrations are several ng/m® per size-fraction for larger
particle size ranges, dropping to 1 ng/m® on stage 6, but
rising to 13 ng/m® on the filter., |

This pattern 1s essentially repeated on other long
samples (#19, 21) from East Chicazo, but with higher con-
centrations per stage (Figure 82), |

Similar patterns and magnitudes, but for lower stages
I and 2 concentrations are found at Markstown (#20, 21),
and at Field School (#23-26) (Figure 83).

At Gary Airport results are again similar on runs #31-
34, but 65 run #35 concentrations are lower (Figure 81),

On Laké Michigan, close to the Northwest Indliana shore-
Iine (#43-44), the expected distributions are found, but
for run #42, taken much further offshore (Figure 84),
patterns and amounts per size-fraction are again simllar
for stages 1-7, but the sharp filter maximum is absent,

Buns #15-18 in East Chicago, at the fire station, show
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lowest levels on run #15, but with a definite filter peak,
with winds from commerclal areas of East Chicago (Figure
85). HBRun #17 shows much higher levels overall, and still
retains the general curvature of a level dlstributién on
particles at stages 1l-4, a decrease to stage 6, and a sharp
rise in V concentration on material trapped by the fillter.
Here winds are from the 0il refining industries of East
Chicago and Whiting, Indisna. BRun #18 shows still higher
concentrations per stage, and retains a peak on stage 8,
but shows high V on stages 3 and 4, Here winds are from
part of the East Chicago chemicals manufacturing complex.
Hence it might be argued that V, used extensively as
a catalyst by both types of industries Jjust mentioned, 1is
being emitted by the chemical industry on particles impact-
ing on the mid-size stages of the Andersen. Oil refining
operations emit slightly less V, on a more evenly distributed
aerosol size range, but with a higher V concentration on
smallest particles., Lastly, transportation sources emit V
an. order of magnitude less in concentration, and essentlally
on only those particles trepped by the Andersen filter,
The even, but lower level, distribution of V on larger
sizes in non-manufacturing urban areas is most likely back-

ground V, The steel complex does not seem to be a signi-

ficant source of V,
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Flgure 82, Run 19, East Chicago Central Fire Stationg
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Runs 20 & 21, East Chicago Markstown Park;
and Run 23, East Chlcago Field School,
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Kuns 42 & 44, Lake Michigan
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Figure 85,
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9. Miscellesneous Elements

Data for four other elements 1dentified in this study
are included in the #ppendix., These are W, Hg, Se and I,
But the data are too fragmentary and errors too large to
draw definite conclusions as to source processes for these
four elements or their behavior when airborne.

One might infer that since W 1s used'as a catalyst
by the chemicals industry, end considering the larger chemi-
cal complex in Northwest Indiana, this might be a signifi-
cant W source; perhaps the prevalling sizé is that aerosol
size range asscclated with the mid-stages of the Andersen.,
The data are not in conflict with such an argument.
Tungsten impurities in Fe ore and steel-tungsten alloy
production may also contribute to atmospheric W,

No particular sources of mercury are known. Chemlcally
Hg is related to Zn, and one good sample for Hg size dis-
tribution (#19) does show fair size distribution correlation
between Zn and Hg (Figure 86).

Selenium has been shown to be related to sulfur, where
Se/S is approximately equal to 10-4. Thus electric power
production may be the significant source of atmospheric Se.
One run (#19) shows a Se distribution not unlike that of Al,
a major pollutant from power plant operation (Figure 86).

Concerning I, the data show nothing that may be re-
lated to source processes. IlIodine may be associated with

other halogens in the atmosphere due to chemical properties.
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Run 19, East Chicago Central Fire Station.

Figure 86,
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10, Total Lexrosol Samples

Sixteen "high volume" air samples were taken during the
first week of December, 1969, in conjunction with the samples
collected for size-distribution studies during that week.
Fourteen of these were collectéd simultaneously with the
size-fractlon samples. Only for runs #51 and 52 were sized
aerosol samples not taken simultaneously at the same lo-
cation. Elemental composition of each total aerosol sample
was determined by neutron activation analysis and atomic
absorption spectrophotometry in the same manner as was
elemental composition of each particle size-fraction deter-
mined on the samples collected by impactors. The data

obtalned reinforce well the conclusions reached by exami~-
.nation of the size spectra. Three.treatments of the data
are presented., )

In Table 33 of the Appendix are listed total aerosol
concentrations by mass for each of the sixteen samples. The
high "suspended” particulate content of the samples taken
near steel industry operations, compared with samples taken
in the community of East Chicago, is indicative of pollution,
partlcuiarly by dispersion aerosols, from that operation.
Samples from Field School in East Chicago weie also high,
but this location, on the days of sampling, was downwind of
the local steel complex. Of the 16 samples, those from the
" fire station in East Chicago repreéent the furthest point
from the suspected source, and aerosol levels there are

approximately 20% of the levels found within the industry,
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A second treatment of the data was to Plot average
concentrations found during the week for each of the elements
against location. Results for 8 representative elements are
shown in Figures 87-94, These comparisons especiaily point
out the degree by which the steel industry 1is responsidvle
for certain pollution elements, but not responsible for
others. 1Iron is emitted by open hearth and sinter plant
operations, but sintering emissions are especially rich in
Mn, Copper is more strongly assoclated with the open hearth
shop than with the sinter plant; the same is true for Zn,
but to a less noticeable extent. The steel complex is only
one of several sources of Al., O0il refining operations,
which surround the East Chicago Fire Statlion, account for
most V pollution. The data for K and Cl suggest that steel
operations ere not generally a ma jor source, .

