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Abstract 

Established uses of enriched isotopes in the environmental field were 

surveyed to determine future trends in isotope needs. Based on 

established isotope uses, on the projected increase in the pol

lution problem, and on the apparent social and economic pressure 

for pollution abatement, a significant demand for enriched isotopes 

appears to be developing for the assessment and control of air, 

water, and soil pollutants. Isotopic techniques will be used in 

combination with conventional methods of detection and measurement, 

such as gas chromatography, x-ray fluorescence, and atomic absorption. 

Recent advances in economical isotope separation methods, instru

mentation, and methodology promise to place isotopic technology 

within the reach of most research and industrial institutions. In

creased application of isotope techniques appear most likely to occur 

in areas where data are needed to characterize the movement, behavior, 

and fate of pollutants in the environment. 

Summary 
Social and economic pressures are likely 

to incrense the need for enriched isotopes 

in the areas of pollution assessment an.d 

control. Predictions on the increase of 

air, water, and soil pollutants will re

quire extensive data on pathways, concen

trations, behavior, and the ultimate fate 

of the pollutant in the environment. These 

data can be treated by a system analysis 

method for risk-benefit evaluations. 

Isotope tracers provide the most direct 

means, and in some cases the only means, 

of determining pathways and the ultimate 

fate of the pollutant. They can also pro

vide the means for tracing the pollutant 

back to its source. 

A possible need wns forecast for a large 

variety of gram.or more quantities of en

riched· stable and radioacitve isotopes for 

use as tracers in small-scale research stud

ies and in the development of essential 

measureme.nt techniques. Enriched isotopes 

will also be integral to the development of 

instruments for the analysis of stable 

isotope ratios, isotope dilution, and 

neutron activation analysis. 

The pollutants in water, soil, and air 

are for the most part derived from the same 

sources - agricultural and energy waste 

emissions. However, physical and chemical 

changes in the pollutant under varying en-· 

vironmental conditions result in a frac

tionation that tends to concentrate some 

species in water and soil and others in 

the air. Enriched isotopes of interest 

for environmental studies are summarized 

below. 

The action of water as a solvent, along 

with the inherent presence of water in 

soil, will complicate the investigation 

of pollution, and thus will require a wide 

variety of enriched isotopes. Gram or 

greater amounts of stable isotopes 12c, 
13c, 14N, lSN, 170, 180, 2H, 325, 34s, 
35c1, 37c1, 74 ai, 81ar, 65cu will be 

needed for water and soil pollution studies .. 

Field studies concerning the eftects and 
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fate of fertilizers and pesticides will 

eventually necessitate the use of some of 

the above isotopes in quantities of one 

kilogram or more. 

Radioactive isotopes with activities of 10 

or more millicuries per gram will be re

quired for tagging pollutant sources for 

use in laboratory studies. Isotopes re-
3 14 quired for these purposes are H, C, 

35 81 32P, 76As, llSmCd, 197,203Hg, 75 8c, 

65Zn, 82Br, 131I, 36Cl, 38Cl, 86Rb, 58Co, 
60 51 Co, and Cr. 

Enriched rare earth isotopes in kilogram 

quantities may be needed as activable 

tracers for studying large-volume hydrology 

systems, such as estuaries. 

Air pollutants are mainly gaseous and 

particulate compounds of su°ifur, nitrogen, 

oxygen, carbon and trace heavy metals, and 

the halogens. 8t~ble isotopes in kilogram 

quantities that have a potential applica-

t . f . l d' 13 ion or environmenta stu ies are C, 
!SN, 160, 180, 2H, .328, and 348. Multi-

labeled compounds have been shown to be 

ideal meteorological tracers. The release 

of 84 g of methane-21 was detected at 

distances of up to 2500 km. Other multi

labeled compounds that should be of use 

as meteorological tracers are 13c18o2 ,. 

3481602' and 15N02. 

Current studies on isotope applications in 

the nuclear field indicate a growing need 

for large amounts .of enriched isotopes in 

a number of areas. Recent developments in 

laser isotopes-separation studies indicate 

that it may be possible to produce o2o for 

approximately one~third the current cost 

of $198/kg. If such a price reduction 

could be achieved, the current and future 

markets of 1,2000 Mg/yr and 4000+ Mg/yr, 

respectively, could be greatly expanded. 

Expansion of the heavy water market would 
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be the result of increased production of 

the CANDU reactor and the potential develop

ment of the CANDU breeder reactor which 

would use the "non-proliferating" U/Th fuel. 

A market'for zirconium isotopes in excess 

of 900 Mg could emerge for use in CANDU 

reactors if this isotope could be produced 

for about $1000/kg. Assuming the CANDU 

reactor is operated as a breeder on U/Th 

fuel, an allowable cost of $3000/kg would 

create a zirconium isotope market greatly 

in excess of 900 Mg/yr. 

"EPIT" (Appendix B) material consideration 

for fusion reactor application demonstrated 

the theoretical possiblity_of controlling 

both short and long-term radioactivity. 

If new methods for separating isotopes can 

lower the cost, then the practicality 

of isotopic tailoring becomes feasible. 

More detailed studies of both theoretical 

and practical possibilities of "EPIT" 

material applications were recommended. 

Assuming that thermal reac.tor fuels are 

to be recycled, these potential markets 

for reactor fuel by-products exist: 

1) radiation sources for the treatment 

of food 

2) gamma sources for the treatment of 

sewage sludge 

3) heat sources for cold regions 

Introduction 
This report is the second of a series 

which considers the growth potential for 

enriched stable and radioactive isotope 

applications. The first report [l] tlealt 

with large-scale isotope applications in the 

nuclear field; the present report covers 

isotope needs for the environmental field; 

the next report will be concerned with isotope 

applications in the biomedical field. 



Chemical separations are usually required 

for providing radioactive isotopes. Iso

tope separations are required for pro

viding enriched stable isotopes. Growth 

estimates for isotope applications are 

necessary for two reasons: to gain lead 

time in isotope production and to establish 

a priority between the production of large 

quantities (tons) and the development of 

new chemical and isotopic separation 

·methods. Although methods [2,14) of quan

titative prediction prove to be somewhat 

imprecise in these matters, it should be 

possible to generalize on future isotope 

needs, based on 1) established isotope 

uses, 2) the magnitude of the problem for 

which an isotope application could help in 

the solution, and 3) the social and eco

nomic desire to solve the problem as ex

pressed by legislative policy. 

