
W A T E R  P O L L U T I O N  I N  L A K E  M I C H I G A N  BY T R A C E  

E L E M E N T S  F R O M  P O L L U T I O N  A E R O S O L  F A L L O U T  

JOHN W. WINCHESTER* and GORDON D. NIFONG** 

The University of Michigan, Ann Arbor, Michigan 48104, U.S.A. 

(Received 1 April, 1971) 

Abstract. 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, based on available published 
information. The inventory is then compared with actual stream inputs measured for Zn, Cu, and 
Ni and with estimates of pre-industrial unpolluted stream inputs for 28 elements. Evidence indicates 
that the atmosphere may now be a major source of Zn in Lake Michigan, and atmospheric inputs of 
Cu and Ni may also be considerable. Moreover, the evidence suggests that air pollution probably 
exceeds expected unpolluted stream inputs for many additional elements in Lake Michigan, high- 
lighting the need for more comprehensive chemical data to quantify the evaluation. 

A chemical model for the trace element composition of a Great Lake, where sources 

and sinks of each element are evaluated and compared with the observed concentra- 

tions in the lake, must consider atmospheric as well as surface water sources. For 

Lake Michigan atmospheric inputs may be especially important since surface water 

inputs from the heavily populated and industrialized southern shore have been 

minimized by the construction of artificial drainage channels in the Chicago area 

(Bacon and Dalton, 1968). Consequently, air pollution, which is carried from the 

southern and western shore by prevailing westerly winds over the lake, may be a 

relatively large source of water pollution by fallout, impaction, rainout, or rainfall 
washout of the atmospheric aerosol over the lake itself. 

A quantitative calculation of the air pollution contribution to lake water pollution 

requires an accurate estimate of trace element inputs to the atmosphere from various 

sources, but such an emissions inventory does not appear in the literature. If  we knew 
mean atmospheric residence times of particulate matter from the various urban 

sources, we could utilize measurements of the average elemental composition of  

total suspended particulate in the steady-state urban atmosphere in making the cal- 

culation. However, residence times may be variable and depend on source location and 
particle size, among other factors. Therefore, it is more direct to construct an approx- 

imate table of trace element emissions resulting from the major air pollution sources 

in the Chicago area by combining published data on the composition of different 
particulate emissions with expected total emissions from the different sources. In this 
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paper, such a preliminary trace element emissions inventory is presented, and its 
significance for Lake Michigan water pollution is discussed. 

1. Air Pollution Sources 

The population in millions and the percentage of the total in the region for three 
Standard Metropolitan Statistical Areas (U.S. Census Bureau, 1961) important in this 
study are: Chicago, 6.25 (78%), northwest Indiana, 0.575 (7%), and Milwaukee, 
1.20 (15%), total, 8.025. In the Chicago SMSA the population density is high, and air 
pollution from vehicular traffic and electric power production is considerable. North- 
west Indiana has the largest concentration of iron and steel industry, and important 
inputs of trace elements characteristic of this type of source are expected. Milwaukee 
is a population center with a relative emission composition perhaps resembling that of 
Chicago. 

The major sources of air pollution which contribute trace elements to the atmosphere 
over southern Lake Michigan are: 

(1) Coal burned for electrical and heating uses. 
(2) Emissions from coke ovens in the manufacture of metallurgical coke. 
(3) Fuel oil burned for electrical and heating needs. 
(4) Automotive fuel burned for transportation. 
(5) Emissions from iron and steel manufacturing facilities. 
(6) Emissions from cement manufacturing plants. 
For each of these source types the probable composition was taken from the 

available published literature, and a source emission inventory of elements was 
computed. Details of the calculation are given in the appendix. 

2. Calculated and Measured Air Pollution Composition 

Table I presents a summary of emissions into the atmosphere of trace elements from 
the major sources in the Chicago, Milwaukee, and northwestern Indiana metropolitan 
areas. As a test of the adequacy of our air pollution estimates, we may compare this 
calculated composition with analyses of air pollution particulates by the National 
Air Sampling Network (1966). Spectrographic analyses were performed on standard 
high volume filter samples taken throughout 1964 in one central location in each 
Chicago, East Chicago, and Milwaukee. In Chicago the sampling location was 
considerably to the north of some important industrial sources. Likewise, in East 
Chicago the location was generally upwind in industrial sources and far enough 
away for some local fallout to occur between source and sampler, and we expect some 
bias as a result. However, for the area sources of coal, oil, and gasoline combustion, 
all three sampling locations may be representative. 