A third treatment of the total aerosol conmposition data
involved the calculation of the mass of each element as a
per cent of total mass. Total aerosol mass was determined
for each sample gravimetrically., Results from each location
were averaged, and are presented in Table 10, Consider
samples-taken close to the steei industry (open hearth and
sinter plant) and those taken downwind (fire station and
Fleld School)., For those elements emitted as dispersion
aerosols from steel operations, the rercentage should drop
downwind as the larger particles more quickly settle out of
the atmosphere. That they do is supported by the trend of

data for Fe and Mn. But for condensation elements from the
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TABLE 10

AVERAGE MASS OF ELEMENTS AS PER CENT
OF TOTAL AEROSOL MASS
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‘same industry, percentages should rise as the larger par-
ticles are removed. This interpretation 1s consistent with
the data for Zn, Sb, and As., For elements not assoclated
with steel processing, percentage should rise, as large
“steel source” particles rall out, This i1s shown well by V
and Br, as the source of V pollution is indicated well by
the high V content of aerosols from the 611 refining area
(fire station)., TFor elements having multiple scurces, the
situation 1s less clear. Aluminum appears more randomly

distributed in space, as are K and Cl,

C. PROPERTIES AND USES OF ELEMENTS

The groupings outlined on previoué pages may now be
related to possible natural groupings, based purely on
chemical and physical properties, and to groupings based on
ma jor uses of each element, It is found that many groups
or parts of groups based on size spectra do agree with
groups arising from ordering the elements by chemlcal
properties as suggested by the Ferlodlic Table. MNany excep-
tions occur, but these seem to be assoclated with a mejor-
use classification of the elements, as may be seen in Table
1l. Hence it appears that the source process largely deter=-
mines the size distribution found for a given element. But,
in addition to physical processes such as particle fallout
and adsorption, chemical properties may play an indirect role
ytn:partlcle size determination. This arises from a consid-
efation of common salts and/or oxides that may be expected

for compounds for the elements. A few common compounds
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TABLE 11

CLASSIFICATION OF ELEMENTS BY SIZE,

CHEMICAL PROPERTIES, AND USES

Size
Distribution

1) Fe. Mn. Cr, CO'
Se, Th

2) Zn, In, Sb, As,
(Hg)

3) Cu

4) Ca, Mg, Ti

5) A1, Rare Earths
(Se)

6) Br, Ga, X

?) Na, C1

8) Vv

Chemiceal
Properties

1) Fe, Co

2) Mn, i Br, C1
3) Cr'

) Visb, As
5) Ti, Th

6) Sc, Rare Earthsl
Al, Ga, In '

7) Mg, Ca} Zn, Hg

8) Na, X § Cu

Use
Categories

Metals) Fe, Mn, Cr,
Co, Zn, In,
Sb, As, Cu,
Mg, Ti, Al,
Ga, Na, C1

Chemicals) Na, K, V

- Power Production)

Al
Cement) Ca, Mg

Transportation)
Br, Cl

Natural Pollutants)
Al, Rare
Earths, Na,
C1, Ca, Mg,
Ti
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are listed in Table 12 (Handbook of Chemistry and Physics,
1956).

It is obvious from Table 12 that halide and sulfate
salts of the elements are more soluble in water and have
lower melting points than do the oxides., Bécause of the
solute effect (discussed in Chapter I), small particles of
soluble salt may grow to larger sizes more rapidly than
would small particles of oxides. Hence these salts, espe-
clially the alkall metal halides, and involving Na, K, C1,
and Br, should more quickly approach a "Junge distribution.,”
This is well shown by the data. i

lielting points should also be examined. The salts
generally melt at much lower temperatures than do the
oxides. Therefore, fronm a high temperature source, conden-
sation aerosols are more likely to result ror_low melting
point materials than for high, and condensation aerosols
should more resdily approach a "Junge distribution® than
should dispersion aerosols. The data indicate that Na, K,
Cl, Br, and perhaps V, probably present as salts, readily
approach the theoretical "Junge mass distribution;” Cu, Zn,
Sb, and As 40 so more slowly; anﬁ Fe, Mn, Cr, Al, Ca, and
Mg, probably present as oxldes, do so to only a slight
degree,

D. ATMOSPHERIC RESIDENCE TIMES

One may now consider the estimated residence times in
thd,qtmosphere for selected pollutants. Rainfall occurs in
the Midwest about 3-4% of the time. For a constant source
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TABLE 12

MELTING POINTS AND SOLUBILITIES IN WATER
FOR COMMON COMPOUNDS

Meltigg.Point Solubility in Water

Compound (ec) (/100 ml)
Fe,0, 1565 1,
Fe013 282 74
MnO, 535 1.
Zn0 > 1800 1.
ZnC12 262 k32
Cu0 d. i,
CuSOy, 200 | 14
CaO 2580 <1l
CaClz 772 ' 60
A1,0, 2050 i,
KC1 776 . 35
NaCl 801 . 36
KBy 730 53
NaBr 755 _ 80

vzos 690 <1l



176

of pollution, therefore, dry sedimentation and limpaction

may be-the ma jor avenues of aerosol removal for the larger
particle sizes, 5-10 um and greater in diameter, even

though soluble particles of thils size may act as cdﬁdensa-
tion nuclei. luch of this larger-sized material falls
within the source reglon. A smaller percentage of those
aerosols less than about 5 nm emitted within the source
region also pollutes the same area. Huch of this material
remalns airborne for at least hours, is transported away
from the immediate area, and may be activated as cloud=-
droplet nuclel because of 1ts longer residence time, But
consider the particle size range of an aerosol from a major
source process. I'or example, Fe from steel mill sintering
operations has a mass medlan dlameter of at least 10 unm,

As shown in Chapter I, for a particle of dlameter greater than
10 um, sedimentation is important, where fall velocity

(Vé) > 1 cm/sec, Hence a particle originally at 100 m would
fall to the ground in about 10,000 seconds, or less than 3
hours.. For a wind speed of 5 IPH, probably most particles
would impact on the ground within 15 miles of the point of
origin. That Fe particulates eﬁitted by a sinter plant do
fall out actually much closer than 15 miles to the point of
origin appears obvious from the results previously discussed,
Hence other fallout mechanisms (turbulence) must operate.