Background 
The preliminary isotope applications sur

vey (1) wh~ch covered all fields of applica

tion, i.e., nuclear, biomedical, agricul

tural, environmental, and industrial, 

predicted the greatest growth potential 

to be in the nuclear, biomedical, and 

environmental fields, in that order. As 

in the past, large-scale isotope applica

tions will continue to expand in the nuclear 

field (for power production), while a 

greater variety of smaller amounts of 

enriched isotopes will be required in the 

other topical fields. The survey also 

indicated that all future consideration of 

isotope applic<ltiom; will be more respon!';ivP 

to societal concerns for the environment 

and to the conservation of financial re

sources, scarce raw materi~ls, and energy. 

The recent world energy crisis has dramati

cally accelerated the development of ad

vanced nuclea:r.· energy ~ystems. II. projected 

shortage of low-cost uranium has stimulated 

investigation into low-cost isotopic nu

clear .fuel systems. These investigations 

are occuring in the breeder reactor field 

as well as in the non-breeder reactor field. 

In an effort to develop advanced nuclear 

energy systems based on unlimited; relative

ly pollution-free isotopic fuel resources, 

a new emphasis on the use of enriched or 

depleted isotopes was projected. This new 

reliance on isoto~es requires the manufac

ture and characterization of large amounts 

of enriched isotopic materials which con

tain small amounts of element impurities 

for use as nuclear fuels and reactor com

ponent materials. These materials, which 

will be especially useful in the fusion 

reactor field, are referred to as elemen

tally pure-isotopically tailored (EPIT) 

materials. The proper use of these could 

result in optimized nuclear energy systems 

that could be longer-lasting, more reliable, 

more economical, and less polluting than 

nuclear systems based on the use of nat

urally occurring materials. 

A growing need for gram or greater amounts 

of a variety of isotopes was noted for use 

as stable, radioactive, and non-radioactive 

activable tracers. This trend was especially 

strong in the medical field and to a lesser 

extent in the environmental field. In

creased isotope functions in these areas 

can stem from both the increased.applica

tion of existing techniques, as well as 

from the introduction of new techniques. 

The availability of enriched stable iso

topes did not appear to be a limiting 

factor in their anticipated growth. New 

isotope separation methods showed great 

promise for providing large amounts of 

low-cost enriched isotopes. However, 

before widespread adoption of stable iso

tope applications becomes a reality, the 

isotopes must be provided in the required 



chemical form and at a reasonable cost. 

Also, inexpen.sive automated analytical 

equipment essential to sampling and quan

titative analysis techniques must be made 

readily available. Because of the concern 

over the effects of radioactivity in the en

vironment, growth in new radioactive iso

topes uses appeared to be of importance 

only in closed-radiation and heat source 

applications in the development of analysis 

and measurement technology. The hardware 

for activable tracer applications is well 

developed, but the major hurdle to overcome 

for the widespread adoption of these appli

cations was identified to be a lack of 

performance data [19,47] and a lack of 

understanding the benefits obtainable 

through ~he tracer's use. Unavailability 

or. high cost of the tracer did not appear 

to be a factor. 

Incentives for isotope. 
applications in pollution 
control . 
This report covers isotope applications 

and their potential for growth as an 

essential tool in the assessment and con

trol of environmental pollution. While 

the motive for isotope applications in the 

nuclear field is largely monetary, their 

use in the environmental studies leads more 

toward improving the quality of life. But 

environmental management is subject to 

social and economic pressures; the social 

pressures have taken the form of legisla

tive action - the Clean Air Act Amendments 

of 1970 and the Federal Water Pollutiori 

control Act Amendments of 1972, mandating 

the development and implementation of en

forceable programs for environmental manage

ment. The economic pressure is equally 

great as reflected by the impact of air 

pollution on agriculture [3]. The lack 

of adequate quantitative data concerning 

the effects of air pollution on the quality 

and yield of crops and forest has resulted 
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in a wide range of estimates, all of which 

indicate the need for concern. One study 

prepared by Midwest Research Institute for 

the U. S. Environmental Protection Agency 

(EPA) in 1976, based on 1970 air pollution 

figures for 4u metropolitan areas and 74 

major agricultural counties, indicated that 

the minimum urban damage was between $5.3 

and 6 billion, with the agricultural damage 

totaling about $160 million in crop or 

ornamental plant losses. A Stanford Research 

Institute study [4] estimated.that $130 

million is lost annually, compared with 

$2.9 billion in another study [5] conducted 

for the EPA. These studies have indicated 

that most of the air pollution damage to 

agriculture is attributable to photochemi

cal oxidants - primarily ozone, and to 

a lesser extent so2 and sulfates. A future 

concern is the possible contamination by 

"minor" pollutants like heavy metals which 

tend to concentrate during waste recycle. 

These combined social and economic pressures 

; have stimulated a costly research and develop

ment push toward pollution. control. The 

economic impact of this effort can be gleaned 

from Table 1, a National Science Foundation 

survey on the subject. 

At the present time only a small portion 

of this research and development appears 

to be directed toward the development of 

nuclear methods and isotope applications 

for pollution control. Nevertheless, it is 

widely believed by nuclear technologists 

[8-13] that properly implemented nuclear 

techniques with enriched isotope applications 

could contribute significantly to a compre

hensive pollution program. Any such progr,am 

would require a working definition of environ

mental quality and the monitoring methods 

to ensure the maintenance of set standards 

under constantly changing conditions over 

a long period of time. 



r--~~~Table 1 - UNITED STATES R&D EXPENDITURES FOR POLLUTION ABATEMENT [6] ($mil) 

Industry 

Electrical equipment 

Petroleum refining and extract 

Aircraft and missiles 

Chemicals and allied products 

Motor vehicles and equipment 

Other 

Nonmanufacturing 

Total 

Federal Funds 

Company Funds 

Methods and techniques needed are those 

which develop data characterizing the 

movement and behavior of pollutants in the 

environment. Ordinary analytical methods 

such as atomic absorption, gas chromato

graphy, mass spectrometry, and x-ray fluo

rescence are useful in establishing the 

movement a.nd behavior of noxious substances 

in air, water, and soil. Isotope tracers 

and nuclear techniques are useful .in deter

mining the pathways and ultimate location 

of these pollutants in the environment. 

Isotope techniques have another important 

advantage - they are useful in tracing 

the pollutants back to their source. Con

sequently, both ordinary analytical and 

isotopic techniques could afford a poten

tially clear-cut path to the effective 

control of pollution. 

