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I. Introduction

It may not be too far-fetched to claim that the first application of a

nuclear technique to the study of a pollution problem was G. Von Hevesy's

pioneering application of a radioactive tracer to a biological system in

1923, in his investigation of the uptake of lead by plants, using natural

212 fll

Fb (thorium B). Activation analysis, which has found extensive appli-

cation in the characterization of environmental pollutants, can be dated from

a proposal of G. Von Hevesy and H. Levi for neutron activation in 1936 and

the application of charged particle activation analysis by G. Seaborg and

co-workers in 1938.v '

Despite this ancestry, however, it has only been with the heightened

awareness of the deteriorating condition of the environment and the concern

for learning as much as possible about the nature and distribution of specific

pollutants that began in the 1950's, that nuclear techniques have come to be

applied to pollution problems generally. Isotope-based techniques have proven

to be of increasingly greater value, because of their versatility and often

because of their ability to offer unique solutions to problems. Their appli-

cation has maintained a steady rise, whereas initially methods were often

developed by the isotope technologist for the purpose of demonstrating potential

applications for a particular tracer or instrument, the increasing level of

sophistication of research programs now being carried out requires a better

understanding of the specific environmental parameters involved and the re-

searcher now plays a greater role in the design and interpretation of his

experiments.

As a result of this activity, several specialized meetings and symposia

have been held in this field in recent years. These include the Symposium on
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(3)Research and Development Studies In Environmental Pollutionx ' sponsored by

the Nuclear Engineering Division of the American Institute of Chemical

Engineers and held at the 62nd Annual Meeting in Washington, D.C., November,

(4)1969; Symposium on Nuclear Techniques in Atmospheric Pollution Studies,

held at the Winter Meeting of the American Nuclear Society at San Francisco,

California, in December, 1969; Symposium on the Use of Nuclear Techniques in

the Measurement and Control of Environmental Pollution, held under Inter-

national Atomic Energy Agency sponsorship at Salcburg, Austria, in October,

1970; and the Topical Meeting on Nuclear Methods in Environmental Research,

held at the University of Missouri, Columbia, Missouri in August, 1971, under

the sponsorship of the Isotopes and Radiation Division of the American Nuclear

Society. A paper "Nuclear Techniques for Studying Environmental Pollutant*

by B. Manovitz and W.E. Mott, presented at the Fourth Geneva Conference on

Peaceful Uses of Atomic Energy in September, 1971, also reviewed work la this

area in the United States. The present paper will endeavor to describe the

present status of efforts in this field. Since this Is a diverse and rapidly

advancing area, no claim is made for completeness.

The major isotopic techniques applied to problems In environmental pol-

lution may be grouped in four broad areas. These are:

1. Identification and measurement of trace element constituents in

samples from the environment employing activation analysis.

2. Use of tracers, either radioactive, stable, or activable, to

follow the behavior of elements and compounds in the environment.

3. Use of radiation in some form to measure physical properties of

materials of interest.
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*• Employment of massive radiation sources for the treatment of

sewage and other waste streams.

While Most of these techniques discussed do not "control" pollution in

the strict1st sense, the determination of ambient levels, identification of

sources, and characterisation of the behavior of pollutants do provide

important inputs that can, in time, be used to establish both technical and

regulatory control over deleterious materials entering the environment.

XI. Activation Analysis

The recent yeara have seen a vary rapid Increase in the application of

activation analysis to the determination of trace-level constituent* In

atmospheric particulatcs. In water samplest and in biological materials.

Host of the work has made use of neutron activation analysis (MM)» and has

paralleled the advances made in neutron activation techniques in general.

A recent textbook by D. De Saete, R. GJjbels, and J. Hosts* ' provides an

excellent background source for anyone desiring to make use of the techniques.

Among other things, it provides a literature compilation of 3000 references*

arranged by both trace element and matrix material, to assist in developing

specific methods.