A particle 1 um in diameter has a sedimentation veloclty of
aboutfomOI cm/sec, for a residence time on the order of 300

hours, For a 5 MPH wind, this means e particle could
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remain airﬁorne fof a range of 1500 mlles or more if no
other removél mechanisms were in operation. Decreases in
concentrations of particles 1-10 um in diameter are significant
even a few miles from a source process, as shown by the data
- of Chapter IV, Th; deposition rate, based on observed
decreases 1in concentration, of smaller particles (@4 < 10 um)
is gréater than that predicted by sedimentation theory.
Stokes' Law is not valld for these gmaller particles, where
Vs < 1 cm/sec. Although deposition rate is proportional to
the 1mmédiate ground level concentration, dry deposition
velocity (V&) ranges over an order of magnlitude and 1is
largely dependent on surface roughness. Thus Vd exceeds Vg

for smaller particles.
w = Vdnx.

where W = amount removed per unit time per unit area,
Vd = deposition veloclity,

X = ground level concentration of aerosol,

Théﬂﬁarwell experiments (discussed by Slade, 1968)
show that iodine-131 vapor, adsorbed on condensation nuclel
-too small to have an appreciable gravitatlonal settling
veloclty, deposit on surfaces due to turbulent impaction,
electrostatic, and chemical forces with an average Vg of
approximately 2 cm/sec., Other studies (Slade, 1968) show
V4 to bve mucﬁ greater under strong lapse conditions than
under inversion conditions. Henﬁe the relatively fast dry

removal of smaller. particles noted in this wdfk. which
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cannot be exp}ained by sedimentation alone, does confirm
the exlétence of other dry removal processes, such as
turbulent impaction, ecting on the aerosol. It appears that
elements associated with the lergest particles (a > 10 um)
emitted in Northwest Indiana tend to fall out in the same
general area. But those on smaller particles pollute both
the immedlate source vicinity and areas further away. This
latter class includes, certainly, much Zn and Cu.
Winchester and Nifong (1969) have attempted to predict
the extent of pollution of Lake Michigan by aerosol fallout
for several elements, and for Cu and Zn the atmospheric
contribution may be comparable to that from streams flowing
into the lake., A&4ssuming the major source of both elements
to be the Chicago area steel complex, and emission heights
to be 100 meters, calculated times for settling, according
to the Stokes formula, for two sources within the industry

for Cu and Z2n are tabulated in Table 13,

TABLE 13
ELEMENTAL SETTLING TIMES
Open Hearth MMD, am ) Settling Time, hrs,
Cu 8 75 s 300
Zn & 75 & 300
Sinter Flant
Cu T m 1=1.5 = 200

Zn | >5 < 10
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Due to atmospheric turbulence, surface roughness, and
sources closer to the ground, true times for settling may
be much shorter than the above table indicates, It does
imply, however, that much atmospheric particulate matter,
especially that distributed on larger sizes, with certain
prevailing wind speeds and directlons, finds its way into
Lake Michigan by a fallout route,

E. TRACERS

An area of great interest in ailr pollution studies is
the use of tracers to identify a particular source or
source process. Hashimoto and Winchester (1967) have
investigated the Se/S ratio (= 10'“) and possible use of Se
as an index of S pollution., A knowledge of both concen-
tration and size distribution of certain elements in
aerosols, as learned from this project, may enable the
investigator to select natural tracers for certain pollution
processes.

Hass measurement of a single element assoclated with
an aerosol, even with a knowledge of size distribution,
seldom enables the use of that element as a natural tracer.
Lead may indicate the combustion of leaded motor fuel, and
sexrve as an index of pollution by transportation sources,
and vanadium may be a tracer for emissions from oll
refining operations, but generally concentrations of single
elements in the atmosphere reveal little about'speciric
source processes producing those elements. A single élemant

may come from several types of sources, and therefore, is
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at best an ambliguous tracer. Slze and concentration of a
single element may be indlicatlive of a specific source
process 1f the air 1s sampled close to a suspected source.
In the data presented, for example, lMn located on large
particles (4 > 10 um) indicates sinter plant emissions
from the steel industry. But further downwind, after re-
noval of these large particles, background ln found reveals
nothing regarding its sources, Thus such use of single-
element measurements l1ls quite linmited,

But clusters of elements found within a small source
region may serve as a tracer if size-distribution ratios
and absolute concentrations are determined near to and
progressively further from a potential source. East
Chicago appears to be such a source region,

Several individual elements may not be comnponents of
the same particles, but of different particles, with differ=-
ent removal efficlencies whlle airborne. Such elements
would not be useful as tracers, since different particles
usually arise from a variety of sources, If, on the other
hand, two or more elements are found having the same size
distribution patterns, this would indicate these elements
were located on the same perticles, and were from the same
source processs A spectrum of element-to-element ratios by
size~fraction would be a constant, and these elements would
tend to have the same removal efficlencies while in transit
from thelr source. Then ratios determined for these

elements at locations further from the source would again be
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uniform. Such ratios may serve as a very good tracer
technlque., A

The elements were earllier classifled iInto eight groups
in this chapter, based on similarities in size distrlbution
spectra found near large source processes in East Chlcago,
in the belief that such similarities indlcated common
origin. The degree to which such similarities persist in
samples taken further from the suspected source area 1ls an
indication of what portion of those elements found at the
IJatter location arose from the specifled source, The data
suggest that the distribution of antimony-to-zine ratios
is a useful tracer. In Flgure 95 are plotted ratios of
Sb-to-4n from a suspected source, open hearth steel opera-
tions, from nearby at the East Chicago Fire Station, and
from Wirt School in Gary, several miles from East Chicago.
Note the constant spectfa found for ratios.from the first
two samples, and the deviation from these found in the last.
It is concluded that Zn and Sb in East Chicago alr cone
primarily from open hearth steel making, dbut that only a
small part of Zn and Sb found in Gary 1s due to the same
gource process. |

Similar examination of manganese-~to-iron ratios at the
same three locations, and at iron ore sintering operations,
shows both these elements are emitted from the two steel
"Industry operations, that most Fe and Mn in BEast Chicago alr
is from these sources, and that most of these elements in