It is only with the utilization of system 

analysis (and the necessary data base) 

where theoretical models of air, water, and 

soil movements can be combined with pollu

tant input and output data that models 

can be developed to simulate and foresee 

the ultimate fate of a pollutant in the 

environment. The latest predictions on 

1974 1975 1976 

16 17 15 

61 66 60 

34 37 37 

65 71 77 

384 34 7 356 

70 79 86 

27 34 32 

657 651 663 

51 44 

606 607 

increases of air and water pollutants 

(Table 2) illustrate the need for a de

tailed monitoring program that not only 

shows where the pollutants go, but also 

where they came from and what their effect 

is on the biosphere. The greatest increases 

in air pollution will result largely from 

increased mining and combustion of coal. 

It is not anticipated that pollution con

trol technology can prevent these predicted 

increased emmissions. So, a greater need 

for measurement and monitoring will exist 

to gather data on the fate of the pollutant 

and the total impact on the environment. 

With this knowledqe, a ~y~tem analysis 

approach would allow risk-benefit evaluations 

with which decisions could be made as to 

whether the pollution is tolerable and if it 

is worth the cost to the quality of the 

environment. 

Isotope applications in 
water pollution investigation 
A wide variety of enriched stable and radio

active isotopes have been e.stablished as 

tracers in the assessment and control of 

water pollution. Because water is a 

7 



~~~~~~~Table 2 - PREDICTED INCREASES IN AIR POLLUTION (7) 

.,,-,::c=:---N~a~t-i_o_n_a_l-:-:e~m=-=-i-s~s~i~o~n~s~~-~ (Millions of tons) 
1975 1985 

Carbon monoxide 91. 3 42.6 

Sulfur oxides 26.5 28.7 29.6 

Nitrogen oxides 17.4 21. 8 27.6 

Hydrocarbons 16.8 10.4 11.4 

Particulates 15.4 9.4 12.8 

Suspended solids 14.7 1. 7 4.7 

Dissolved solids 13.3 10.1 14 .2 

Combustion wastes 65.8 143.0 206.0 

Mining/milling wastes 63.1 197.0 6 70 .0 

Energy water use 1. 9 4.2 8 10.3 

8 Millions of acre-feet. Source: Energy Research & Development 

Administrat.ion Annual Environmental Analysis Report (AEAR) 

Office of Environmental Safety. 

particularly good solvent, many pollutants 

(trace contaminants, fertilizers, herbi

cides, pesticides, wastes from industrial 

processes, and their residues) can be 

either carried by, or dissolved in, water 

and thus be transported to the earth's 

aquifers. Upon reaching an aquifer, 

pollutants and their residues can undergo 

further physical and chemical changes. 

So to determine the impact of pollutants 

and their residues on mankind it will be 

mandatory to understand the paths, inter

actions and effects of the various foreign 

compounds in the environment. By corre

lating data on pollutant amounts, patterns. 

of distribution, disposal, and effects, 

risk-benefit evaluations should be for

mulated through system analysis techniques.· 

In the pas~, isotope tracers and other 

related nuclear methods (13, 14, 15) have 

proven to be extremely useful in acquiring 
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the data necessary for pollution assess

ment. Nuclear techniques have been used 

under field conditions to trace the origins 

of aquifers and to investigate the behavior 

of contaminants and pollut_ants. Worldwide 

interest in this area has fostered four 

international symposiums [8·-11) on hydrology. 

A bibliography (12) on isotope hydrology 

covering the period 1957 through 1971 and a 

guidebook (13) on Nuclear Techniques in 

Hydrology were prepared by the International 

Atomic Energy Agency to provide general . 

information on the applications and prin

ciples of isotopic and other nuclear methods 

commonly used in hydrology. In addition, 

over the last decade many individual papers 

on isotope hydrology ~ave been published. 

Isotopes for application in hydrology 

can be divided into three classes: 

1) environmental isotope hydrology 

the observation of isotope varia

tions established in waters by 

natural and man-made process. 



2) artificial isotope hydrology -

the injection of enriched stable 

and radioactive isotopes into 

the water system to characterize 

the aquifier. 

3) act~vable tracer hydrology -

the injection of stable· elements 

or compounds which may or may 

not be isotopically enriched, 

into the water system to be 

later activated for analyses. 

All three classes are related either by 

method of application or by method of 

analysis. Consequently, development in 

the application of one class'often facili

tates new applications in the others. 

Environmental isotope applications 

Naturally occuring radionuclides, trace 

elements of anthropogenic origin, and 

man-made radionuclides are extremely use

ful as tracers in water systems. Enriched 

isotopes are used in the development of 

sophisticated instruments of measurement. 

Use of both nuclear and tranditional analy

tical measurement techniques, such as 

stable isotope ratio measurements, Ge(Li) 

diode gamma-ray spectrometry, neutron 

activation, x-ray fluorescence [19,20), 

and absorption spectrometry [13), permits 

simultaneous multi-element analysis [~U), 

which can be used to establish the behavior 

of an element in an aqueous system relative 

to the wide spectrum of other elements 

interacting within that system. 

The need for enriched isot.opes for the 

development of analytical measurement 

techniques in this area is not only ex

pected to increase in quantity but also in 

the variety of isotopes required. Isotopes 

for these purposes are as varied as the 

elements that compose the pollutants. 

Examples of isotopes of analytical interest 

in surface water {rivers), ground water 

and sea water investigation are listed in 

Table 3. Environmental isotopes commonly 

used for water pollution studies are given 

(with references) in Table 4. 

~Table 3 - ENVIRONMENTAL ISOTOPES~~ 
ANALYSIS OF INTEREST IN NATURAL 
WATERS [18) 

(River Water) 

239N 152JTL 197mH 82ITL p, ~u, g, ~r, 

(Aquifer Water) 

24Na, 38Cl, 46Sc, 51Cr, 56Mn, 59Fe, 60Co, 

llOmA g, 

122Sb, 124Sb, 203Hg, 239Np, 42K, 86Rb, 

134Cs 

(Sea Water) 

140La, 103Ru, 85Sr, 140Ba~ 134Cs, 124Sb 

95z 95Nb B6Rb 59F 65z Goe 22N r, , , e, n, o, a, 

Artificial isotope applications 

Although the use of radioactive and stable 

isotopes has been established in water 

pollution investigations, other materials 

[52), such as the Freons, are being develop

ed for these purposes. Nevertheless, for 

ce~tain uses, such as determining the fate 

of a pollutant in a water system, the 

artificial isotopes [53) cannot be replaced. 

In addition, the use of stable isotope 

tracers in newly developed tracer materials, 
. 35 37 (Freons tagged with Cl or Cl), should 

9 