Thermal neutron activation offare the advantages of high sensitivity*

simplicity of nuclear reactions involved, usually only (n, Y ) , transparency

of most materials to thermal neutrons, and iaotropy of neutron flux. Neutron

activation in general offers a high degree of selectivity and often specificity,

since it Is usually possible to establish with greet certainty the isotopes

responsible for the production of the measured spsdes, from a consideration of
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the reactions possible and the half-life, type of disintegration, and

characteristic energies of the products. Where acceas to reactor aourccs of

thermal neutrons is not possible, accelerator-based neutron generators pro-

viding sources of 14 Kev neutrons are becoming widely available. Zsotopic

neutron sources can also be used for activation analysis, but usually do not

provide the neutron Intensity required for trace analysis. The use of

Callfornlum-252 as a neutron aource shows promise of achieving fairly wide-

spread use, particularly for field operations where portability offera ad-

252 9

vantages. One milligram of Cf yields approximately 10 flesion neutrons

per second, that can supply a quite useful flux. The Introduction of german-

ium lithium-drifted detectors in gamma spectrometry has increassd the resolu-

tion of gamma spectra by an order of magnitude over the sodium iodide sdntll-

lators, feeding 2000 to 4000 channel analyzers, rather than 200 to 400. The

greater amount of Information provided, however, calls for computer interpre-

tation of the data and automated operation. This often eliminates the need

for chemical aeparation. Fully instrumented systems (XNAA) are In use.

For some of the ligkt elements such as carbon, nitrogen, and oxygen, for

which thermal neutron activation is unsatisfactory, the use of photons or

charged particles from accelerators can often provide analyses with high

sensitivity, using high energy gamma, proton, and alpha activation schemes.

Instrumental photon activation analysis (1 PAA) systems have been devised.

X-ray fluorescence measurements of c smental concentrations have been ex-

tended by the continued improvement in the resolution of silicon-lithium

detectors and by the improvements in the use of charged-particle beams,

isotopic sources, and small x-ray tubes for excitation. Light elements, be-

low sodium, are also being determined by elastic scattering of alpha particles.
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R. Dams, et al* ' have reported determining up to 33 elements In atmos-

pheric particulates taken in an industrial area using a non-destructive,

computer-assisted method. The data show significant variations among the

distribution of the element with time, space, and particle size. The results

obtained are sufficiently precise to form the basis for modeling calculations

for particulate behavior.
(91G. E. Gordon, et alv ' have reviewed the rationale of a study of trace

elements in the atmosphere with its requirements and ^oals, including a dis-

cussion of analytical methods. This is based on Instrumental neutron activa-

tion analysis with Ge(Li) detectors. They claim a set of 19 elements, at

levels down to 0.01 nanogram per cubic meter of air, that can be found in

particulate matter from almost any continental area, and an additional 22

elements, some of which may be observable depending upon local concentra-

tions. XNAA was augmented with X-ray fluorescence for lead and phorphorous,

using both alphas and protons for charged-partlde excitation, as well as

X- and Y-ray sources. It was pointed out that X-ray methods have the ad-

vantages of speed, rapid turn-around, and simplicity t £ computer analysis

of spectra relative to XNAA. Also, charged-partide excitation might be

combined with alpha scattering or reaction measurements of the light elements

below sodium that cannot be observed by fluorescence or INAA. Mention was

made of the use of electron spectroscopy for chemical analysis (ESCA), a

newer technique that, unlike the other nuclear techniques discussed, makes

possible the observation of chemical tttatcs of observed elements. This will

be useful for following changes in the composition of aerosols as they move

out In a plume from a specific source. Also described Is a study underway
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on parfciculate natter In the Antarctic atmosphere, and, because of the ex-

tremely low concentrations, the precautions that have had to be taken to

obtain reproducible results by completely instrumental methods.

An Improved sefihod for the determination of tha heavy metals arsenic,

zinc, cadmium, and mercury in biological and environmental samples by NAA

was demonstrated by E. Otvini, et al. ' The preferred isotopes of these

elements have short half-lives and require chemical separation from tha

matrices before counting. Rather than using wet chemical methods for dis-

solution and separation, samples are combusted In oxygen and the four metals

plus selenium are reduced, vaporised, and canled to a cold trap in a stream

of carbon monoxide, using an oven temperature of 1150°C.