Gary is also from such operations. Magnitudes of
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concentrations indicate sinter production to be the prime
gource. These ratio distributions are shown 1in Flgure 96,

Sodium and chloride present a situation where, due to
the presence of NaCl salt, uniform ratio distributions are
extremely prevalent, and do not lsolate source processes.
But, near suspected sources, departures from Cl/Na = 1.5
indicate pollution processes. In Fligure 97, small particle
Cl from open hearth facilitles and large particle Na from
sintering processes are demonstrated. Nearby, at Bast
Chicago Field School, the same trend is shown, but in Gary,
at the airport, a 1.5 ratio for C1/Na is quite uniform over
all particle slzes.,

It can be concluded that in a few cases comparisons
of size distributions of concentrations of a single element
may be useful as a tracer technique, but a more powerful
concept lies in comparing size distributions of ratliog of
elemental conocentrations. This latter fleld deserves much

consideration in future work of this nature.
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Caption to Figures 87-94, Elemental concentrations,
averaged, on total aerosol samples taken December l-5,
1969, East Chicago, Indlana, Sample locations as shown
in-Figure 1 end described in Chapter II; winds SW=N,

as shown in Table 15,
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Figure 87, Iron, total aerosol averages.
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' Flgure 88, llanganese, total aerosol averages.
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Figure 89. Copper, total aerosol averages.
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Figure 90. Zinc, total aerosol averages.
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' Pigure 91. Aluminum, total aerosol averages.
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Figure 92, Chlorine, total aerosol averages.
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NANOGRAMS/CUBIC METER

Figure 93. Potassium, total aerosol averages.
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* Figure 94, Vanadium, total aerosol averages.
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Filgure 95, Antlmony4t0~21nc ratios==(4) Run 19, East

% Chicago Central Fire Station; (B) Runs
L B 2-4, Upen Hearth Viecinity; (C) Run 27,
1 Gary wWirt School.
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o  Flgure 96. lManganese-to-Iron ratios—(A) Run 27, Gary
b Wirt School; (BE) Run 4, Open Hearth Vicinilty;
- 1 (C) Run 7, Sinter Plant Vicinity: (D) Run
1 19, Easgst Chicago Central Fire Statlon.
w-
3
X I
'
w:
L
b
I -
i — W
] - D)
|
b
51
wi
"h —
R ;
.
8 7 6 ) | 3 2 1

STRAGE. NUMBER



194

Figure 97. Chloride-to-Sodium ratios—(A) Run 9,

_ Sinter Plant Vicinity; (B) Run 33, Gary

B Alrport; (C) Run 4, Open Hearth Vicinlty;
1 (D) Run 25, East Chicago Fleld School.
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CHAPTER V

CONCLUSICNS

Measurements of trace elements in amblent aerosols
from a heavily polluted source zrea have been extended by
this work to include detection and quantitation of 29 trace
elements in aerosol size-fractions. These data have been
used in an attempt to identify major local source processes
by type for as many elemental components of the amblent
aerosol as possible, and to distinguish between anthropo-
genic and naturzl sources. Changes in particle-silze distri-
bution for these elements after emlsslion have been
considered, and their differential removal.from the atmnos-~
phere by dry fallout has been estimated. The situation in
the source area studied, Northwest Indiana, is that trace
elements in urban aerosols fall into distinect groups.
1) Dispersion aerosols primarily from indusprial sources
include Fe, ¥n, Cr, Co, and perhaps Sc and Th from the
steel industry. These elements, as enitted from sintering
operations, show a distinct large particle pfererence.
usually occurring on particles greater than 10 um. As emit-
ted from open hearth and blast furnace operations, they
occur on eslightly smeller particles and'in lower concen-
trations., In either case, the particle slize is large enough
that much if not most of this material falls out in the near-
gource vicinity., There are other local sources (e.g. power
generatiop) for these metals, but based on changes in size

distributions found with distance, and on an emissions
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inventory (Ozolins and Rehmann, 1968) for the area, the
steel industry accounts for most pollution by the elements
in this group.

2) Other dispersion aerosols showing distinct large particle
preference (@ > 10 xm) include Ca, kMg, and Ti, But for
these not only is the steel industry 2 major source, but
cement manufacture and power generation, plus natural sources,
are quite significant. 4dAgain, atmospheric residence times
for these elements should be quite short, with dry fallout
rapld due to the large particle size, Aluminum and the

rare earths (lanthanum, samarium, europium and cerium)
constitute an additional group of dispersion elements, also
showing a large particle preference. For these, input fronm
natural sources (soil re-entrainment) may be substantial,
Pollution 4l is emitted in smaller quantities from the steel
complex than from power production, but-for both source
processes, the quantity of Al is small compafed to that of
natural origin. Aluminum 1s assoclated with particles 1-5
um in diameter from steel operation, and with particles

> 5 um in dlameter from power generation sources.

3) The éiements zinc, antimony, arsenic and indium show

& distinct small particle preference, and arise largely
from the steel industry. This suggests a process of vapor
condensation at high supersaturation, resulting in a con-
densation aerosol. The open hearth operation is a main
source; sinter plant operations release smaller amounts of

these elements, and partly on dispersion aerosols. But
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elements in this group have longer atmospheric residence
times, and pollute regions far from the source, including
Lake lichigan. Copper is related to this group, but has

a larger varlety of sources, The size distribution of Cu
shows both dispersion and condensation aerosol components,
but with emphasis on the smaller sizes, |

L) Sodium and chlorine showed an apparent grouping more
nearly "Junge mass-distributed.” The steel industry appeared
to be a major source of dispersion Ha and small=particle Cl,
but these effects on the distribution curve élsappear rap-
1dly after emission, due in part to the fallout of the Na
and to the reactivity of the condensation Cl, Except near
the steel industry, Cl1/Na mass ratios for the various size
fractions were fairly constant at 1.5, suggestiné a NaCl
background. The effects of road salting for snow removal
could clearly be seen in an elevation of both Na and Cl on
larger sized particles, with Cl/Na remalniné at 1.5,
Potassium, gallium, and bromine also grouped together in
thelr appearance by size distribution. These three elements
¥ere also qulte "Junge-distributed,” perhaps indicated for
K and Bf-by their reactivity. No major source process

could be firmly established for the three, but it is likely
that combustion of leaded gasoline accounts for most of the
Br and the area chemical industry for much K. Vanadium was
also investigated and found to have a unique and constant
size spectrum, suggestive of vapor gondensation as a main

source. This may arise from the chemical industry, due to
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1ts frequent use as a catalyst, especially'in 0il refining,
and 1ts presence as a natural constituent in fuel oil.