~~~~~~~~~~~--'Table 4 - APPLICATION OF ENVIRONMENTAL~~~~~--,--~~~~~~~--. 
ISOTOPES IN WATER POLLUTION INVESTIGATIONS 

Environmental Isotope Purpos~ Reference 

Radioactive 

Hydrological cycle investigation 3 23, ·26, 27, 34, 38, 
.42, 45, 46 

Stable 

Hydrological cycle investigationa 23, 24, 25, 26, 27, 31, 
32 I 33 I 36 

Groundwater (recharge) 

Sea Water 

30, 32, 33, 36, 38, 39, 
40 I • 42 

32 

aResidence time of water in the cycle: condensation, precipitation, 
evaporation, evapotranspiration, infiltrations and runoff. 

allow greater sensitivity in studies using 

these new materials. Because analytical 

instrumentation for radioactive materials 

has been commercially available at a rea

sonable cost and allows great sensitivity 

in routine applications, r_adioactive tracers 

have been used more extensively than stable 

isotopes. 

A wide range of potential pollutants 

labelled with radioactive isotopes,_ s_uch 
14 3 35 32 131 as C, H, S, P and I, are com-

.mercially available. These include pesti

cides, industrial solvents, fertilizers, 

organic chemicals, etc. Similarly, radio

active isotopes of many of the toxic 

trace elements are 
76 

for example: As, 

commercially available; 
115mCd 5lc 203H 

I r, g, 
75se and 65 zn. However, because of real 

· or imaginary radiation hazards and the 

fact that the most useful radioactive iso

topes have short half-lives, they are not 

well suited for long-term field studies. 

Stable istopes avialable in kilogram 

10 

quantities can be used under field condi-· 

tions with no risk of radiation hazard 

and with a time limit imposed only by the 

isotopic exchange rate. A major limita

tion for stable isotope applications 

in major field studies is the cost of large

scale usage - mainly, the cost of preparing 

large amounts of labeled compounds and 

the cost of analysis. But, current develop

ment of more se'nsitive, inexpensive, auto

mated instrumentation should place the use of 

stable isotopes within the reach of most 

research and industrial laboratories. 

STABLE ISOTOPE APPLICATION 

The potential growth of stable isotopic 

tracer applications for monitoring and 

controlling pollutants in water systems 

is quite large in view of the wide variety 

of pollution sources [55] i.e., pesticides, 

industrial wastes, and agricultural ferti

lizers. 



Presently there are 200 to 400 pesticides 

in use [SS], totaling about one billion 

kilograms per year. Some of these materials 

and their residues can be. highly toxic to 

man, especially if they enter the human 

food chain. Consequently, it is important 

to establish the chemical and physical 

fates of these contaminants - a task for 

which isotopic tracers are particularly 

well suited. Since organic pesticides are 

compounds composed mainly of the elements 

carbon and hydrogen and can contain the 

elements chlorine, phosphorous, sulfur, 

oxygen, and nitrogen, enriched stable 

isotopes of these elements can be used in 

pesticide research for enyironmental mon

itoring and control. Stable isotopes 

available for use in environmental control 

of pesticides are listed in Table S. 

Stable isotopes are useful in the isotope 

dilution method [49, SO] of analysis for 

trace metals. This method has the impor

tant role of measurin·g impurities in vari

ous samples. For environmental purposes, 

isotope dilution allows a riew dimension 

of precision and accuracy through methods 

of analyses such as the thermal emission 

and spark-source mass spectrometry. With 

sample element quantities of 10-9 g, ele

ments can be determined [S6] with a pre

cision of S% and an accuracy of about 10%. 

Although the amounts of enriched isotopes 

required for analyses are small, several 

are needed because the method can be 

applied to most elements having two or 

more stable isotopes. The selection IS7] 

of the spiking isotope is usuall.y hased 

on low natural abundance, isotope avail

ability and co~t. 

Isotope spike solutions are usually dis

solved in an acid or solvent and diluted 

to prepare a stock solution containing 100 

µg/ml of opikc clement. Typic~l icotopcc, 

Table S - STABLE ISOTOPES AVAILABLE~~~ 
FOR ENVIRONMENTAL CONTROL OF PESTICIDES 

12c, 13C, 14N, isN, 170, 180, 2H, 32S, 

34S, 3SCl, 37Cl, 79Br, 81Br, 64Cu 

their isotopic abundance and chemical forms 

are given in Table 6. Various combinations 

of these solutions then can be prepared for 

specialized needs. Table 7 gives examples 

of solutions which have been useful for 

sampling water, biota, and gasoline exhaust. 

RADIOACTIVE ISOTOPE APPLICATION 

For the immediate future, radioactive tracers 

[16, 17) for water pollution control purposes 

appear to have a limited growth potential; 

with probable use only in closed, restricted 

experimental applications. In recent years, 

concern over radioactive pollution has 

forced the major research emphasis to move 

toward measuring radioactivity in the en

vironment rather than using the property 

of radioactivity to develop data required 

for the control of environmental pollution. 

As a result of this new emphasis, major 

accomplishments have been reported [16] 

in the development of detection devices. 

In the long run, as research emphasis 

swings back to pollution control, the pro

fusion and diversity of more sensitive 

radiation detectors should allow for the 

development of new techniques in the con

trol of environmental pollution. Thus a 

long-term growth in radioactive isotope 

use should occur. Radioisotopes ·which 

have established applications in water 

pollution assessment and control procedures 

are listed in Table 8, 

11 



+-~~~~~~~Table 6 - ENRICHED STABLE ISOTOPES USED IN IDSSMSa.(56]~~~~~~-'--~ 

Spike Abundance Normal Abundance 
Isotope (%) ( % ) Chemical Form 

204Pb 94.3 1.37 Pb 

203Tl 94.96 29.52 T~203 
194Pt 54. 85' 32.8 Pt 

196Hg 47.5 0.16 HgO 

183w 83.0 14 .28 wo 3 
135Ba 93.6 6.56 Ba_(N0

3
) 2 

125Te 91. 23 7.03 Te 

113In 96.3 4,16 In 

106Cd 88.4 1.22 CdO 

102Pb 75.45 0.8 Pb. 

