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Abstract

Experience gained from Projects Gasbuggy and Rulison and their follow-up

studies indicates that natural gas produced from a nuclearly stimulated

well field will contain small amounts of man-made radioactivity as it

leaves the gas processing plant and enters commercial distribution channels.

Individual and population doses have been estimated for hypothetical uses

of such gas. For example, it it is estimated that residential use of

nuclearly stimulated gas in unvented cook stoves would result in an average

whole-body dose to the house occupants of approximately 0.2 mi 11 irem/year..

Radon concentrations measured in natural gas at various locations in the

United States average approximately 20 pCi per liter. Assuming this con-

centration $f radon in the unvented cooking case mentioned, the lung dose

1s estimated to be 1.5 millirems per year. All of the dose estimates

discussed are used to give perspective to the additional radiation exposure

of the public which-could occur due to use of gas from nuclearly stimulated
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wells. Both somatic risk and genetic risk are considered In the assessment

of relative hazard. Comparisons are made with other risks encountered in

the normal activities of life in the United States. The studies summarized

show that the radiological impact of either domestic or industrial use of

the gas can be small.

Introduction f

Large areas of several western states, principally Wyoming, Utah, Colorado,

and New Mexico, are underlain by gas-containing rock formations from which gas

cannot presently be recovered economically because of the low permeability of

these formations. It has been estimated that successful use of nuclear explo-

sives to Increase gas production from these "tight" rock formations would

approximately double the presently known reserves of natural gas (nearly 7.8

trillion m 3 ) . Natural gas is a very clean source of energy and, in addition,

provides raw materials for the rapidly growing petrochemical industry. Con-

sequently, United States demand continues to grow at such a rate that''domestic

production, plus all present and projected imports, is inadequate to meet the

country's expanding needs. tmmm.. - - _

The U.S. Atomic Energy Commission's Plowshare Program is almost exclusively
I • . .- • •

devoted at present to the development of the nuclear gas stimulation concept.

Two experiments involving detonation of single nuclear explosives in low

permeability rock formations, Gasbuggy and Rulison, have been ~

conducted to date. Results of these experiments are considered very encour-

aging by the AEC and the industrial sponsors. Rio Blanco, the third '

experiment, involved the use of three nuclear devices in one Well hole to

stimulate gas production in thicker rock formations •
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than would be possible with only one explosive. The explosives were detonated

simultaneously on May 17, 1973,

/ Health Physics and
The/Environmental Sciences Divisionsof the Oak Ridge National Laboratory have

been investigating the radiological impact of potential uses of natural gas «

from wells stimulated with nuclear explosives. This paper summarizes the more

Important results of these studies.

Radionuclide Inventory

Radionuclides found in gas produced from the completed experiments, Gasbuggy

and Rulison, were 3H, 1!*C, 3 7A r,
 39Ar, 85Kr, and 203Hg. The small number of

radionuclides found is not surprising when one considers that the explosives

were detonated in an atmosphere of water and hydrocarbons where most of the

fission and activation products are expected to exist as metals or metal

oxides. The principal exceptions are the rare gases, iodine, carbon, and

tritium. Most of the radioactive species associated with metals and metal

oxides are effectively retainecTTn the glassy material Tormed as the molten

cavity walls solidify and collapse to form the chimney. Since a minimum of

90 days elapses before gas is produced from a stimulated well, radioactive

decay eliminates all of the short-lived isotopes. Krypton-85 is the only

fission-product rare gas which would not decay to negligible concentrations

during the shut-in period. '"''' ~

-I — «*— ••-•» — _ ? — _ v * . . • • • .. ••
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Of the radionuclides found, 3H, 1*C, and 85Kr have been studied in greatest

detail because they contribute over 9925 of the potential dose equivalent at
* > . •

the radionuclide concentrations observed, and at those projected for future

wells (see Table 1). It appears unlikely that other radionuclides will become

significant, but each geological formation and each device component must

be analyzed with respect to that possibility. The tritium concentration used

in this paper, 1 pCi/cm3, is the value projected for the average concentration

during the lifetime production of future wells.1 The concentrations for llfC

and 85Kr are scaled to the tritium value on the basis of literature values

or fission and activation yield.z~5 Comparable projections by Rubin et a!.6

are in good agreement with those presented here for tritium; however, their
85Kr concentration is approximately a factor of 2 larger. At the estimated

gas production rate (assume ^10% of total lifetime volume produced during the

first year), more than 99£ of the radioactivity initially present in a

nuclearly stimulated well is removed durfng the first year of production. In

subsequent years such a well will produce essentially uncontaminated gas.