The goal as stated in Chapter I of predicting source
processes based on a knowledge of particle size distribu-
tlons by mass of trace elements as found in urban aerosols
is met in part by this work. It has been feasible in some
cases to dlstingulsh man-made pollution from natural pollu-
tion by such work. Pollution elements from dispersion
gource processes have been distinguished from those arising
from condensation processes. Since much pollution in the
region studied in this project is from sources within the
steel industry, samples were taken close to specific source
processes in conjunction with samples taken further away.
It has been possible to estimate what part of urban pollution
aerosol levels are due to this industry, and, in most cases,
fo isolate a major source process wilthin the industry for
the elements attributed to that industry.

It has been feasible to determine which pollution
elements were primarily not from steel operations. But
speciflc source processes for this group of elements could
only be.estimated. based on a knowledge of other sources
of pollutidn in Northwest Indiana, and use patterns of ele-
ments. Further research in controlled observation of other
tjpes of industrial operations and commerclal activities is
-suggested in order to better determine the relations
between source operations and urban pollution aerosols.

Groupings of the elements as established by size
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distribution patterns were compared with groups as would
occur based on chemical properties, and with groups as would
occur based on categories of major usage. For those ele-
ments arising from natural sources, groups based oﬂ size
dlistribution and on chemical properties agreed well, But
for elements arlising more from anthropogenic pollution
sources, slze distribution groups and groups-by-use agreed
better, especially near sources., As the aerosol aged,
however, size groupings began more to resemble that expected
on the basils of similarities in chemical and physical
properties.

Particle size distributions by mass of each of the
various elements investigated were compared with an expected
"Junge mass-distribution,”

dah

= C .
a—rl—og_r’- onstant

Two theorles have been advanced to expiain why this distri-
Bution (for total aerosols) is found. Junge has held that
the smooth mass distribution results from homogeneous

mixing of various particle size distributions from many
different sources; Friedlander has pointed out that it could
be the result of a dynamic system involving input by
coagulation of small particles and removal of large particles
by sedimentation. This work demonstrates that the "Junge
dtatribution” is followed closely by many elements, despite
the fact ﬁhat in the immediate source vicinity there are

only a few major source processes, at most, for each
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element. The Friedlander hypothesis theréfore, though not
fully understood as yet, better accounts for the distributions
found, This is especlally evident in samples taken close

to, and also further downwind from, one specific source.

The conclusion 1s supported by the rinding that condensation
aerosols more gquickly approach the “"Junge distribution”

than do dispersion aerosols.

This work demonstrates for which elements quick removal
from the atmosphere by dry fallout occurs, and demonstrates
for elements having longer atmospheric residence times how
the partlcle size dlstribution changes as the aerosol ages.,
Dispersion aerosols are shovn to have short atmospheric
residence times and to pollute the source area by a removal
mechanism of meinly dry falloyt. The largest of these,

4 > 10 um, are renoved by dry settling as well as turbulent
impaction. FFor particles less than 10 um in.diameter. dry
removal is much more efficient than can be explained by

the Stokes settling velocity, and surface impaction from
turbulent air near the ground is the major removal mechanism
in operation. Condensation aerosols may grow by coagulation
and adsdfption. have much longer residence times, be more
active as obndensation nuclel, and pollute areas further
removed from the immediate source. Pollution of Lake Michigan
by dry fallout of pollution aerosols is shown to be signifi-
cant with regard to certain trace metals emitted to the

atmosphere,

Natural tracers are discussed, where use of ¥n, Fe, Zn,
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and Sb may serve as an index of pollution from steel
manufacture; V, oil refining; and Br, transportatlon. But,
except for V and Br, only elemental content per particle
size-fraction provides the requisite information; concen-
tration of each element in the total aerosol 1ls usually
not sufficient for tracer studles. -Element-tp-g}ement
_ratios of size distributions measured close to a possible
source and agaln as the aerosol moves outwverd from the
smmediate source area 15 a most important tracer technlque.
A smooth ratio of slze distributions for two elements
indicates that both are on the sane particless hence re-
moval efficiencies for the two should be similar. If the
ratio pattern 1s smooth both near to and downwind from &
gource, polilution downwind from that source 1s indicated.
Examples of this technlque are the use of Mn/Fe ratios to
determine steel plant dispersion aerosqls, and Sb/Zn to
determine condensation aerosols from the same industry.
Finally, it 1s suggested that toxicologlc studles of
pollution elements present in ambient alr 1qc1ude size of
the particles on which the elements are located, as the
respiraﬁle fraction of particle gize spectra of toxlc
elements is more hazardous than are equivalent masses of

the same elements located on larger particles,
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TABLE 14:
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DETAILS OF SAMPLE RUNS

Run

\O 003 OV £\ o =

= |
V= O

b =
O\ W

1

*

Start-Stop Times *
Hour/Day /lionth

0945/12/6
091bk/1/12
1200/2/12
o84s5/3/12
09k 5/13/6
1028/13/6
1005/1/12
0850/2/12
0855/3/12
0855/ /12
0925/13/6
1230/1/7

1220/28/7
1335/14/8
1510/1/12
1335/2/12
1345/3/12
1335/5/12
1030/3/2
1415/4/12
1415/5/12
1105/9/2