An interesting program relating to environmental trace metal pollution

has been undertaken by A.A. Gordus and C.C. Haher in compiling a base-

line catalogue of the concentration of 38 trace elements in head hair from

both modern and historical samples. NAA and atomic absorption apactrometry

are being used. Over 1300 accurately-dated hair samples going back for

200 years and some 2000 well-documented anthropological samples from around

the world are available for analysis.. Modern samples include clippings from

service academy cadets, taken periodically beginning in 1971, to establish

effects of fixed diets and environmental conditions on trace metal equili-

bration. Early indications are that a few elements are present in lower

abundance today than they were 100 years age.

Trace element studies in aqueous systems have also made extensive use

of activation analysis. But whereas a fair degree of standardization exists

in methods employing NAA in studies of atmospheric aerosol samples, there is
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a ouch greater diversity in methods being used on aquatic samples. This

reflects among other things, the variety of studies being undertaken, that

often more than one phase is present, the variation in availability of

specialized analytical systems, and the fact that even fresh water samples

may have high dissolved-salts backgrounds requiring chemical separation

before counting. A variety of separation methods, both physical and

chemical, have been reported. A comment frequently heard is that there is a

need for more trace element standards, certified for a greater number of

elements than are currently available, and provision for and participation

in interlaboratory comparisons on a much wider scale, if confidence is to

be maintained in nuclear techniques and for their use to continue to ex-

pand.

(12)

R. W. Perkins and L.A. Rancitelll have reviewed some of the pro-

blems inherent in determining trace elements and radionuclides in natural

waters. Work has been done at Argonne National Laboratory to establish back-

ground data on the distribution of 20 trace elements in Lake Michigan, in

support of siting studies fez power reactors on the lake. Spark-source

masa-spectroscopy and NAA are being compared for accuracy and precision.

A new radiochemical-separatlon procedure has been developed, tested, and

applied to many specimens in a current study of trace-element levels in

biological specimens in the Pacific Ocean off Southern California. While

it was possible to determine mercury, selenium, and zinc without separation,

despite the Interferences from the high levels of sodium, potassium, chlorine,

and bromine, determination of the other elements of Interest required post-
(14)irradiation separation. A method for the routine monitoring of heavy
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metals in surface waters has been developed that uses ion-exchange filter

paper and cynide complexing post-irradiation to eliminate interfering

sodium, chlorine, bromine, and manganese activities. A rapid method

for determining bromine in environmental water samples down to nanogram

levels is described by A. AbuSamra and J.R. Vogt.

J. John and V.J. Orphan have designed and demonstrated in the laboratory

252

a system using a 5 mg Cf source for monitoring heavy metal concentra-

tions in sediments and water samples in inland waterways. Based on results

obtained, a conceptual design has been advanced for an automated computer-

controlled INAA surveillance system. An environmental surveillance unit
252also using a Cf source has been demonstrated in the laboratory by

(18)P.F. Wiggins and associates. While designed primarily for mercury

monitoring, it is also adaptable to other pollutants such as sulfur, cobalt,

copper, cadmium, arsenic, nickel, and chromium. A single portable unit con-

tains both the source and a Ge(Li) detector, and depends on the measurement

of neutron-capture gamoas rather than decay gammas for the determination.

A theoretical treatment of an analyzer for continuous waterway monitoring

(19)has been presented by Janghorbani, et al. Mathematical models relate

analyzer transfer function to the parameters of analyzer chambers, flow

rate of the stream, neutron flux profile, and nuclear properties of the

activated isotopes. The realization that mercury has been widely distributed

in the environment as the result of industrial and agricultural operations,

first intimated in Mlmimata, Japan, and Sweden in the early 196C's and which

peaked about 1970 has stimulated the development and application of NAA

methods for its determination at the low levels at which it is found. Papers

- 8 -



on the determination of mercury in fish, other foods, coal, and in fresh waters

and associated sediments have been presented at several of the symposia listed.