Therefore first-year average concentrations for .a new well may be ten times

the average lifetime concentration projections used here^. It has been shown

that sizable amounts of nuclearly stimulated gas, including first-year gas

from new wells, could be distributed through existing facilities to supple-

ment present production as it declines, without elevating the projected

average tritium concentration of 1 pCi/cm3.7

Dose-Equivalent (rem) » Absorbed Dose (rads) x modifying factors. For

the sake of convenience, "dose" will be used hereafter instead of "dose

equivalent." -



Table 1. Relative Percentage of Total Estimated Dose
from Man-made Radionuclides in Nuclearly
Stimulated Natural Gas

Radionuclide

Projected
Average

First Year

Projected
Average
Lifetime

Concentration Concentration
(pCi/cm3) (pCi/cm3)

Percentage of
Estimated Total

Somatic
Dosea

Percentage of
Estimated Total

Genetic
Dose0

85Kr
All others

<20

65

1.0
0.02
3.3

60
0.3

39

93
0.3
6

aDose to total body.
bDose to,gonads.

i
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The tr i t ium inventory is distributed in the H20-H2-hydrocarbom system with less

than 25% of the total production in the form of hydrocarbons or hydrogen.6

The remaining 75% appears as t r i t ia ted water (HTO) which would normally be

removed at the wellhead. Carbon dioxide is also normally removed from natural

gas before i t enters commercial distribution channels. According to analysis

of Gasbuggy gas,3 the carbon dioxide released from formation rock by the „
*

nuclear explosion accounts for at least two-thirds of the llfC Inventory. The

tritium and lhC present as hydrocarbons will be released as HTO and ltfC02»

respectively, when the gas is burned.

Estimation of Dose to Man

There are numerous pathways through which radionuclides present in gas from

nuclearly stimulated wells may cause radiation exposure to man. Our studies

have indicated that 3H and 85Kr are the critical radionuclides and that

exposure to combustion products from unvented home usage of natural gas

containing radionuclides is the critical exposure pathway. Although the two

critical radionuclides have similar (MPC), values (0.2 pCi/cm3 for 3H and
a

0.3 pC1/an3 for 8 5Kr), 9 equal concentrations of the two nuclides in air da

not produce radiation doses of equal biological significance to the exposed
Individual. Tritium is a source of internal exposure with no significant

i . • •

external exposure potential. Tritiated water is rapidly absorbed by the

body and distributed throughout the body water pool, resulting in essentially

uniform Irradiation of the total body. Continuous exposure to HTO at a con-

centration of 1 pCi/cm3 results in estimated total-body or gonad doses of

1000 mrem per year of exposure. In contrast to HTO, krypton is only slightly

absorbed by the body and Its Internal exposure contribution is negligible.

The limiting dose for 85Kr exposure is that to the skin; approximately 2000
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mrem/year is received at the skin surface from continuous exposure at a con-

centration of 1 pCi/cm3. The 85Kr dose to the shallowest layer of live skin

Is 50 to 70% of the dose at the skin surface. Both the total-body and gonadal

dose estimates for 85Kr are approximateiy 1% of the skin surface dose. If one

accepts cancer induction as the radiological response and death as the end

point* analysis of these dose estimates on a risk basis shows that* at equal?

concentrations* the somatic risk from 85Kr is approximately one-tenth of that

from 3H. 7 The genetic risk from 85Kr is one-fiftieth of that from 3H at

equal concentrations, based on the respective gonadal dose estimates.