Let us first compare our inventory with average elemental composition of suspended 
particulate matter during 1964 for Chicago, East Chicago, and Milwaukee, Table II 
(Air Quality Data, 1966). Also given is our inventory normalized to Pb = 1. (Note 
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TABLE I 

Calculated particulate emission of trace elements from air pollution sources in Chicago, Milwaukee, 
and Northwest Indiana considered in this study 

Element Calculated source emission, short tons per year 

Coal Coke Fuel Oil 

Total Total 
short tons kilograms 

Iron Cement Trans- per year per year 
and portation ( × 10 a) 
steel 

Ag 3 3 3 
AI 40000 2800 955 4950 1000 50000 45000 
As 46 3 49 44 
B 4 4 4 
Ba 176 12 45 230 210 
Be 5 I 6 5 
Br 800 800 725 
Ca 10600 760 74 11600  17600 41000 37000 
Cd 12 1 13 12 
C1 700 700 635 
Co 25 2 28 55 50 
Cr 80 6 22 I10 100 
Cu 109 8 28 3400 3500 3200 
Fe 19500 1400 450 73000 930 95000 86000 
K 16 16 15 
Mg 2090 150 56 3360 500 6100 5500 
Mn 67 5 6 5000 5100 4600 
Mo 45 3 3.4 51 46 
Na 1 120 80 274 1500 1400 
Ni 109 8 1030 1 100 1000 
P 170 170 150 
Pb 328 24 33 2000 2400 2200 
*S 550000 40000 150000 1000 7000 750000 680000 
Se 5.5 0.4 15 1 22 20 
Si 55800 4000 433 850 4000 65000 59000 
Sn 13 l 14 13 
Sr 6 6 5 
Ti 2390 170 6 2600 2400 
V 209 15 450 670 610 
Zn 247 18 9 4000 4300 3900 

* Total S (gaseous and particulate) included in order to calculate Se. 

that  the mean  contents o f  Pb in suspended part iculate mat ter  are approximate ly  

equal  to 1/~g m -  3 o f  air.) It  might  be expected that  similar ratios exist between con- 

centrat ions o f  elements as found in the analyses of  suspended part iculate mat ter  and 

that  determined in the inventory i f  mean atmospher ic  residence times are similar. 

Indeed, within an order  o f  magnitude,  this is generally the case. 

Let  us examine in greater detail the relative composi t ion  of  part iculates or iginat ing 

individually f rom the major  sources. The elements Fe, Mn,  Cu, and Zn are seen by 

our  inventory in Table I to come pr imari ly  f rom the i ron and steel industry, and their  

ratios may  be compared  with mean measured values in the three locations indicated 

in Table  III .  Agreement  is satisfactory for the ratios F e / M n / C u  for all three locat ions 
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TABLE II 

Ambient air concentrations of elements and comparison with calculated emission inventory 

Element Concentration in Itg m -3, 1964 Inventory 
arithmetic mean (normalized to Pb= 1) 

Chicago E. Chicago Milwaukee 

(Total particulate) 176 218 146 80 
Ag 0.001 
A1 21 
As 0.03 0.04 0.02 0.02 
B 0.002 
Ba 0.10 
Be < 0.001 < 0.005 < 0.001 0.003 
Br 0.3 
Ca 17 
Cd < 0.05 < 0.04 < 0.01 0.005 
CI 0.3 
Co < 0.006 < 0.011 < 0.006 0.02 
Cr 0.014 0.033 0.01 0.05 
Cu 0.04 0.12 0.06 1.5 
Fe 1.6 5.5 1.9 40 
K 0.007 
Mg 2.5 
Mn 0.07 0.28 0.12 2.1 
Mo < 0.01 < 0.16 < 0.03 0.02 
Na 0.6 
Ni 0.42 0.123 0.023 0.5 
P 0.07 
Pb 0.9 0.9 0.5 (1) 
S 300 
Se 0.01 
Si 30 
Sn 0.02 0.06 0.01 0.006 
Sr 0.003 
Ti 0.02 0.05 0.05 1.1 
V 0.03 0.04 0.004 0.3 
Zn 0.95 2.57 0.16 1.8 

bu t  for  F e / Z n  only approx imate ly  in one locat ion,  Milwaukee.  The very high Zn  

values observed in Chicago and  Eas t  Chicago suggest an add i t iona l  po l lu t ion  source 

no t  considered in our  inventory,  a gross underes t imate  of  Zn in mater ia l  f rom the 

sources included in our  inventory,  or  analyt ical  er ror  in the repor ted  N A S N  data .  