More recently, E. Ricci and associates have described the facilities available

at Oak Ridge National Laboratory's High Flux NAA Laboratory and discussed

the accuracy attainable on mercury measurements, based on the result of round-

robin series, analysis of NBS standards, and comparison with mass spectrometric

and atomic absorption results.

Another area of environmental concern where activation analysis appears

to have application is in the identification of the source of oil slicks

found on coastal and inland waterways. A "passive" tag for crude oil is

available in the trace element composition of the oil, which is distinctive

enough of a given batch to serve as a fingerprint. Studies ' have been

made of the effects of weathering on the composition of oil in slicks and

estimates made of the confidence that can be placed in matching an unknown

to a sample of a suspected source.

A continued expansion of the application of activation analysis methods

and techniques should certainly be anticipated in environmental research

and monitoring.

Ill. Use of Tracers in Pollution Studies

Study of the behavior of environmental pollutants under field conditions

could often be facilitated by the use of appropriate radioisotopic tracers.

Whereas isotopic techniques can be selected for laboratory experimentation

solely on the basis of relative effectiveness and cost in personnel and

equipment, additional constraints are imposed when It is proposed to introduce
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radioactivity into the atmosphere or groundwater. Though as a practical

natter, any possible exposures of people to radioactivity as the result of

an experiment might be well below maximum permissable concentrations, there

may be political or public relations factors that would rule out the use of

a radiotracer in a meteorological or hydrological study. It is still possible

for work to be done under controlled conditions where a valid case can be

made for the need for a specific isotope. Krypton-85 and sulfur-35 have

been used and are being considered for studies of the behavior of moving

air masses, bromine-82 for water pollution tracing.

Alternatives to the use of radiotracers are the use of activable tracers

(22)1 or stable isotopic tracers. Schmotzer, et al. have field tested

techniques they have developed for identifying sources of pollution reaching

wells supplying drinking water to communities in Pennsylvania. Bromine

is added as bromide at concentrations of 200 ppm, which is detectable at
4

dilutions up to 10 . A series of water samples are collected, subjected to

neutron irradiation in a Triga reactor, and the resultant 18 minute half-

life bromine-80 counted in an instrumented system. Tests have been carried

out under a variety of conditions. Indium has been used by T.F. Craft and

G.G. Eicholz as an activable tracer to study the functioning of full-scale

sewage treatment plants in Georgia, 10 grams of indium sulfate providing a

reasonable concentration in a 5,000,000 gallon per day plant. Other tracers

(23)considered include bromine, cobalt and scandium.

Measurement of the ratio of stable isotopes of an element of interest

can also provide information on its behavior in an environment. The

(24)Isotope Ratio Tracer method developed at Brookhaven National Laboratory
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for tracing sulfur has been used to study the fate of SO, in the plumes

emitted from the stacks of fossil-fuel power plants. The method is based

upon variations in the ratio of sulfur-32 to sulfur-34 as measured by

an isotope-ratio mass spectrometer on samples collected from fuels, plumes,

and ambient air. Not only does the IRT method provide a sensitive means

of physically tracking indigenous sulfur emitted from a discrete source,

but changes in the ratio may be related quantitatively to the degree of

conversion that the sulfur may undergo in a chemical reaction, because of

isotopic exchange resulting from equilibrium or kinetic processes. The

rate of conversion of SCL to sulfate in plumes from both oil-fired and coal-

fired plants has been measured. Work is also underway using the ratio of

nitrogen-14 to nitrogen-15 to follow the behavior of nitrogen oxides emitted

from stationary sources. Isotopic fractionation of other light elements

determined by measurement of their ratios, particularly of hydrogen to

deuterium or carbon-12 to carbon-13, can provided valuable hydrologic and

meteorologic information.

IV. Measurement of Physical Properties

The use of radioisotope gauges to measure suspended sediments, sludge

densities, density of particulates, and dust loadings continues and similar

applications continue to be developed. However, these tend to be extensions

of existing techniques, rather than of the development of new technology.

