
The inner (about 1832) moraine 
contained no large boulders and few 
rocks which were not partly rounded 
at their edges. This suggests the rocks 
of the inner moraine were the result 
of the glacial erosion which occurred 
in the 120 years (about) between the 
first and second ice advance. The 
large volume of material in the 1832 
moraine is further possible evidence 
that the ice advance at that time fol- 
lowed a century of ice action on the 
mountain slopes. Examination of the 
size, shape, and numbers of large 
boulders in moraines of other glaci- 
ated areas in which there were ice 
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powered plants of comparable size. 

Our interest in the distribution of 
naturally occurring radionuclides has 
led us to analyze samples of ash from 
coal and oil consumed in the produc- 
tion of electrical energy. Six samples 
of fly ash were obtained from the elec- 
trostatic precipitators of boilers burning 
six different batches of pulverized semi- 
bituminous coal from Appalachian 
mines. In addition, three samples of 
the solid residues formed when fuel oil 
was burned were obtained from the 
breechings of smoke stacks carrying 
the combustion products from boilers 
fired with South American oil. These 
ash samples were analyzed radiochem- 
ically for the radionuclides Ra2d, Ra28, 
and Th228 by methods adapted from 
those of Petrow et al. (1). 

The results of these analyses are 
shown in Table 1. It is interesting that 
for coal ash, the near equality of the 
Ra228 and Th22 content indicates that 
secular equilibrium exists and that the 
levels of activity for both nuclides must 
be supported by an equivalent amount 
of Th232 activity. However, for petro- 
leum ash, the ratio of Th'T to Ra22 is 
1.4, near the value of 1.5 which would 
be expected for transient equilibrium 
supported by a RaT' parent. The data 
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advances during the "Little Ice Age" 
would be helpful in substantiating 
the use of boulders as an aid in 
chronological studies. 
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indicate that for coal, the whole thorium 
series is contained within the matrix 
whereas, for petroleum, radium has 
been leached selectively from the sub- 
strate. 

Large, coal-burning central power 
stations burn pulverized coal, the com- 
bustion products of which, both gaseous 
and particulate, are discharged into the 
atmosphere through smoke stacks. 
In the plants from which our samples 
were obtained, mechanical filters and 
electrostatic precipitators are used to 
reduce the fly-ash content of the ex- 
haust gases, and it is estimated that 
97.5 percent of the fly ash produced is 
thus collected when the equipment is 
properly maintained. The remaining 
2.5 percent is discharged directly into 
the atmosphere. For the purpose of this 
report, it was assumed that the fly ash 
so collected is representative of the 
chemical composition of the dust that 
passes into the atmosphere. 

A 1000-megawatt power station will 
consume about 2.3 million tons of semi- 
bituminous coal per year (2). If we 
assume that the coal has an ash content 
of 9 percent, of which 2?2 percent is 
discharged into the atmosphere, it can 
be calculated that such a coal-burning 
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station will discharge about 4.5 X 109 
g of fly ash into the atmosphere each 
year. On the basis of our analytical 
data, this fly ash will contain about 10.8 
mc of Ra228 and 17.2 mc of Ra226. 

In coal ash, the radioisotopes origi- 
nate from traces of U28 and Th2"2. On 
the basis of the measured Ra226 and Ra228 
content of the ash, and with the as- 
sumption that the coal has a 9-percent 
ash content, U238 and Th232 are present in 
coal in concentrations of 1.1 and 2.0 
parts per million, respectively. The ac- 
tivity of U238 is 0.4 pc/g, while that of 
Th232 is about 0.2 pc/g. Anderson re- 
ported comparable concentrations of 
Ra226 in British coal (3). 

A power station in which dust collec- 
tion equipment is not used will dis- 
charge about 80 percent of the ash 
into the atmosphere. If such a plant has 
a capacity of 1000 Mw, it will annually 
discharge about 350 mc of Ra22' and 
550 mc of Ra226. 

Oil-burning plants normally dis- 
charge nearly all of the combustion 
products into the atmosphere. A 1000- 
Mw station will consume about 460 
million gallons of oil per year. If it is 
assumed that the oil has an ash content 
of 0.05 percent a total of 7.3 x 10' g 
of fume will be discharged, the total 
radium content (Ra226 plus Ra228) of 
which would be about 0.5 mc (Table 
1). 