A further  test is a compar i son  of  the content  of  elements in the inventory  due mainly  

to coal,  coke,  and  fuel oil  combus t ion  with  observed par t icula te  compos i t ion  (Table  

III) .  Norma l i z ing  to  Cr = 100, apparen t ly  the most  accurate  value repor ted  by  the 

N A S N ,  the contents  o f  As and Sn are greater  than  expected,  whereas Ti is much less 

than  expected. The e lements  Ni  and  V, due mainly  to fuel oil and  the least  re l iably  

known  in the publ i shed  source compos i t i on  data ,  are also lower than  expected. 

Final ly ,  a compar i son  m a y  be made  between key elements for  each majo r  source 

type:  Pb (automotive) ,  Fe  ( i ron  and steel), and  Cr (coal,  coke, and  fuel oil). Table  I I I  
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TABLE III 

Relative concentrations of elements in air pollution particulates originating mainly 
from certain sources compared to NASN means of 1964 

Element Our inventory Chicago East Chicago Milwaukee 

A. Elements mainly from the iron and steel industry: 
Fe (100) (100) (100) (100) 
Mn 5.4 4 5 6 
Cu 3.7 2.5 2 3 
Zn 4.5 56 47 8 

B. Elements mainly fromcoal, coke, and fueloilcombustion: 
As 44 200 120 200 
Cr (100) (100) (100) (100) 
Sn 13 140 180 100 
Ti 2400 140 150 500 
Ni 1000 300 370 230 
V 610 200 120 40 

C. Key elements for three major sources*: 
Pb (100) (100) (100) (100) 
Ee 4000 180 600 380 
Cr 4.5 1.6 3.7 2.0 

* Pb (automotive), Fe (iron and steel), Cr (coal, coke, and fuel oil). 

indicates Pb/Cr predicted by the inventory is close to the observed values in all three 

locations, but Fe/Pb is predicted to be some ten-fold higher than generally observed 
at the NASN sampling sites. The agreement for Pb/Cr is reassuring, for both elements 
originate in area sources, and the NASN sampling site is expected to be fairly re- 

presentative for the city in each case. However, bias in sampling against emissions from 
the ferrous metal industry for Chicago and East Chicago may be considerable and 

may be the cause of the discrepancy in Fe/Pb. I t  is important  to look for agreement 
between calculated and observed element abundances relative to one element whose 
atmospheric input can be estimated with the greatest reliability, e.g., Pb, as this serves 

as a criterion for evaluating the reliability of our quantitative elemental inventories. 
In a recent study by Dams et al. (1971) of air pollution particulate composition in 

northwest Indiana (carried out since Table I was prepared) 10 sampling stations dis- 
tributed throughout the industrialized area and 15 more remote stations were operated 
for 24 hours on June 11-12, 1969; the filters were analyzed by neutron activation 
(Dams et al., 1970). The mean of the 10 industrial area stations on this day does not 

have the location bias of  the single NASN station in East Chicago, although only one 
day of data was obtained for the network. Table IV presents a comparison of the 
10 station geometric mean and our inventory adjusted to the observed Fe concentra- 
tion. Agreement is satisfactory for most elements, including As, Ti, and Zn which 
showed discrepancies in Table III .  Consequently, the inventory calculation appears to 
be considerably better than an order of  magnitude estimate of  the air pollution 
elemental source strength of the urban area. 
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TABLE IV 

Comparison of air particulate contents vs. air pollution inventory 

Elements Geometric mean of Inventory 
industrialized adjusted to 
N.W. Indiana Fe = 6540 
(Stations 1-10) 
ng m -3 air 

F e  

Zn 
Cr 
Cu 
Mn 
Co 
Ag 
As 
Ca 
Mg 
AI 
Ti 
Na 
S 
Se 
V 
Ni 
Br 

(Reference) 6540 6 540 
510 300 
54 8 

380 250 
180 350 

1.5 3.5 
1.9 0.2 
4.2 3.4 

3 950 2 800 
1 350 420 
1 850 3400 

190 180 
285 100 

11 500* 50000** 
2.6 1.5 
9.3 45 

< 50 75 
94 55 

* Particulate. 
** Gaseous and particulate. 