V. Radiation Treatment of Sewage and Waste Water

The use of radiation processing techniques in large-scale treatment

of municipal and industrial waste streams has been often proposed as offering
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a partial solution to a major ecological problem and almost as frequently

criticized as being impractical on technological or economic grounds. The

tremendous volume and universal nature of the problem continues to stimulate

new efforts in the application of ionizing radiation to its solution. Re-

cent surveys of the literaturev ' by M. Gerrard and E.A. Newland, list

at least 65 references to the utilization of radiation for processing domes-

tic and industrial liquid waste, beginning in 1953. Attention has been given

primarily to the use of isotopic gamma and accelerator electron sources.

D.S. Ballantine and associates have discussed the practical aspects of

(27 28)proposed applications of radiation in considerable depth. ' The

following facts are known about the effects of ionizing radiation:

1. Radiation can alter the structure of organic and inorganic molecules.

2. Radiation is capable of initiating the oxidation of organic molecules.

3. Radiation has the ability to kill bacteria and other micro-organisms.

4. Radiation can produce electrical effects in colloidal systems.

As the result of these properties, radiation can be expected to convert

refractory compounds to a more readily degradable form, may lower the chemical

and biological oxygen demand of waste streams, may disinfect streams con-

taining bacteria and viruses, and may affect the physical properties of

sludges and waste solids in a beneficial fashion.

The principles and extensive body of data available from research in

aqueous radiation chemistry have been applied to evaluating the greatest

(29)destruction of organic substances that could be expected. ' While G-

values (the number of chemical events resulting in the system under study

from the absorption of 100 eV of energy) and reaction rate constants are
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known for the disappearance of specific organic compounds from pure aqueous

solutions, these are difficult to extrapolate to very complex municipal

waste-water streams. Not only is there a wide spectrum of organic components

present, some unidentified, engaged in simultaneous competitive reactions,

but this is subject to rapid fluctuations in both composition and concentration.

In general, it is felt that efficiencies for removal of organic molecules will

be low, G-values less than 10. Simultaneous aeration may raise this to

between 10 and 15. There is no sign of chain reactions, that could lead to

economically competitive processes. Studies at Oak Ridge found • signi-

ficant decrease in biological oxygen demand and chemical oxygen demand, (BOD

and COO) and improvement in pH and decolorization when irradiations of textile

mill, paper mill, and sewage plant wastes were carried out under air or

oxygen pressures up to 2000 lbs per square inch. Synergistlc effects have

(31)also been noted at Georgia Tech in the decolorization of textile dyes in

the waste streams from mills when exposed simultaneously to gamma Irradiation

and chlorination. A dose of 60K rad is considered adequate at a chlorine

level of 80 ppm.

Considerable data are available on the effectiveness of tadiation for

the destruction of bacteria, from studies on sterilization and pasturization

of food products, medical supplies, and soap products, with 2.5 x 10 rads

generally accepted as a sterilizing dose for even the most resistant species.

Synergistic effects have been noted for the combination of radiation with a

chemical bactericide, such as chlorine, with heat, or with prior ultrasonic

treatment. Radiation does posses the advantage over chlorine or ozone of

being able to penetrate particulate matter and destroy bacteria contained

within it that would not be reached by the chemical agents. Further information
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is required on residual bacterial levels after treatment and on costs re-

lative to conventional trcataent.

Irradiation sight be capable of increasing the sedimentation rate er

altering the colloidal properties of solids in waste-waters so that they

could be sore readily dewatered and would remain sufficiently Mobile to be

pumped at higher concentrations. The sediment stress* from treatment plants

contain several per cent solids. These must be concentrated by filtration,

flocculatlon, distillation, or other physical techniques. Any Improvement

in handling characteristics could result in a decrease in the size of the

solids-handling systems and increase the capacity of existing plants. The

solids concentrate, the sludge, represents a very small fraction of the

total volume flowing through a waste treatment plant, but half of the total

cost of waste treatment is related to sludge handling. A more easily handled

sludge is thus an attractive goal. Generally, colloids are stabllied by

electrostatic charges and by insulating shells. In principle, the use of

radiation to reduce the electrostatic forces and to alter the insulating

shell is feasible, but little critical work has been done on the ability of

radiation to change sedimentation rates or to increase solids concentrations

under plant conditions.