1410/1/12
1255/2/12
1 15/3/12
1355/b/12
1200/1/12
0930/1/7

1100/28/7
1050/14/8
1250/1/12
1115/2/12
1115/2/12
0955/4/12
1130/5/12
1010/1/7

1030/28/7
A3
1400/28/7

1400/12/6
0634/2/12
0705/2/12
0735/4/12
1332/13/6
1350/13/6
0635/2/12
0632/3/12
o7ko/L/12
0753/5/12
1325/13/6
1245/2/7

0940/29/7
0953/15/8
1335/2/12
1345/3/12
1335/4/12
1055/6/12
1030/24/2
1415/5/12
1115/6/12
1105/24 /2
1320/2/12
1415/3/12
1355/4/12
1335/5/12
1040/5/12
0900/2/7

1100/29/7
0910/15/8
0900/2/12
1115/3/12
0955/4/12
0955/5/12
1000/6/12
1125/2/7

1400/29/7
1030/15/8
0900/2/7

0830/29/7

Aly Volume Sampled
(Cubic Meters)

WL
~3 E~3 N
VAW W

HOEFAHOWOOOANALETNANONGN
O

WESWWWE WWWW
no
W O O\ =3 O 0N O

=
0

Locetion
Number

.;'S\D\O‘O DOODOODOIAANANOMANNEEFEETFFFFVWDIODONOME R

All samples collected during 1969, except those denoted
by *, which were collected during 1970,

#% Sample collected 1ntérm1ttent1y during time interval.
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(TABLE 14, continued)

Start-Stop Times ¥

Run

41  0000/15/8
42 1010/6/10
43 0640/7/10
4y 0758/7/10
ks  1700/9/6
86 1130/18/8
L7  1005/27/8
48 1000/27/8
49  1000/12/1
30 10 nrae
1

1340/3/12

Hour/bay/lionth

1330/15/8
1551/6/10
0751/7/10
0935/7/10
0500/11/6
0330/20/8
1315/29/8
1310/29/8
1600/2/2

1333754
0000/3/12

Air Veolume Samrpled
(Cubic Meterss

N

e o o &
-3 O

AW

r

%

NG N O\
00000
wn -

- ONGD
£0 0000~
O NI
Py e & ® @&
* K

=
\n
L ]
O ®

Location

Numberx

10
1l
1l
11
12
12
12
12
12
12

L

5
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TABLE 153 METEOROLOGICAL CONDITICHNS FOR SAMPLE RUNS

Run Hind Extremes Temp, Rarpre Rel. Humidity Ppt, ?
Direction Speed (Degrees Fa.) 7
(MPH)

1 S 8-10 - - no

2 SW-N L-16 2#-84 0-85 no

3 W-NW 10-16 31-43 0-83 no

L NW 9-20 19-33 40-85 Tr,

5 S 8-10 - - no

6 S 8-10 - - no

Vi SW-N b ly 2h-32 0-85 no

8 N-NW 10-15 31-L3 0-8% no

9 Nu 9-20 19--33 Lo-85 Tr.
10 SW-N 2-6 22-30 4o-85 no
11 S 8-10 - - no
12 NE=S -6 60-95 - no
13 NW=N 8-20 60-90 - no
1L S~SW L-8 50-70 70-90 rain
15 SU-N L-.18 2h-b3 0-85 xio
16 W=Nil 10-20 28-43 0-85 no
17 NW 8-16 19-30 Lo-85 Tr.
18 SE 5-8 27-32 55-80 no
19 - - - - -
20 SE=N 2=7 26-32 40-85 no
21 SE 5.8 27-35 55~80 no
22 - - - - -
23 SH-N 4-18 2441 0-85 no
24 W=NW 10-20 28=43 0-85" no
25 Ny 8-16 19-30 40-85 Tr.
26 SE-~-N 2-7 26-32 Lho-85 no
27 variasble 4-20 19-43 Lo-85 no
28 NE-S L.6 60-94 - no
29 NW~N 8-20 60-90 - no
30 S-S 4.8 50-75 ~ 720-90 rain
31 S¥-N L1y 24-40 30—85 no
32 W-NW 10-20 28-42 0-8% no
33 NuW 8-16 20-30 40-85 Tr.
3 . SE-N 2-7 26-32 L0-85 no
35 SE 3-8 27=-30 55-80 no
36 NE-S -6 60-95 - no
37 NW=N 8-20 60~-90 - no
38 " S-SW -8 50=75 70-90 rain
39 NE-S L6 60-92 © - no
ho ~ NW=N 8-20 60-90 - no
5% S-3W 4-8 50-75 70-90 rain
b2 S 12-14 - - rain
43 SW 12-14 - - no
uh SW 13-15 - - no
%Efso - - - - -
5 SE-N 2-7 26-32 40-85 no

52 Nu 10-16 - 24-30 40-85 Tr.
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LIMITS OF DETECTION FOR DETERMINATION OF

TABLE 203 TS
TRACE ELEMENTS IN AEROSOLS
Element Nevtron 2ativation

Decay Time¥*  Detection

Minimum Detectable

Limit Concentratiom in
(ve) Urben Adr (ue/m3)
24 hours sznple
Al 3 min, 0.0k 0,008
Ca " 1.0 0.2
T4 " 0.2 0.04
v " 0.001 0.002
Cu " 0.1 0.02
- Na 15 min, 0.2 0.04
Mg " 3.0 0.6
c1 " 0.5 0.1
Mn " 0.003 0.0006
Br “ 0.02 0.004
In " . 0.0002 0.00004
" 0,1 0.02
K 20-30 hr. 0.075 0.0075
Cu " 0.05 0.005
Zn " 0.2 0,02
Ga " 0.01 0,001
AS " 0.0’4’ 0.00""
Br " 0.025 0.0025
Sb " 0.03 0.003
La * 0,002 06,0002
Eun ® 0.0001 0.00001
Sm " 0.00005 0.900005
W " 0.005 0.0005
Sc 20-30 day 0.003 '0.,000004
Cr " 0.02 0.,00025,
Fe " 1.5 0.02
Co B " 0.002 0.000025
Zn " 0.1 0,001
Se " 0,01 0.0001
Sb " 0.08 0,001
.Ce ¢ 0.02 0.00025
He " 0.01 0.0001
Th “ 0.003 0.00004
. Atomic Absorntion Svectroscony
‘Detection Minimum Detectable Concentration
Limit in Urban Air (ve/m®)
(ue/mi1) 24 _hours samvle
Fe 0.1 0.0125
Zn . 0,03 0,00375