3. Water Pollution from Aerosol  Fallout 

To determine whether fallout of air pollution is a significant source of water pollu- 

tion we must estimate the efficiency of air pollution transfer to the water surface. In 

constructing a model we should include the following steps: (1) emission from the 

various sources of the region into the atmosphere to various altitudes depending on 

the source; (2) local fallout of some components in the immediate vicinity of the 

source outside the Lake Michigan drainage basin; (3) longer range fallout over the 

surface of Lake Michigan or its drainage basin. The efficiency of the longer range 

fallout depends on the wind direction and speed, the altitude at which air pollutants 

are found, and the effectiveness of removal of the air pollutants from the atmosphere 
by clear air deposition and precipitation scavenging. We emphasize that quantitative 

treatment of the model is premature at this time without knowing more precisely the 
exact locations of sources of each element and details on local winds near specific 

sources, winds which are affected by lake breezes and which may be important in 
bringing local fallout from shore-side industries into the lake. Quantitative evaluation 

of clear air deposition likewise requires knowledge of particle size distributions of 
trace metals, and precipitation scavenging may also be affected by water solubility of 
aerosols. At this time we will attempt only to evaluate qualitatively whether overall 
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transfer of air pollution to Lake Michigan may be sufficiently large to warrant further 

consideration of this source of water pollution. 
To begin with, although wind directions have not been measured systematically 

at all pollution sources, data for Midway Airport, Chicago, may serve as a useful 
guide. The 10 year averages shown in Figure l (Managing the Air Resource of North- 

W 

Fig. 1. 

. . . . . . .  3 . 2  
S P E R C E N T  C A L M S :  0 . 7  

W I N D  S P E E D S  (mph)  

1 - 7 F r o m  U . S .  W e a t h e r  
8 - 12 ~ B u r e a u  M o n t h l y  W e a t h e r  

13 - 18 ~ D a t a  S u m m a r y  f o r  
19 + ~ M i d w a y  A i r p o r t  (1950-1959)  

Percentage frequency of wind direction and speed, Midway Airport, average 1950-1959 
(Northeastern Illinois Planning Commission, 1967). 

eastern Illinois, 1967) indicate that winds blow from northwest to south over half of 
the time in a direction generally from the pollution sources toward Lake Michigan. Lo- 
cal wind circulation nearer the lakeshore may be altered by lake breeze effects, but it 
remains likely that much of the air pollution in this region finds its way to the air 
over the lake. 

The processes of removal of particulates from the atmosphere are intricate and 
depend, among other factors, on particle size. For Chicago area pollutants, particle 
size information is not generally available, but we may estimate impaction and 
gravitational settling to be rapid for some large particle industrial pollutants, e.g. 
Fe, such that a large fraction of that which is blown toward the lake soon enters the 
lake. On the other hand, some elements, e.g., Pb, which are components of much 
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smaller particles, may enter the lake with a lower efficiency depending on frequency 

of rainfall or likelihood of impaction with the water surface. 
In this connection, the deposition velocity of ~31I from the British Windscale 

nuclear reactor accident has been estimated by Chamberlain (1959) to be 0.3 to 0.4 

cm s-1. Eriksson (1959, 1960) estimates 0.7 cm s-1 as reasonable for deposition of sea 

salt aerosols over the open ocean. Both estimates refer to clear air deposition near the 

ground by all processes for iodine vapors and for giant aerosols having a radius 
> 1/~, and are determined by taking the ratio of area deposition rate, g cm -2 s -~, to 

air concentration, g cm -3. Consequently, we may estimate 0.5 cm s -1 for average 

pollution aerosol deposition velocity, implying that particles carried initially to 

100 m altitude near the source would probably reach the water surface in 20000 s 

(5.6 hr). If  carried by a 5 m s -1 wind, the expected travel distance would be 100 km, a 

distance close to the mean east-west distance across Lake Michigan. By this simple 
logic it is not unreasonable to expect a large degree of clear air aerosol fallout over 