A waste-treatment system employing combined gamma radiation-biological

methods for purifying sewage has been designed, requiring a dose of only 50
(32)krads for operation. A pilot plant to test the process was built at the

University Center for Pollution Research at Florida Institute of Technology,

and subsequently a nominal 10 gallon per day - scale operating plant was

installed near Palmdale, Florida. The claim is made that capital costs and
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operating costs are competitive with those required for a conventional ad-

vanced-treatment plent giving an effluent of the same quality.

J. Silverman*33* has discussed future possibilities in the treatment

of waste and sewage streams and the purification of water if it is assumed

that reliable accelerator-generated electron-beam power can be aade avail-

able at reasonable cost through long-term round-the-clock operation.

In March, 1973, the International Atomic Energy Agency convened a small

group of consultants in Vienna on the Use of High Level Radiation for the

Treatment of Domestic Sewage, Industrial Hsstewater, and Hater Resources.

Included were experts from Austria, Federal Republic of Germany, Great
(34)

Britain, India, and the United States. The draft reportx ' of this meet-

ing notes that despite the considerable degree of interest and research

activity in this area in recent years, results available have been frequently

contradictory and conclusions in respect to economic practicality have been

quite divergent. Xt was felt that the potential role of radiation technology

was sufficiently great to warrant an attempt to establish a consensus. The

stated objectives were to: 1) evaluate areas where radiation has been applied

for the solution of water, waste water, and sludge treatment problems, 2)

Identify areas where radiation technology appears to have potential applicability,

3) make economic assessment of radiation technology in comparison with al-

ternative means of treatment, 4) recommend programs and activities for con-

sideration by the IAEA.

The subjects considered and conclusions reached may be summarised as

follows:
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1. Seduction of organic pollutants. After review of the experimental

and theoretical work that had been carried on to effect a reduction in Chemical

Oxygen Demand, it was agreed that G-values for oxidation of organic molecules

in aqueous solution or for the molecular destruction of such pollutants as

detergents* herbicides, pesticides, and dyestuffs were too low to be con-

sidered practical. Similar conclusions were reached with respect to changes

in Biological Oxygen Demand. No additional work was considered for this area.

2. Disinfection of water supplies and waste water. While It is possible

to disinfect water to meet potable standards, there is a broad variability In

occurance and radio-sensitivity of different organisms and micro-organisms

that makes it difficult to specify a minimum required dose to reach a de-

sired mlcrobial level. This dose could range from 100 krad to several mrads.

However, even at the lower limit, probable cost would still be more than an

order of magnitude higher than for an alternative means such as chlorinatlon

or osonation and thus not competitive. With respect to disinfection of waste

water prior to discharge, conventional treatment by chlorination is much

less expensive than gamma irradiation for destruction of pathogenic bacteria

and viruses. This is particularly so when disinfection is carried out in

properly designed chambers in conjunction with adequete sedimentation facili-

ties and secondary treatment. It was pointed out, however, that many para-

sitic organisms, particularly prevalent in tropic regions, may be more sensi-

tive to radiation than to chemical treatment. Information should be developed

on the radiation sensitivity of such parasites as tape worm, round worm, and

amaeba at various stages in their life cycles, under actual waste environ-

ment conditions, as part of a comprehensive public huelbh program to eliminate
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chase pathogenic parasite*. It was pointed out that doses pay not need to

be given at levels sufficiently high to provide bacterial disinfection* but

only sufficient to kill the parasites.