% Decay time before counting,
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_“FIGH VOLUME" SAMPLE RUNS,

Concentrations and Standard Deviations, ng/m3
Element Sample Run

3 8 9

Na 1310(80) 1480(8) 750(70) 975(95)
Mg <1000 100(1200) 6500(1500) 20800(2000)
Al 3900(20) 540(30) 2390(23 2980(30)
c1 2230(180 2800(160) 2280(140) 5080(165)
Ca 12200(1300) 9800(850) 15900(850) 33800(2100)
T3 <10 <15 <15
\' 17(1) 25(1) 25(1) 35(1
Mn 754(4) 888(3) 1550(L) 2150(5)
Cu 195(?0) 200(50) 75(70) 87(43)
Br 59(8 8o(17) 136(20) 136(22)
In 0.096(.06) <0.,12 <0.15 <0,09
K 640(130) 2300(165) 1690(115) 3410(140)
Cu 170(3 185(3) 99(3) 129(14)
Zn 1#80(12?) 2910(16;) 6180(150) 2420(12?)
Ga 0.9(1.2 3.2(1,.8 O 0(2.1) 1.0(1,1
As 16(7) 22(10) 26(6)
Br 46(3) 69(4) 131(3) 153(3)
Shb 19(2,5) Lo(k) 24(2) 18(2)
La 346(.9) ho,1(1,2) 1.6(,.8) 0.72(,.85)
Eu 0.03(.04) 0.11(.,08) 0, 02( 05) <0,05
Sm 0.21(.0?) 0.84(,10) 0.19(,08) 0.20(,08)
W 0.4(1,3 6.7(1.9) 0.3(1.2) 0.5(1,2)
Se 1.2(,.8) 3.2(,.8) 0.56(.81) 0.7(,8)
Cr 82(24) 18 (26) 23(23) L4o(21)
Fe 1.8800(4100) 29700(4800) 10350(3?50) 21900(3900)
Co 1.8(3.5) 3.9(3.4) 1.,7(3.5 1.7(3.2)
Zn 1510(175) 3000(195) 6400(210) 2400(165)
Se 10,4(12.2) <12 9,1(11.9) 8.2(11)
Sb 18(h 3) 2L(5) 27(5) 17(5)
Ce 1.8(10,.2) 30(9) 5.,8(9,8) 6.3(9,1)
Hg 1#(11) 11(20) 10(10) 1.2(9.2)
Th 1,0(1.6) 2,1(1.7) 2.4(1.5) 0,6(1,4)
Fe(AA) 12400(500) 18100(6;0) 13000(500)  22400(900)
Zn(AA) 1290(25) 2460(25 7650(100) 1890(30)
(Total
Aero-
sol) 398000 430000 562000 705000
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(gzgyg;;xz. continued)

Element Sample Run

10 15 16 17
Ne 850(75) 685(45) Lhbo(40) 1005(60)
Mg 11100(600)  950(900) 1100(900) 1500(1000)
Al 2320(30) 777(22) 874(21) . 1710(27)
ci 2950(120) 2160(100) 450(60) 1510(105)
Ca L43800(3400) 1930(330) 1550(300) 5000(700)
Ti <20 <is <20 17(8)
v 23(1) 20(1) 110(2) 130(2)
Mn 2170(4) 153(2) 188(2) 275(2)
Cu 100(40) 39(24) 15(40) 25(40)
Br 137(7) 175(8) 36(7) 88(12)
In <0.,06 0.54(405) <0.05 <0,09
K 2220(190) 775(130) h25(115) 790(115)
Cu 128(L) 67(3) 18.1(2.5 32(2)
Zn 2510(1o§) 9407135) 340(114) 955(125)
Ga 1.8(1.0 0.5(1,2) 2.2(1,.1) 2.4(1.3)
As 25{(6) 15(7) 4,2(6,3) 10,9(6.7)
Br 137(2) 160(4) 36(3) 76(3)
Sb 20(2) 18(2) 7.5(2,2) 15(2)
La 1.3(.7) 2.7(,8) 14(1) 17(1)
Eu <0.05 0.,05(.06) 0.,05(,05) 0,05(.05)
Sm 0.08(.07) 0.20(,09) 0.55(,08) 0.65{(,08)
W 0.14(.83) 2,1(1.4) <1,.,3 1.1(1.3)
Sc 0.8(.8) 1,1(,8) 0.24(,79) 1.0(.7)
Cr 17(20) L7(26) 15(22) 102(25)
Fe 15900(3100) 2380(1200 3230(1409)  5330(1840)
Co <90,1 0.8(3.1) 1.6(3.3) 2.1{(3,1)
Zn 2395(165) 1330(340) 325(140) 1030(150)
Se <l4y 9.,9(12,4) 10(11) <11
Sb 14(5) 21(5) 21(4) 14(4)
Ce 4,8(10) b,6(10.1) 14(9) <8
Hg <15 11.7(20,3 3.6(9.3) 1.1(9.2)
Th 0.6(1,3) 0,5(1.5) 2,1(1.9) 0.4(1.3)
Fe(AA) 11650(600) 2110(310) 2530(290) 4130(L400)
Zn(AA) 1290(25) 1000(20) 400(15) 980(20)
(Total
Aero~
sol) 514000 108000 98000 145000
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(TABLE 33, continued)