Lake Michigan regardless of particle size. (Additional air scavenging by rainfall may 

also occur.) To obtain more quantitative estimates, we believe these matters should 

be explored experimentally, but an overall transfer efficiency of at least 10~ of the 

original air pollution seems not unlikely. 
The significance of air pollution as a source of water pollution cannot be decided 

until we evaluate inputs of trace elements from other sources, especially streams. Un- 

fortunately, the published literature does not include comprehensive studies of Lake 

Michigan tributary stream composition with respect to trace metals, but a recent 

report of the Federal Water Pollution Control Administration (1968) presents 

stream analyses for Cu, Ni, and Zn. In Table V we compare our inventory with their 

observed concentrations and a calculated total inflow rate based on the composition 

of each stream and its gaged annual flow rate as given inthe report. The air pollution 

inventories of all three elements Cu, Ni, and Zn are in excess of the actual stream 

inputs and that for Zn exceeds the stream input 6-fold. Therefore, all three elements 

(the only ones for which we may make a comparison) may be added to Lake Michigan 

TABLE V 

Comparison of air pollution inventory with river inflow of trace elements to Lake 
Michigan, metric units 

Cu Ni Zn 

Air pollution emissions 3200 
inventory, ton yr -1 
Lake Michigan rivers approx, mean 90 
conc., 1963-1964,/~g 1-1 
Inflow to Lake Michigan 2700 
ton yr -1 * 

1000 3 900 

40 30 

760 ~ 500 

* Estimated for total Lake Michigan drainage basin from contents and flow rates of 
individual rivers. 
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to a great degree from the atmospheric source, especially Zn which, depending on the 
actual transfer efficiency, may come primarily from the atmosphere. On the average 
for all Lake Michigan, Cu and Ni apparently do not enter the lake mainly from the 
atmosphere, but for the southern basin, which lies near the air pollution source and 
has limited river inflow; the principal sources of these elements may likewise be from 
air pollution fallout. Data of a similar sort for additional toxic trace elements would 
be desirable. 

It is also of interest to compare air pollution with estimated natural (unpolluted) 
stream inputs to Lake Michigan. Even though the tributary streams may no longer be 
unpolluted, Turekian's (1969) compilation of stream data for other locations allows 
us to estimate expected pre-industrial trace metal inputs to Lake Michigan. Table 
VI shows the results for those elements included in our inventory. For  those marked 
'X' in the last column, air pollution emissions exceed calculated natural water inputs 
by a factor of 10 (8 for Co), those marked '?' are in question for reasons apparent 
from the Table, and (X) signifies one case discussed earlier, Se, where we suspect our 
inventory underestimates actual emissions by overestimating stack collection efficiency. 
Compared to natural stream inputs, and assuming an air pollution efficiency of transfer 
to the lake of 10~, air pollution appears to be an important water pollution source 
for 7 to 14 of the 31 elements listed. We should point out that the chemical behavior 
of air pollution fallout into the lake may differ from stream carried material with 
respect to solubility, sedimentation, and biological activity, and these factors may 
affect residence times in the water or water and sediment systems. 

It is interesting to note (Table V) that measured stream inputs of Cu and Ni exceed 
the estimated natural stream inputs (Table VI) by 12 and 76 times, respectively, but 
Zn is close to our estimate of its natural stream input. Zinc appears not to be a stream 
pollutant in the Lake Michigan basin, although overall pollution of the basin by 
Zn, including that of atmospheric origin, may be considerable. 

Finally, another way of looking at our air pollution inventory is to ask how long 
it would take to raise lake concentrations by an ecologically significant increment 
through fallout. Again, quantitative treatment of the question must await further data 
on actual Lake Michigan trace element concentrations, as yet rather sparse, and the 
effect of trace elements on ecology. However, very crudely we may suggest that 0. 1 
#g 1-1 is a significant concentration increase for any element. Taking the volume of 
Lake Michigan to be 4900 km 3, and assuming that air pollution enters the lake with 
10~ efficiency, we have constructed Table VII for 11 elements. Of these, 8 elements 
are seen to raise the concentration by the stated amount in times much shorter than 
100 yr, the mean residence time with respect to water outflow through the Straits of 
Mackinac. If  mean residence times for these elements with respect to sedimentation to 
the lake bottom are sufficiently long, then as a result of air pollution we may observe 
an increase in steady state water concentration for these elements. Otherwise, if 
sedimentation is more rapid than outflow, the pollution component should be 
manifested in high trace metal concentrations in uppermost lake sediment layers. 
Further investigation of this question should be carried out. 