98Ru 89.0 2.2 Ru 

97Mo 94.25 9.6 Mo 

91Zr 86.6 11.23 Zr;0 2 
87Sr 93.29 6.96 . Sr (N0

3
) 

2 
77Se 87.24 7.50 Se 

73Ge 86.1 7.77 GeOi 

71Ga 99.8 40 Ga·
2

o
3 

67Zn 89.55 4.12 ZnO 

65Cu 99.5 30.91 CuO 

61Ni. 99.54 1.2 Ni 

57 
:Fe 90 .. 42 2.2 Fe 2o 3 

53Cr 96.4 9.54 Cr 2o 3 
43Ca 81.1 0.13 Caco3 
25Mg 99.2 10.l M<,lO 

a . 
Isotope dilution Spark Source r!ass Ssiectrometry 

.-
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----Table 7 - EXAMPLES OF ENRICHED ISOTOPE SOLUTIONS FOR IDSSMS.a [56] 

25Mg 204Pb 204Pb 77se 2_04:Pb 91Zr 

57Fe l06c·a 203Tl 67Zn 201Hg 87Sr 

65Cu NormalE . r 65Cu 180w 77Se 

67Zn 135Ba . 61Ni 150Nd 73Ge 

113In 57F . e. 135Ba 67Zn 

106Cd 53Cr 125Te 61Ni 

.97 
MC> 43Ca 106Cd 57Fe 

87Sr 25Mg 97Mo 53Cr 

a Isotope dilution Spark Source Mass Spectrometry. 

Table 8 - APPLICATION OF RADIOACTIVE ISOTOPES IN WATER POLLUTION INVESTIGATIONS 

Radioactive Iso·topes Purpose Reference 

3H, 36Cl, 38Cir 131I, 82Br, Surface water (flow measurements) 21, 22, 30, 35 

51 . 
Cr (EDTA Com-198A u, 24N a, 

plex), 60Co, 197n~, 203Hg, 

132I, 90y, 90Sr 

3H, 82ar, 131 I ( 't. h . ·. ) .G . d t ( h fl .· wi carrier ... ,roun wa er rec arge, · ow, 
51 . . 88 . tracirig) 

Cr(EDTA Complex), Kr, 

llOm 58 · . Ag, Co (EDTA or cyanide 

complex) , 35s (as sulfate) , 

32p 

86Rb, 140Ba, 140La, 46Sc,. 

198Au 

Sediment transport (bed load) 

Pesticides in water systems 

22, 25, 29, 44 

26 

26 

13 



ACTIVABLE TRACERS APPLICATIONS 

In the study of large-volume hydrology 

systems activable tracer.applications 

[48, Sl, 19, 20) have shown great promise 

because they display the inherent sensi

tivity of radiation measurements without 

the need for introducing radioactive tracers 

into the water system. To extend tracing 

time or dilution range, activable tracers 

can be isotopically enriched in the iso

tope of interest for greater sensitivity 

of analysis. The characteristics of 

activable tracers for large-scale investiga

tions are: high detection sensitivity, 

low background concentration, and low cost 

of application. Examples of materials for 

use as activable tracers are given in 

Table 9. 

Cost comparison for small-, intermediate-, 

and large-scale studies for San Francisco 

Bay were made for various tracers (Table 

10). It was observed that the cost of 

activable trace lanthanum is comparable 

to the radioactive tracers and consider

ably cheaper than the use of the dye 

Rhodamine WT. 

Isotope uses for soil 
pollution investigations 
Sources of pollution in soils generally 

are the same as those for air and water 

systems - industrial and agricultural 

wastes. Isotope applications for the 

assessment and control of soil pollution 

are therefore essentially the same as 

those used for water pollution studies. 

But because some pollutants tend to stay 

in the soil, while others tend to go into 

the air and water, the emphasis on isotope 

uses for soil pollution studies differs 

somewhat from those for air and water. 

Pollutants that tend to stay in the soil 

are those that have a low water solubility 

14 

and a low vapor pressure. Highly soluble 

pollutants are washed out of soil by rain 

and eventually are carried into the ocean 

by the rivers. As a result, pollution tends 

to become a. problem on a global scale, rather 

than just a regional or continental problem. 

Global considerations promise to create a 

greater need for isotope tracers for identify

ing the regional and.continental pollution 

sources. 

The significance of global soil contamination 

from the three main pollutant sources, i.e., 

pesticides, nitrogen fertilizers, and organic 

chemicals, has been illustrated in a 1973 

report [SS]. By assuming that no chemical 

change, evaporation, or leaching of the 

pollutant occurs, a maximum global soil 

distribution can be.estimated (Table 11) . 

. The buildup of p~llutant concentrations 

shown in Table 11 depicts the potential 

for pollutant interaction and the need to 

establish and monitor the fate of the 

pollutant in the biosphere. Predicted 

increases in the amounts of these pollutants 

(see Table 12) should increase the require

ment for isotope ap~lications and nuclear 

methods fo:r. soil characterization; examples 

of isotopes used for soil characterization 

are listed in Table 12 ... 

Most isotope tracer applications [70, 71] 

- especially the radioa9tivc isotopes -

are used in small amounts. However, the 

nitrogen-ls tracer studies have grown to 

field study proportions. These applica

tions are expected [60-62) to increase. 

Over the last 10 yr the use of nitrogen 

isotope tracer techniques [61-64) for 

research on nitrogen fertilizer problems 

has increased markedly and shows great 

promise in the future. Since the first 

tracer application of nitrogen-ls in 



able 9 - POTENTIAL ACTIVABLE TRACERS .FOR WATER & SOIL POLLUTION INVESTIGATIONS 

Tracers Purpose· Reference 

79B r, Co, Ta Sediment Cfrom river) 4 7 I 50 

La, Pr, sm, Eu, Au, Estuaries investigations 51 

Dy, Ho, Yb, Lu, Er, 

Re, Os, Ir 

Table 10. - TRACER AND ANLYTICAL COST FOR MODEL FIELD STUDIES a ·· ---·-

Tracer Size of Study 
Lanthanum Small Intermediate Large 

Needed (lb) 314 3,500 41,200 
Cost for Tracer ( $) 361 4,020 43,100 
Cost for Analysis ( $) 7,000 7,000 13,000 

Total ($) 7,361 11,020 56,100 

Rhodamine WT -------· 
Needed (lb) 945 10,550 124,000 
Cost for Tracer ($) 1,965 22,000 258,000 
Cost for Ana~ysis ($) 100 100 200 

Total ($) 2,065 22,100 258,200 

Tritium 

Needed (Ci) 283 2,830 28,300 
Cost for Tracer ($) 566 4,745 34,000 
Cost for Analysis ($) 3,000 4,500 6,000 

Total ($)· 3,566 9,245 ·40 I 000 

140La 

Needed (Ci) 71 2,900 270,000 
Cost for Tracer ($) 620 4,000 53,000 
Cost for Analy.sis ($) 100 100 200 

Total ($) 720 4,100 53,200 
a . 