The amounts of radium just men- 
tioned, and the associated radionuclides 
of the uranium and thorium series do 
not add significantly to the other sources 
of natural radioactivity to which hu- 
mans are exposed. Because of the in- 
solubility of fly ash, one would expect 
that radium inhaled in fly ash would be 
present in higher concentrations in the 
lungs than in other soft tissues. The 
lungs from three adult New York City 
residents were found to contain, 1.0, 
1.2, and 1.0 pc of Ra228, 0.8, 0.7, and 
0.7 pc of Th228, and 0.2, 0.2, and 0.5 pc 
of Ra226. Data on the radium content 
for other soft tissues are not available 
in New York City but Hursh et al. (4) 
have reported that the concentration of 
Ra22" in soft tissues other than lung, in 
subjects from Rochester, N.Y., ranges 
from 0.05 to 0.1 pc/kg, wet weight, 
compared to a mean of 0.3 pc/kg wet 
weight in the lungs of our subjects. In 
contrast, the normal concentrations of 
Ra226 in bone was reported by Hursh to 
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from 0.05 to 0.1 pc/kg, wet weight, 
compared to a mean of 0.3 pc/kg wet 
weight in the lungs of our subjects. In 
contrast, the normal concentrations of 
Ra226 in bone was reported by Hursh to 
be 3.4 pc/kg wet weight. The radium 
in bone is due primarily to the normal 
occurrence of this element in soil (5) 
from which it passes metabolically into 
plants and animals. 
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Radioactivity in the Atmospheric Effluents of Power Plants 

That Use Fossil Fuels 

Abstract. Analysis of the fly ash produced by combustion of pulverized Ap- 
palachian coal has shown that a 1000-megawatt coal-burning power plant will 
discharge into the atmosphere from about 28 millicuries to nearly 1 curie per year 
of radium-226 and radium-228. An oil-burning plant of similar size will discharge 
about 0.5 millicurie of radium per year. Comparison of these data with data on 
the release of fission products from nuclear-powered generating stations shows 
that when the physical and biological properties of the various radionuclides are 
taken into consideration, the conventional fossil-fueled plants discharge relatively 
greater quantities of radioactive materials into the atmosphere than nuclear- 
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Radium-thorium content of fuel Radium-thorium content of fuel 

No. of Ra226 Ra22s Th228 
sample (pc/g) (pc/g) (pc/g) 

Coal ash 
1 5.0 1.9 2.5 
2 4.2 2.5 2.7 
3 3.8 2.6 2.4 
4 2.8 1.8 2.1 
5 4.8 2.7 2.4 
6 2.1 3.1 3.3 

Mean 3.8 +? 0.4 2.4 ? 0.4 2.6 ? 0.4 

Petroleum ash 
1 0.14 0.45 0.67 
2 0.18 0.32 0.52 
3 0.30 0.70 0.83 
Mean 0.21?0.07 0.49?0.16 0.68?0.13 
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Samples of dust collected from the 
atmosphere of New York City were 
also analyzed. The dust contained in 
a 26,000-m' sample of air collected con- 
tinuously during the month of Decem- 
ber 1962 was found to contain, 
1.5 X 10-4 pc/mr, 0.8 X 10- pc/mr, 
and 1.5 X 10-' pc/m3 of Th"28, Ra"6, 
and Ra228 respectively. A person 
breathing 20 m3 of air in 24 hours 
would thus inhale about 0.0046 pc of 
Ra226 plus Ra228 per day. This is a very 
small fraction of the radium ingested 
daily in food. 

It is of interest to compare the quan- 
tities of natural radioactivity discharged 
by coal-burning plants with the quan- 
tities of radioactive substances dis- 
charged into the atmosphere by elec- 
trical generating stations that utilize 
nuclear energy as the source of heat. 
In order to make such a comparison it 
is necessary to find a method that 
makes it possible to compare radio- 
nuclides that have varying chemical, 
physical, and biological properties. The 
potential hazard of a radionuclide de- 
pends on many factors, including me- 
tabolic properties, half-life, and decay 
schemes. These factors are all taken 

Table 2. Comparisons of maximum permis- 
sible concentrations of certain radionuclides 
in air (6). 