WATER POLLUTION IN LAKE MICHIGAN 59 

TABLE VI 

Expected natural stream inputs to Lake Michigan, metric units 

Element Stream conc.* Input + Air pollution Ratio§ 
Itg1-1 ton yr 1 inventory > 10? 

ton yr -1 

Ag 0.3 10 3 
A1 400 13 000 45 000 
As 2 65 (44) 9 
B I0 330 4 
Ba 10 330 210 
Be - - 5 

Br 20 650 725 
Ca 15000 490 000 37000 
Cd - - 12 9 
C1 7800 250 000 635 
Co 0.2 6.5 50 X 
Cr 1 33 100 
Cu 7 230 3 200 X 
Fe (670) (22 000) 86000 ? 
Ga 0.09 3 (4.4) 
K 2 300 75 000 15 
Mg 4100 134000 5 500 
Mn 7 230 4 600 X 
Mo 1 33 46 
Na 6 300 200 000 1400 
Ni 0.3 10 i 000 X 
P 20 650 150 
Pb 3 100 2 200 X 
S 5 600 180 000 680 000 
Se 0.2 6.5 (20) (X) 
Si 1350 44000 59000 
Sn - - 13 ? 
Sr 60 2000 5 
Ti 3 100 2400 X 
V 0.9 29 610 X 
Zn 20 650 3 900 X 

* Stream data from Turekian (1969), 1/tg -1 = 1 ton km -a 
+ Estimated average stream flow into Lake Michigan = 32.6 km 3 yr -a. 
§ If  the ratio air pollution inventory/stream input >/10, there is reason to expect a major input to the 
lake by the atmospheric route. Such cases are indicated by 'X ' ;  '? '  denotes elements where data are 
lacking or uncertain. 

4 .  C o n c l u s i o n s  

W e  h a v e  a t t e m p t e d  to  e v a l u a t e  ( f r o m  p u b l i s h e d  i n f o r m a t i o n  in  t h e  l i t e r a t u r e )  w h e t h e r  

a i r  p o l l u t i o n  a l o n g  t h e  s o u t h w e s t e r n  sho res  o f  L a k e  M i c h i g a n  c a n  be  a s i gn i f i can t  

s o u r c e  o f  t r a c e  e l e m e n t  c o n t a m i n a t i o n  o f  t h e  lake .  I n  sp i te  o f  t h e  e x t r e m e l y  f rag-  

m e n t a r y  n a t u r e  o f  a v a i l a b l e  d a t a  o n  a i r  a n d  w a t e r  c o m p o s i t i o n  a n d  o n  m e t e o r o l o g i c a l  

f ac to r s ,  a i r  p o l l u t i o n  a p p e a r s  to  b e  a n  i m p o r t a n t  w a t e r  p o l l u t i o n  s o u r c e  fo r  c e r t a i n  

e l emen t s .  M o r e  i m p o r t a n t l y ,  t h i s  s t u d y  h i g h l i g h t s  t h e  n e e d  f o r  m o r e  c o m p r e h e n s i v e  

i n f o r m a t i o n  in  o r d e r  to  f o r m u l a t e  exac t  c h e m i c a l  m o d e l s  for  i n p u t s  a n d  o u t p u t s  o f  

c o n t a m i n a n t s  to  o n e  o f  t he  G r e a t  Lakes .  
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TABLE VII 

Years required to raise Lake Michigan water 
concentrations 0.1 /zg1-1 from fallout of 
Chicago area air pollution with 10 ~ efficiency 

Element Years 

Cd 500 
Cr 55 
Cu 1.6 
Fe 0.06 
Mn 1.1 
Ni 5.5 
Pb 2.4 
Se 73 
Ti 2.5 
V 9 
Zn 1.3 