Reference 51. 

15 



• 

·~~~~~~~-r.>1able 11 - MAXIMUM GLOBAL CONTAMINATION FROM PESTICIDES,~~--~~~~---. 
NITROGEN FERTILIZER AND ORGANIC CHEMICALS a 

Pesticides 

Nitrogen Fertilizers 

Total organic 
chemicals 

aReference 55. 

World Production 
(10 6 t/yrl 

1 

15 

100 

bha hectare = 2.47/acres. 

In area 
localiy 
(kg/ha) 

2-4 

70 

Input to Soi_l~P_e_r~_Y_e_a_r~~~~~~~~ 
of Use WhenJdistributed over 
globally total land surface 
(kg/ha)u (kg/ha lb (mg/m 2 ) 

0.12 
(agriculture -
pasture and 
forest) 

3.4 
(agriculture -
pasture) 

1. 80 
(agriculture. -
pasture.and! 
forest) 

0.07 

1.1 

7.0 

7 

llO 

700 

~~~~~~Table 12 - EXAMPLES OF ISOTOPES USED IN SOIL POLLUTION STUDIES~~~~~~~ 

14N, 

14C, 

75s e, 

59F e, 

85 Sr, 

74A 
SI 

86Rb, 

16 

Isotopes 

Stable 

15N, 32· S, 34S, 35Cl, 37Cl 

Radioactive 

27M 32 35S, 42K, 45c g, P, a, 

52M n, 54M n, 56M n, 55F e, 

99M o, 60Co-, 64Cn, 65Zn, 

90s r, 137Cs, 131I 

76 . 
As, 14c: 

140B a, 140L a, 46s r, 198Au 

Purpose 

Fertilizer placement 

Soil movement, plant 
and animal nutrition 

Weed control 

Sediment transport: 
bed load sedim~nt 

Reference 

·60, 61, 62, 
63, 64 

65, 66, 66, 
68, 69, 70, 
71, 72·, 73, 
74, 75 ,· 76 

GS, 78, 58, 
75, 77 

65, 78, 58, 
77 

·. 



agronomic research in 1943, it has been 

reported [61] that more than 1500 papers 

have been published on this and related 

subjects. References to much of the work 

can be obtained from a bibliography [60] 

on the nitrogen-15 tracer studies. Pro

jected increases [62] in the use of 

nitrogen fertilizers have caused agri

culturists and environmentalists [64] to 

anticipate the potential effects on the 

environment. The increased nitrogen 

fertilizer usage could easily have a glo

bal impact, since the amount of fertilizer 

applied [62] to soils each year is rapidly 

approaching the total amount of atmospheric 

nitrogen being added to all land and water 

surfaces through biological fixation. 

Early studies using nitrogen tracers [62] 

in small-scale field studies have only been 

good enough to est~blish quantitative re

lationships to a first approximation. An 

increase in the use of nitrogen tracers is 

occurring in large-scale field studies for 

refinements of the above estimates. With 

more data; a better correlation of the 

data could be made, possibly through 

system modeling of nitrogen cycle pro

cesses. 

Isotope uses for air 
pollution investigations 
Recent developments in enriched isotopes 

and nuclear 1 techniques promise to be 

extremely useful in characterizing t:he 

transport and che.mistry of air pollutants. 

Air pollutants are mainly the gaseous and 

particulate compounds of sulfur, nitrogen, 

oxygen, carbon, trace heavy metals, and 

the halogens. These pollutants (mostly 

industrial and agricultural wastes), com

bine with other anthropogenic agents under 

varying climatic conditions to form. 

chemically and physically different species 

which can sometimes pose a.n unpredictable. 

hazard to mankind. For example, there has 

been growing concern over the effects [83] 

of the depletion of the ozone in the stra

tosphere by the cumulative effects of 

aerosol propellents and the exhaust fumes 

of supersonic aircraft. This concern stems 

not only from possible consequential climatic 

changes, but also from the potential of in

creased amounts of ultraviolet light that 

would reach ground level as a result of 

ozone depletion. Therefore, a great need 

exists to understand the details of atmos

pheric circulation and the physical and 

chemical dispersion of the pollutants in 

the atmosphere and the stratosphere. 

An accurate assessment of air pollutants 

and their fate in the environment requires 

the development of techniques for testing 

theoretical models to establish the path

ways of the pollutants. Of equal impor

tance is the development of monitoring 

equipment to measure emission rates, meteor

ological variables, and pollution concentra

tions. In addition, a complete knowledge 

of atmospheric chemical processes and 

their biological effects on the environ

ment is needed. The following recent 

applications of isotope and nuclea·r tech

niques show that it is possible to procure 

much of the necessary data for this assess

ment. 

Several theoretical air pollution models 

[59, 79, 80, 81] have been constructed to 

predict the pathways of pollutants and to 

simulate a time-dependent, space-varying 

atmosphere under local influences of to

pography, surface roughness, and heated 

air moisture content. Although there has 

been no shortage. of tracer materials for 

testing theoretical models, some difficulty 

has been experienced in finding adequate 
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tracers (other than the enriched isotopes) 

for large-scale field studies. 

Numerous tracer rnaterials [86-39) have 

been proposed for use in the measurenent 

of local or regional diffusion of waste 

air plumes. These have included natural 

isotopic ratios.of pollutants [86), fluo

escent and radioactive substances, aero

sols or gas, smoke, and spores which can 

be detected by activable or gas chromato

graphy analysis. Examples of tracer mate

rials that fall into these categories are 

listed in Table 13. The availability of 

multi-labeled stable isotopic compounds 

has made it possible to test the theoret

ical models under large-scale conditions 

[82,84). 

Multi-labeled isotopic compounds make ideal 

meteorological tracers. These compounds 

are nonpolluting, have virtually no back

ground concentration in the atmosphere, 

have little interference from other iso

topes, and can be detected at low concentra

tions. New isotope separation methods 

show promise of providing large amounts of 

the isotopes at a reasonable cost, while 

analytical and sampling techniques are 

being developed which should lower these 

costs, too. The stable isotopes most 

likely to be used for this purpose (84, 85) 
13C 15N 160 180 28 32S d 34S . are , , , , , , an . 

Some r:tul ti·- labeled compounds rroposed for 
. 13 18 34 16 13 2 
use are C o2 • S o2 and C H4 . 

I 13 2 
Field tests have shown that C H4 can 

also be used as an effective atmospheric 

tracer. 

Methane-21 (13c 2