Element_____ Sample Run

18 20 21 23
Na 880(45) 885(45) 535(35). 1785(95)
Mg 3030(17;0) <1000 <1200 4700(1600)
Al 2340(30 1541(18) 989(16) 2810(35)
Cl 1070(170) 1910(65) 1800(75) 10300(210)
Ca 10000(1100) 1900(?00) 1070(290) ko00(800)
T3 42(12) 14(12 <13 60(45)
\'4 206(4) 53(1) 41(1) 79(2
Mn 142(2) 265(1) 108(1) 538(3)
Cu 110(65) 100(45) 120(40) 180(60)
Br 640(20) 160(7 410(8) 535(20)
In <0,12 0.22(,05) .. 0,05 0.53(415)
K 850(120) 385(90) 270(90) 1790(140)
Cu 80(3) 140(3) 162(2) 151(3)
Zn 950(150) 750(110) 330(100) 3260(170)
Ga 603(102) 1.9(1-1) 204(09) 400(105)
As 9,7(8.4) 14(6) 3.6{(6,1) 35(8)
Br hoo (L) 135(3) Loo{2) 230(4)
Sb 32(2) 32(2) 7.8(2.3) 5(3)
La 9.2(1.1 3.1(.8) 15.,6(,8) 6.,6(1,1)
Sm 1.25(.09) 0.42(,07) 0.54(.07) 0.74(,10)
W 0.7(1.1) 0.,76(.89) 0.98(,88) - 2,2(1.6)
Sc 6.1(,8) 0.64(,60) 0.,81(,60) 2.4(.8)
Cr 65(26 1(21) 20(21) 95(26)
Fe Li 00 (2600) 900(2400) 2230(2302) 8980(1300)
Co h,o(4.7) 2.6(3.4) 2.0(4,1) 2.,1(3.2)
Zn 1080(165) 750(110) 343(110) 220(420)
Se <1% 2.3(12) <1 1,9(13)
Sb 35(6) 0(s) 2.4(;.3) 225(1;)
Ce <10 7.0(8.?) 16(9 16(10
Hg 1.6(12) 6.4(10 11(12) 11(11)
Th 1.1(1.4) 0.9(1,2) 0,7(2,2) 0.5(1,6)
Fe(AA) 3740(350) 3330(300) 2000(300) 6040(600)
Zn(AA) 1070(25) 610(25) 370(20) 2500(50)
(Total
Aero=- :
sol) 180000 159000 125000 303000
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(TABLE 33, continued)

Element Sample Bun

25 26 5] 52
Na 2120(120) 1645(80) 2900(110) 890(45)
Mg <L000 4200(1400) 4100(1900) 1800(700)
Al 8120(55) 2640(35) Lo20(45) 1170(16)
Ci 13300{260) 6510(180) 17200(272) 1705(65)
Ca 23000(1650) 5hoo(800) 11600(1120) 2700(450)
T3 65(16) 25(12) s(15) <1y
\'4 106(2) 71(2) 160(2) 24(1)
Mn 890(5) LB32(3) L80(3) 227(1)
Cu 190(60) 110(50) 165(80) 160(30)
Br 380(25) 980(20) 940(20) 85(7)
In <0,06 <0,1L4. 0.57(.16) <0,06
K 3980(145) 890(100) 2135(155) 350(195)
Cu 190(4) 62(3) 260(4) 120(5)
Zn 12200(190) 23&0(14;) 3280(185) 480(110)
Ga 10(2) 1.6(1.4 B8.2(2,2) 0.,8(2,0)
As 62(9) 28(7) 59(10) 14(12)
Br 295(4) 525(4) 800(6) 68(2)
Sb L1(2) 64(2) 210(4) 32(4)
La 9.6(103) 11(1) 15(1) 402(106)
Eu 0.22(,07) <0,06 o.zz(.os) 0.11(,10)
Sm 1.24(,10) 0.64(,08) 1.4(,1) _ o.26(.1§)
W 109(1-2) 0.6(1.0) 009(1.3) ’ 0.8(107
Sc 805(.8) 1.5(-8) 309(07) 100(1.6)
Cr 155(27) 85(22) 155(29) 42(33)
Fe 17800(3600) 8300(2300) 7650(28§o) 6250(4550)
Co 9.2(4.5) 2.,6(3,7) 9,8(4,3 <94
Zn 12300(200) 2290(1;0) 2720(160) 520(110)
Se 26(1;) 5.3(13 <18 23,1
Sb 61(6 55(6) 215(8) Lo(13)
Ce 26(11) 20(9) 33(11) 17(20)
Hg L,0(12) 9.7(13) 9,7(14) 27(26)
Th 2,5(1,3) <1,.b 2.5(1.6) 2.6(2.5)
Fe(AA) 19100(750) 0(550) 6810(650) 4850(500)
Zn(AA) 9200(118) gggo(so) 2740(50) 580(40)
(Total
Aero-
sol) 645000 237000 304000 157000
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ABSTRACT

WATER POLLUTION IN LAKE MICHIGAN
BY TRACE ELEMENTS FROM POLLUTION
AEROSOL FALLOUT
by
Je W, Winchester
G, D, Nifong

Presented at a conference on Nuclear Techniqﬁes in
Atmospheric Pollution Studies, American Nuclear Soclety,
San Francisco, Cal., 1969,

Certain trace elements which are-strongly associated
with air pollution sources in the Lake Michigan basin may
be contributing significantly to lake water pollution by
an atmospheric fallout route. In this paper a partial
inventory of air pollution emissions for 30 trace elements
is presented for the Chicago, Milwaukee, and northwest
Indiana metropolitan areas, bagsed on avallable published
information, and compared with natural and pollution stream
trace element inputs. Evidence indicates that the atmos=-
phere may be the major source of Zn in Lake Michigan, and
atmospheric inputs of Cu and Ni are also considerabdle,
Moreover, the evidence suggests that air pollution probably
' exceeds expected unpolluted gtream inputs for many additional
elements in Lake Michigan, highlighting the heed for more

comprehensive-chemical data to quantify the evaluation.