Appendix 

DETAILS OF THE ELEMENTAL EMISSIONS INVENTORY CALCULATION 

The consumption of coal, fuel oil, and automotive fuel in the region of interest here 
is assumed to be 4% of the national consumption, in proportion to the estimated 
1969 population of the region, where total U.S. annual consumption is estimated by 
the World Almanac and Book of Facts (1967) as: coal, 540 million short tons* (not 
including coal for coke production); fuel oil, 1200 million barrels (200 million short 
tons); automotive fuel, 830 gallons per year by each of 95 million automobiles (79 
billion gallons). Coke production is estimated to be 21% of the national production 
of 77 million tons, based on the fraction of total U.S. iron and steel produced in the 
region (Raw Steel Production, 1968). Emissions from blast furnaces, sinter plants, 
open hearth furnaces, and basic oxygen furnaces (Raw Steel Production, 1968) as 
well as cement plant emissions (Kreichelt et al., 1967), are based on production figures 
for the region. It should be pointed out that emissions based on production figures 
and listed in this report are conservative; that is, emissions from major sources were 
considered but not inputs from minor sources, e.g., chemical industry, galvanizing, 
tinning, and trash. 

The best available information on the composition of particulate emission from 
coal combustion appears to be contained in two recent reports of the U.S. Public 
Health Service (Smith and Gruber, 1966; Cuffe and Gerstle, 1967). For some common 
elements analyses of fly ash itself are presented (Smith and Gruber, 1966) but for the 
less common elements the data are presented (Cuffe and Gerstle, 1967) as grains of the 
element per standard cubic foot of flue gas for several types of boiler firing. The same 
references presents the total amount of fly ash in the same units, as well as further 
data, which permits an estimate of emissions to be calculated as approximately 

* Because source data are available only in the English system of units, calculations have been 
carried out largely in terms of short tons of 2000 pounds (0.907 metric ton). 
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20 pounds of fly ash per short ton of coal used in electric power production, and 25 
pounds of fly ash per short ton of coal burned for purposes other than generation of 

electricity. The weighted average is about 22 pounds of fly ash per short ton of coal 
consumed as a mean of the types of  boiler firings considered. Fly ash emitted to the 
atmosphere comprises about 10~o of the total ash produced. Table VII I  summarizes 

TABLE VIII 
Composition of particulate emission from coal combustion 

Element Parts per Element Parts per 
thousand thousand 

A1 140 Mn 0.24 
As 0.16 Mo 0.16 
Ba 0.6 Na 4 
Be 0.018 Ni 0.4 
Ca 40 Pb 1.2 
Cd 0.04 Se 0.02 
Co 0.09 Si 200 
Cr 0.3 Sn 0.05 
Cu 0.4 Ti 9 
Fe 70 V 0.8 
Mg 8 Zn 0.9 

calculations of  the composition of particulate emission from coal combustion using 

this information. The selenium content is estimated by assuming 2.4~ sulfur in the 
coal, a ratio Se/S = 10 .4  (Hashimoto and Winchester, 1967; Thomas, 1969), and 10~o 
of the Se appearing in the particulate emission, in line with an assumed 90~ collection 

efficiency. (Se emissions may exceed this estimate since the expected compound,  

SeO2, is a vapor above 315°C.) Coke oven emissions are assumed to have the same 
relative elemental composition as the particulates from coal combustion and are 
estimated to be 20000 short tons per year, 1.5 times the value published for north- 
west Indiana alone (Ozolins and Rehmann, 1968). 

Table IX represents very roughly the composition of particulate emissions from 

fuel combustion, based on two tests reported (Smith, 1967) and an assumed value of 
Se/S = 10 -4, although the elemental composition varies widely with the source of the 

crude oil. The reported value (Duprey, 1968) of 0.2~o of the weight of fuel oil burned 
which appears as airborne particulates is taken, or 16000 short tons of particulate 
from this source per year in the region. 

Calculations of  trace elements in particulate emissions for the iron and steel industry 
require a detailed examination of the several sources involved, and the considerations 
which went into such calculations include the following: 

In the nation, approximately 82 million short tons of pig iron per year are produced 
from iron ore, coke, and limestone, and 130 million tons of  raw steel are produced 
(Raw Steel Production, 1968; Schueneman et al., 1963). Very nearly 21~o of the steel, 
or 27 million tons, is made in the Chicago and northwestern Indiana area. Thus it 
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TABLE IX 
Composition of particulate emission from fuel oil combustion 

Element Parts per Element Parts per 
thousand thousand 

A1 50 Mn 0.3 
Ag 0.20 Mo 0.2 
B 0.25 Na 15 
Ba 2.5 Ni 60 
Ca 4 Pb 1.8 
Co 1.5 Se 1.0 
Cr 1.2 Si 24 
Cu 1.6 Sr 0.3 
Fe 25 Ti 0.3 
K 1.0 V 25 
Mg 3 Zn 0.5 

was assumed that 21~ of total pig iron was also produced in the area, or I7 million 
tons. About ~ of this area production actually arises from plants in northwestern 
Indiana, and ½ from plants in northeastern Illinois (World Almanac and Book of 
Facts, 1967; Raw Steel Production, 1968). 