H4 ) was recently demon

strated [32) as an excellent candidate 

for field testing theoretical atmospheric 

transport and diffusion models on a large 

scale. The release of 84 g of methane-21 

was detected at distances of 1500 to about 

18 

2500 km. At these distances, concentrations 

of methane-21 of about one part in 2xlo 16 

parts (by volume)· in air were measured by 

a mass spectrometer using a technique in 

which methane-21 was separated from natural 

methane. These studies indicated that 

tracer field studies on a global scale 

could be achieved with only a slight im

provement in the sampling and measurement 

instrumentation. 

As knowledge concerning atmospheric trans

port increases, the need for tracers to 

determine the sources and fate of pollutants 

should become more apparent. A detailed 

understanding of the chemistry involved 

under varying climatic conditions is im

portant. A study [90) by the University 

of California, Davis, has shown that 

California's chemically active aerosols 

behave differently depending upon the 

season of the year. 

Studies [91) of the size and elemental 

compositions of atmospheric particulates 

h.ave indicated that highly· active photo

chemical conditions common in California 

during the summer result in accelerated 

gas-to-particle conversion. Consequently, 

pollutant modification and the destruction 

of pre-existing particulates result in 

the release of new gaseous pollutants. 

This effect was observed in the loss 

of bromine from the lead chlorobromide 

particles emitted by car exhausts using 

leaded gasoline. The ratio of Br/Pb in 

the atmosphere remained close to the value. 

for raw automotive exhaust during the winter 

months, but showed losses of up to two

thirds of the bromine under summer-winter 

and north-south climatic variations. 

Similar findings [90) were observed in the 

loss of chlorine from sea salt. During 

the summer season, one-half of the chlorine 

content of sea salt particulates in the 



.-~~~~~~~Table 13 - EXAMPLES OF TRACER MATERIALS FOR INVESTIGATION~~~~~~~--. 
OF POLLUTION SOURCES IN THE ATMOSPHERE [87] 

Tracer Material 

Fluorescent Pigments Zinc SulfidP. (with fluorescence activator) 
Zinc cadmium sulfide 

Fluorescent Dyes Sodium salt of Fluorescium 

Radioactive Aerosols 

· Activable Dysposium, Europium and Indium 

Smoke Aluminum-zinc oxide-hexachlorethane 

Gaseous tracers Sulfur hexafluoride (SF 6 ) 

Freons: CC1
2

F2 , CFC1 3 CF 2Br
2 

from the source in only a few kilometers; 

while winter losses are markedly less. 

Seasonal effects on sulfate particulate 

size were also observed and are of impor

tance to sulfate particulate size correla

tion in respect to haze formation in 

Californi.a atmospheres. These studies 

illustrate that atmospheric particulates 

in air chemistry can act as sinks for 

gaseous pollutants as well as providing 

new sources of gaseous pollutants. 

Isotopic tracers should find increased 

applications in field studies concerned 

with identifying the sour.ces of pollutants. 

Currently being considered for. these pur-
34s · lf. ·d d 15 poses are: in su ur oxi e, an N 

for nitrog~n oxide studies. The develop

ment of reliable tracers useful in small

scale experiments would make it possible 

to follow the· movement o·f sulfur oxides in 

the atmosphere and identify them, and could 

help discover such things as the source 

of the two newly discovered air pollutants 

- cs 2 and COS. Information concerning 

stratospheric sulfate aerosols is also 

important because they are believed to 

play an important role in the earth's 

radiation balance. 
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Appendix 
Developments in Large-Scale Isotope 

Applications in the Nuclear Field 

A number of investigations are cur

rently under way which may produce the 

need for kilogram or more amounts of 

isotopes in the nuclear field. These 

studies are occurring in the areas of: 

A. Alternate nuclear fuel systems to 

uranium-235. 

B. "EPIT" material applications. 

c. Beneficial uses of nuclear reactor 

by-products. 

A. AYternate Nuclear Fuel Systems 

Many scientists [92-94) around the 

world believe that the heavy water 

fission reactors, such as the CANDO 

which uses D2o as a neutron moderator 

and coolant, can be economically 

attractive both in the O. S. and 

abroad, especially if the price of 

D2o can be reduced. Approximately 

0.8 metric ton (mt) of D20 per MWe of 

electrical capacity or 800 mt for a 

1000 MWe reactor is needed. This con

stitutes from 15-20% of the capital 

cost [95, 96) of the reactor. It is 

apparent that if the current D2o cost 

($213/kgl is reduced, the present 

CANDO design and future advanced de

signs which utilize thorium in a breeder 

concept will become even more econom

ically attractive. These facts have 

prompted considerable research [97-99) 

to find less expensive methods for the 

production of deuterium. Many of these 

studies are projecting as much as a 

two-thirds reduction in enrichment 

costs. Based on current and projected 

D
2
o costs, Table 14 lists present and 

near-future uses and markets for D2o. 

20 

B. "EPIT" Material Application 

Investigation of element-pure.isotopically 

tailored (EPIT) materials has been ini

tiated for fission and fusion reactor 

use. E. Critoph is considering the 

use of enriched zirconium isotopes for 

the cladding of the fuel elements in 

CANDO reactors. Neutron absorption 

by the zirconium isotopes is a critical 

factor in the neutron economy of the 

CANDO reactors. Based on currently 

accepted neutron absorption cross section 

values, Critoph [100) has determined an 

allowable cost for the use of zirconium-90 

of $1,000/kg for the present CANDO 

reactor. If the CANDO is utilized as 

a O/Th breeder, the allowable cost 

would be $3,000 kg. It is not certain· 

that zirconium-90 is the best isotope 

to use. These figures are questionable 

since Critoph feels that the cross sec

tion. values used for the calculation 

are not the most accurate. More accurate 

allowable cost values will be calculated 

as soon as more reliable cross section 

values are measured. 

The current market [101) for zircalloy in