Max. perm. 
Nuclide Half-life cone.* 

(,uc/cm3) 

Ra 2t 1620 years 0.5 X 10-11 
Ra228t 5.7 years 1 X 10-" 
Kr85 10.8 years 3 X 10-6 
1131 8 days 3 X 10-9 

* The listed values are for 168 hours of contin- 
uous exposure. They are not intended to be used 
for exposure of the general population, but these 
values are applicable to our purposes since we 
are interested in their ratios. It is generally con- 
sidered desirable to divide the values recom- 
mended by the International Commission on 
Radiation Protection by 10 when applying them 
to the general population. t Assumed to be in 
the insoluble form. 
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into consideration in computing the 
maximum permissible concentration of 
a given radionuclide (6), and the rela- 
tive significance of radioactive sub- 
stances discharged into the atmosphere 
can therefore be compared if their 
maximum permissible concentrations 
are known. 

In Table 2 are listed the maximum 
permissible concentrations of Ra226 and 
Ra28, and IF3 and Kr85, the two principal 
radionuclides present in the atmospheric 
effluents of reactors. The maximum 
permissible concentrations of Kr85 and 
I181 are much higher than the permissi- 
ble concentrations for the radium iso- 
topes. This is because of a combination 
of factors, among which are (i) radium 
isotopes give rise to a number of radio- 
active daughters, (ii) some of the iso- 
topes in the decay chains emit alpha 
particles, and (iii) the radium isotopes 
are relatively long-lived and their en- 
ergies are greater than those associated 
with the decay of Kr85 or I31. 

A 1000-Mw coal-burning plant hav- 
ing good fly ash control equipment will, 
as noted earlier, annually discharge 
about 28 mc of mixed radium isotopes 
into the atmosphere. From the ratios 
of the maximum permissible concentra- 
tions, 1 mc of radium, consisting of 
equal parts of Ra"2 and Ra28, is radio- 
biologically comparable, approximately, 
to 400,000 mc of Kr" and 400 mc of 
I"'. The atmospheric effluents from a 
well-operated plant of this size thus 
contains naturally occurring radioac- 
tive substances equivalent, from the 
point of view of their hygienic signifi- 
cance, to about 104 c of Kr8' and 10 c 
of I31. Plants that burn pulverized coal 
but which do not provide mechanical 
or electrical dust separators discharge 
radium in far greater amounts. Such a 
plant might discharge about 1 c/yr of 
mixed radium isotopes. This is equiva- 
lent to more than 4 X 10' c of Kr8 or 
more than 400 c of I81. An oil- 
burning plant of 1000-Mw electrical 
generating capacity would discharge an 
amount of radium that is approximately 
equivalent to 200 c of Kr8 and 200 me 
of Il'. 

Conventional practice in the opera- 
tion of nuclear reactors provides means 
for storing the waste gases so as to 
permit the short-lived radionuclides to 
decay. In most plants the waste gases 
can be stored sufficiently long to permit 
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nuclide equivalent to the amounts of 
radium discharged by fossil plants. For 
example, during 1961, the Yankee Nu- 
clear Power Station at Rowe, Massa- 
chusetts, discharged only 1.9 mc of 
gaseous wastes into the atmosphere 
(7). This experience is consistent with 
that of other nuclear powered electrical 
generation stations in the United States. 

Our measurements of the natural 
radioactivity of fossil fuels have thus 
led us to the conclusion that an elec- 
trical generating station that derives its 
thermal energy from such fuels dis- 
charges relatively greater quantities of 
radioactive substances into the atmo- 
sphere than many power plants that de- 
rive their heat from nuclear energy. 

MERRIL EISENBUD 
HENRY G. PETROW 

Institute of Industrial Medicine, 
New York University Medical Center, 
New York 
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Amethyst: Optical Properties 
and Paramagnetic Resonance 

Abstract. Color centers in amethyst 
are produced by the action of ionizing 
radiation on precursor centers that 
arise from substitution of Fe"+ for Si+4 
in the a-quartz structure. These Fe*3 
centers provide the dominant features 
of the electron paramagnetic resonance 
spectrum of amethyst. The three equiv- 
alent Si+' sites are unequally occupied 
by Fe+', a circumstance that explains 
the optical biaxiality of amethyst. 
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6 March 1964 

Amethyst: Optical Properties 
and Paramagnetic Resonance 

Abstract. Color centers in amethyst 
are produced by the action of ionizing 
radiation on precursor centers that 
arise from substitution of Fe"+ for Si+4 
in the a-quartz structure. These Fe*3 
centers provide the dominant features 
of the electron paramagnetic resonance 
spectrum of amethyst. The three equiv- 
alent Si+' sites are unequally occupied 
by Fe+', a circumstance that explains 
the optical biaxiality of amethyst. 

The origin of color in amethyst, a 
form of a-quartz, has excited attention 
for centuries. We have accumulated 
evidence that color centers are gener- 
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