Emissions from blast furnaces during pig iron production are fairly well controlled, 
but about 13 000 tons/year are emitted for the entire area (Duprey, 1968; Ozolins and 
Rehmann, 1968) as a minimum. Emissions from sinter plants are considerably higher 
and were arrived at by separate methods for northwestern Indiana and the remainder 
of the study area. Sinter plant emissions for northwestern Indiana have been published 
by Ozolins and Rehmann (1968); sinter plant emissions for Chicago were calculated 
from the tons of iron processed, and an emission of 3.5 pounds particulate emitted 
per ton processed (Duprey, 1968). Thus, yearly atmospheric emissions of 88000 tons 
from northwestern Indiana sinter production and 10000 tons from Chicago sinter 
plants were obtained, for a total of approximately 100000 tons. Table X gives the 
composition of emissions from sinter plants and blast furnaces (Sebesta, 1968). 

Regarding the production of raw steel, about half is made in open hearth furnaces, 
and, although a small amount is produced in electric furnaces, it was assumed for 
purposes of calculation that half is made in the basic oxygen furnace. Again, particu- 
late emissions for northwestern Indiana were available for both processes (Ozolins 
and Rehmann, 1968) 67000 tons from the open hearth and 500 tons from the basic 
oxygen furnace (BOF). In northeast Illinois, emissions from steel manufacturing had 
to be calculated from tons of product (Schueneman et  al., 1963 ; Duprey, 1968). Assum- 
ing that emission control devices are in operation, 7.5 pound-ton-1 are emitted from 
the open hearth process, and 0.4 pound-ton -1 from the BOF, or, per year, 17000 
tons from the open hearth and 1000 tons from the BOF for northeastern Illinois. Thus 
total particulate emissions for the entire region from open hearth were 84 000 tons y r -  1, 
and from BOF, 1500 tons yr -1. Elemental composition of open hearth and BOF 
emissions (Schueneman et  al., 1963) are also given in Table X. 
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TABLE X 
Composition of particulate emission from the iron and steel industry 

Element Contents in parts per thousand 

Blast furnaces and Open hearth Basic oxygen 
sinter plants furnaces furnaces 

A1 35 12 11 
Ca 90 17 12 
Cu 30 
Fe 220 560 570 
Mg 20 13 3 
Mn 35 12 31 
P 2 1 
Si 10 7 
Zn 35 

Particulate emissions from the manufacturing of portland cement could be con- 
servatively estimated as 40000 ton yr -1, based on production figures for the area 
(Kreichelt el aI., 1967). This corresponds to about 13 pounds of dust emitted per ton 
of cement produced. Of this total, about 27000 tons of dust are emitted per year in 
northwestern Indiana (Ozolins and Rehmann, 1968). The emission was assumed to have 
the same approximate composition as the finished product (Schueneman et al., 1963), 
viz. 2.5% A1, 44% Ca, 2.7% Fe, 1.2% Mg, and 10% Si. 

The emissions of five elements were estimated from burning leaded gasoline in 
internal combustion engines. The number of gallons of gasoline consumed in the 
study area was estimated from the U.S. Bureau of the Census (1961) regarding number 
of motor vehicles and annual gasoline consumption per vehicle (Duprey, 1968). 
Sulfur and selenium emissions could be calculated as 7000 ton yr -1 (Duprey, 1968) 
and 1 ton yr-1 (Hashimoto and Winchester, 1967; Thomas, 1969), respectively. Lead, 
chlorine, and bromine emissions could be calculated as 2000 tons yr -1 ,700 ton yr-1, 
and 800 ton yr -1, respectively, assuming that 25% of the lead and halogen product 
eventually becomes airborne (Working Group on Lead Contaminants, 1965). These 
results assume contents in grams per gallon: Br 0.8, C10.7, Pb 2, S 2, Se 0.0002. 
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