3. Modification of physical properties and disinfection of aludgea, Die?

poaal of sludge by its use in agriculture requires its dlsinfaction. Conven-

tional practice of heating at 70°C for 30 minutes creates an objectionable

odor problem, Experiments have shown that radiation with a dose in the

range of 200 to 300 krads without heat gives aatisfactory dialnfection with

no odor. A plant to handle ISO cubic meters a day of sludge is being con-

structed near Hunlch. This will permit the study of the econoaic feasibility

and examination of the hygienic and agricultural aspects of the proceaa. A

problem inherent in the treatment of municipal waatcs by the activated aludge

process is stimulation of a filamentous growth in the sludge that can reduce

plant efficiency aerlouely. Attempts have been made to control this growth

by the uae of sterilizing agents like chlorine or hydrogen peroxide. Prefer-

ential control of filamentous growth by Irradiation sterilisation would

have decided practical advantagee in activated sludg* proceaslng. There ia

evidence that aoae aewage sludges that are concentrated only with difficulty

have had their rate of aettllng increased by gamma irradiation. Recommenda-

tions were made that enhancement of aettllng rates of sludges by the radia-

tion method be compared with the obtainable by chemical coagulation.

All In all, this effort to obtain definitive answers to uncertainties

that have existed in this field should result in a considerably dearer

picture of the potentialities of radiation for proceaslng sewage and waate

water.
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VI. Concluatona

the uaa of radloleotoplc and nuclear aathodf in research and deyeloppMnt

on environmental pollutants and thai? control la wall established. Tha

next f«w years should lit not only tha routine application of Mtbods already

draonstratad, but also S O M intaraatlng and innoyatlya apprpachaa to problems

aa yet unsolved.

- 18 -



References

1. S.Glasstone, Sourcebook on Atonic Energy, D.VanNos*:rancM950.

2. D.DeSoete, R.Gijbels, and J.Hoste, Neutron Activation Analysis,
Wiley, 19?2?

3. Chemical Engineering Progress, Symposium Series #104, 66
(1970),

4. Transactions, American Nuclear Society, 12. (Novejiiber 1969).

5. Proceedings, IAEA Symposium on Use of Nuclear Techniques for
Measurement and Control of Environmental pollutants, Salzburg,
Austria, IAEA, Vienna (1971).

6. Proceedings of American Nuclear Society Topical Meeting,
Nuclear Methods in Environmental Research, Columbia, Missouri
(August 1971).

7. B.Manowitz and W.E.Mott, Nuclear Techniques for Studying
Environmental Pollutants, Proceedings, International Conference
on Peaceful Uses of Atomic Energy, Geneva* Switzerland (Sept.1971)
BNL Report 15843.

8. R.Daras, K.A.Rahn, G.D.Nifong, j.A.Robbins, and J.W.Winchester,
Non-destructive Multi-element Neutron Activation Analysis of
Air Pollution Particulates, Ref. 6, p.8.

9. G.E.Gordon, W.H.Zoller, E.S.Gladney, and A.G.Jones, Trace
Elements in the Urban Atmosphere, Ref 6, p.30; also G.E.
Gordon and W.H.Zoller, Advances in Nuclear Activation Tech-
niques Applied to Atmospheric Particulates, Transactions
American Nuclear Society, 16, p.42(June, 1973).

10. E.Orvini, T.E.Gills, and P.D.LaFleur, Nuclear Activation
Analysis of Se, As, Zn, Cd, and Hg in Environmental Matrices,
Ibid, .15, p.642 (November, 1972).

11. A.A.Gordus and C.C.Maher, Neutron Activation Analysis of
Human Hair: Establishing an Historical- Baseline for the Human
intake of Trace Metals,Ibid,

12. R.W.Perkins and L.A.Rancitelli, Nuclear Techniques for Trace
Element and Radionuclide Measurements in Natural Waters,
Ref 6, p.47.

13. M.A.Wahlgren, D.N. Edging ton, and F.F.Rawlings, Determination
of Selected Trace Elements in Water Samples Using Spark Source
rtass Spectroscopy and Neutron Activation Analysis, Ref 6, p.97.



References, cont'd.