gots for CANDO reactor use is about 350 Mg. 

At an allowable cost of $1000/kg, this 

constitutes a dollar market of $350,000, 

000. The projected market in 1985 is 

about 900 Mg valued at about $900,000, 

000. However, if isotope separation 

costs can meet the estimated allowable 

cost, the future market could be in

creased significantly, especially if 

the CANDO - O/Th breeder reactor. proves 

to be feasible. 

Two papers were .given which considered 

the possible benefits obtainable by the 



---J!'able 14 - CURRENT AND NEAR-FUTURE USES AND MARKET FOR D20---------. 

USES 

Present 

Future 

MARKET 

Current 

Future 

Biomedical Studies 
Hydrology 
Heavy Water Reactors (CANDU) 

Expanded Usage of CANDU's 
U-233/Th Breeder Reactors 

USA 

Canadian 

CAN DU 

CANDU U/Th Breeder 

use of "EPIT" materials for fusion reactor 

components. Reactor characteristics which 

could be affected by isotopic adjustments 

are: 1) neutron economy; 2) operating effi

ciency (lifetime and operating temperature) 

and 3) environmental impact (activation 

and transmutation products) . 

The activation products (see Table 15) in 

stainless steel [102] indicate that 

isotopic tailoring can be used to reduce 

the amount of induced radioactivity in a 

fusion reactor. Isotopes which have half 

lives of less than one day are not included 

here because they do not contribute signi

ficantly to the handling problem. Activa

tion products from chromium, iron, and 

molybdenum can be eliminated by removing 

all their respective isotopes except 

chromium-53, chromium-54, iron-57, and 

molybdenum··97. No nickel isotope is free 

of activation pr·oducts, but by using only 

nickel-64, all the gamma-emitting products 

of nickel can be eliminated. This reduces 

the hazard of handling the radioactive 

Amount 
(Mg/yr) 

200 @$213/kg 

1,000 

4,000 @ 213/kg 

In great excess of 
4,000 @ 70/kg 

Value 
($/yr) 

42,769,679 

213,000,000 

855,393,577 

material because only light shielding is 

required for beta particles. The remaining 

gamma-emitting product, manganese-54, can 

be eliminated by removing all the manganP-se 

in the steel and making chemical changes 

to compensate for the missing manganese. 

This analysis oversin~lifies the ~roblem 

because it considers only the elimination 

of radioactive products. A more complete 

analysis would include the half-life 

associated with each activation product, 

the relative cross section of each of the 

many activation reactions, and their iso

topic abundances. 

A more detailed study [103] indicates the 

significant reduction in radioactivity 

obtainable by isotopic tailoring. Figures 

l and 2 illustrate this reduction for a 

series of alloys. 

Results of the latter study show that it 

is theoretically ~ossible to control both 

the short and long-term radioactivity in 
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..--~~Table 15 - PRINCIPAL RADIOACTIVE ACTIVATION PRODUCTS IN STAINLESS STEELa [102]~~ 

Composition 
of 316 SS 

18% Cr 

2% Mn 

65% Fe 

11% Ni 

1.5% Mo 

Natural Abundance 
(%) 

4.4 
83.5 

9.5 

2.6 

100 

5.9 

91. 7 

2.2 

0.3 

67.8 

26.2 

1. 2-

3.7 

1.2 

15.8 

9.1 

15.7 

16.5 

9.4 

23.8 

9.6 

Source ---
so Cr 

52Cr 

53Cr 

54Cr 

55Mn 

54Fe 

56Fe 

57Fe 

58Fe 

58Ni 

60Ni 

61Ni 

62Ni 

64Ni 

92Mo 

94Mo 

95Mo 

96Mo 

97Mo 
98 Mo 

lOOMo 

Product 

Slcr, 49v 

~ 

sac 57N. 57c o, l, o, 
--60::---59N~ 

\....0, l. 

60Co 

63Ni, 59Fe 

63Ni 

a Only isotopes with half lives greater than one day are included. 

Underlined isotopes are gamma emitters; all listed isotopes decay 

by beta emission or internal conversion. 

fusion systems through isotopic tailoring. 

A definitive statement is not now possible 

concerning the economics of tailoring the 

entire reactor structure because of un

known isotope enrichment costs on that 

large of scale. But, if isotopic tailoring 

is used in the most critical areas and 

in the minority elements of the alloys, 
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then the economic practicality becomes 

more favorable. 

c. Beneficial Uses 6f Nuclear Reactor 

By-Products 

Recent efforts [104-110] to develop useful 

technology for nuclear reactor by-products 

(if expended ·reactor fuels are to be 
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FIGURE l - First wall radioactivity for 
various alloys [Ref 103]. 

recycled) , have identified potential iso

tope applications for heat and radiation 

sources. The main areas of application 

are: 1) radiation sources for treatment 

of food,2) heat sources for cold region 

applications, and 3) gamma radiation sources 

for irradiation of sewage sludge. Capital 

investment for a facility [110) to re

cover 134cs - 137cs from a 5-metric-tonne 
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FIGURE 2 - First wall radioactivity in 
selected type 316 stainless steel alloys 
[Ref 103]. 

heavy metal-per-day fuel reprocessing 
. 6 

plant was estimated as $36 x 10 for 

production of about 100 MCi/yr 134cs -
137cs (SlMCi 137cs/yr) could result in a 
134 137 . 137" Cs - Cs price of about $0.60/Ci Cs. 

Isotope supply and its potential to year 

2000 are given in Table 16. 
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.--~~~~~~~~~~~---Table 16 - ISOTOPE SOURCE SUPPLY 8 

Present Production/year 
(in North America) 

Near Term 

• Production/year 

• Lead Time 

Potential (year 2000) 

10-15 MCi 

50-150 MCi 

1-2 yr 

5 MCi 0 

30 MCi 0 

1 yr 

1650 MCi 

• Production/year 5,500-16,500 MCi ("-'880 MCi 137cs) 

• Lead Time (yr) 

8 Reference 110. 

Gamma irradiation of several tons per day 

of dried sewage sludge will be evaluated 

in a pilot plant (108] to be built for 

the U. S. Department o·f Energy in the 

spring of 1978. The plant is planned 

as a forerunner to a· full;scale composted 

sludge irradiation plant scheduled to be 

24 

3 5-10 

designed next year for construction in the 

eastern United States. In the pilot plant 

operation, 30-60 lb of sludge will be ir

radiated by a 37 x 10 9 disintegrations per 
137 . . 

second (1-MCi) Cs source. The product, 

a soil conditioner, could be sold for $60 

to $70 per dry ton. 
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