14. J.J.M.DeGoij, V.P.Guinn, and D.R.Young, Activation Analysis
Trace-element Studies of Marine Biological Samples,
Transactions American Nuclear Society, 15, p.642 (November 1972).

15. A.M.Kolaczkowski and W.A.Jester, Activation Analysis of
Heavy Metals in Surface Waters Using Ion Exchange Filter
paper and Cyanide Complexing. Ibid, p.643.

16* A.AbuSamra and J.E.Vogt, Rapid Determination of Bromine in
Water Samples by Activation Analysis, Ibid, .16, p.44 (June 1973).

17. J.John and V.J.Orphan, Application of 252Cf to the Detection
of Heavy Metals for Pollution Control, Ibid, 15 p.66. (June 1972).

18. P.F.Wiggins, D.Duffey, and F.E.Senftle, Environmental
Surveillance by Neutron Capture Gamma Rays, Ibid 16., p. 35
(June 1973).

19. M.Janghorbani, W.D.Ehmann, M.D.Miller, A Continuous Analyzer
Based on Neutron Activation Analysis and 252Cf Neutron Source;
Theoretical Developments, Ibid, p43.

20. E.Ricci, T.H.Handley, and F.F.Dyer, Environmental Analysis
at ORNL's High Flux Neutron Activation Laboratory, Ibid.

21. a-H.R.Lukens, D.E.Bryan, and M.A.Hiatt, Oil-slick Identification
Certainties with the Method of Neutron Activation Analysis,
b-R.H.Filby and K.R.Shah, Mode of Occurence of Trace Elements
in Petroleum and Relationship to Oil-spill Identification Methods,
c-J.W.Mandler, J.H.Reed, and R.B.Moler, Oil Slick Identification
Utilizing Charged Particle Activation Techniques. Ref.6, p.52 ff.

22. J.K.Schmotzer, W.A.Jester, R.R. Pariek, and K.A.Uhler, Sources
of Water Pollution Established by Using a Neutron Activable
Tracer, Transactions American Nuclear Society, jL6_ p. 641
(November 1972).

23. T.F.Craft and G.G.Eichholz, Use of Post-sampling Activation
Analysis in Sewage Treatment Plants, Ibid, J£, p.469 (October 1971)

24. B.Marmwitz, L.Newman, and W.D.Tucker, The Atmospheric Diagnostics
Program at Brookhaven National Laboratory; Fourth Status Report,
BNL 50361, (June 1972).

25. M.Gerrard, Sewage and Waste-water Processing with isotopic
Radiation; Survey of the Literature, Isotopes and Radiation
Technology 8> No.4, p.429 (Summer 1971).

26. E.A.Newland, Radiation Treatment of Sewage, Australian Report
AAEC/LIB/Bib-254 (Sept.1970).



References, cont'd.

27. D.S.Ballantine, L.A.Miller, D.F.Bishop, and F.A.Rohrman,
The Practicablity of Using Atomic Radiation for Wastewater
Treatment, Journal Water Pollution Control Federation 41.
No.3, Part I p.445, (March, 1969).

28. D.S.Ballantine and L.A.Miller, Potential Role of Radiation
in Waste-water Treatment, Isotopes and Radiation Technology,
8, No.4 p.415 (Summer 1971).

29. D.M.J.Compton, Destruction of Organic Substances in Waste-
water by ionizing Radiation,Kef 3,p.195.

30. F.N.Case, D.L.Kau, D.E.Smiley, and A.W.Garrison, Radiation-
induced Oxidation of Process Effluents at High Pressure, Ref.5.

31. T.F.Craft and G.G.Eichholz,Radiation Treatment of Textile Dye
Wastes, Transactions, American Nuclear Society 1J5., No.2, p.719
(November 1972).

32. L.A.Mann, Biological-Gamma, Radiation System for Sewage
Processing, isotopes and Radiation Technology, 8_, No.4 (Summer 1971)

33. J.Silverman, Current Status of Industrial Radiation Processing,
Transactions American Nuclear Society, JJ5, p.50 (June,1973).

34. D.S.Ballantine, private communication (1973).