We can calculate the dose to an individual resulting from combustion of gas

in unvented home appliances and heaters based on the projected radionuclide

concentrations given in Table 1. For a residence (93 m2 floor space* 227 m3

volume) of normal construction with one air change per hour ventilation rate,

we estimate the following potential total-body doses (mrem/year) for various

unvented domestic uses: cooking, 0.16; water heater, 0.38; refrigerator, 0.20;

and heating (5000-degree days), 2.8. The maximum doses estimated for an

Individual at thff'pTOJected radionuclide concentrations an.d assumed exposure

conditions with no venting of appliances or heaters is less than 20 mrem/year

to the total body. Most cities and states in the United States now require

venting of all heaters and appliances except those used for cooking. The

advent of large-scale nuclear stimulation of natural gas production may require
(except for ranges)

that this practice be made mandatory/in order to keep the population exposure

as low as practicable. If this suggestion is implemented, the estimated

average dose to an individual in the exposed population would be slightly less
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than 0.2 mrem/year for gas containing the average lifetime radionuclide con-

centrations listed in Table 1 . This estimated dose includes a contribution

from unvented cooking (0.76 m3 of gas per day, United States average) plus

an average atmospheric contribution from all gas used in the area. This

contribution was shown in a study of the Los Angeles Basin to be less than

10% of the calculated individual dose from unvented cooking.10 Even this

small calculated average individual dose (0.2 mrem/year) would deliver a

potential 200 man-rents per year to each million people exposed. The man-rem

dose estimate is obtained by summation of a l l individual doses within the

exposed.population.

Use of nuclearly stimulated natural gas in power stations has been suggested

as an alternative to residential use. Study of the hypothetical use of

Gasbuggy gas in the Los Angeles Basin has shown that the average population

exposure is at least a factor of 10 less for power station gas use than when

the gas is distributed for household use.10 Power station use of nuclearly

stimulated gas was given further consideration in the Ruiison study11 '12 by

assuming that the^Cfcecokee electricity generating plant-located in the Denver,

Colorado, metropolitan area burned 2.66 x 106 m3 of gas per day (9.72 x 108

m3 per year} contaminated with the projected average lifetime radionuclide

concentrations listed in Table 1 . The estimated dose tc the population

(1,500,000) in the Denver area due to power station use of that quantity

of gas is 0.32 man-rem. The maximum individual dose estimate for the entire

area 1s 0.006 mill1rem/year.

A rather unusual meteorological condition that prevails in the Oenver area, the

frequent and regular reversal of wind direction, results In Increased doses
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from combustion products which are blown back over the populated area after

Initially being blown out of the area. The resulting increase in maximum

Individual dose is less important than the increase in total population dose

(nearly a factor of 2 in this case). The dose estimates for the Denver area

include contributions due to blowback. The 9.72 x 108 m3 of gas will supply

174,000 households for 1 year under the following assumptions: unvented

cooking (0.76 m3/day), vented water heater (1.8 m3/day), and vented heating

for 5000-degree days per year (13.4 m3/day). If each household is assumed

to have 3.5 residents, the total number of persons exposed is 610,000,

approximately one-third of the total population in the Denver metropolitan

area. Then the comparable estimated population dose due to residential

gas use is 110 man-rems for 9.72 x 108 m3 of gas having the projected lifetime

radionuciide concentrations. Thus, under the conditions specified, the

population dose estimate for household use of the nuclearly stimualted gas

Is nearly 350 times that for power station use.

Assessment of the Estimated Dose to Man

Assessment of tho rfaca estimate projected for use of- gas' from nuciearly.

stimulated fields can vary in form and complexity. We believe that the assess-

ment should;begin with the recognition that natural gas contains natural

radioactivity and that one result of nuclear stimulation is an incremental

change in the total radioactivity concentration to which gas users are exposed.

It has been known for nearly 70 years that natural gas contains a radioactive

species, radon, but little effort has been devoted to estimation of doses that
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gas users receive from this source of natural radioactivity. This was

due, in part, to lack of reliable data on the radon content of natural gas at

points of use. Samples supplied by gas transmission companies were analyzed
in 1972 and 1973

/by scientists in four institutions to provide data on radon concentration in

gas being supplied to several metropolitan areas in the United States.13

The average value (20 pCi/liter) for all sample locations is used in our dose

estimations; but, if results from one sample location where the average concen-

tration is 95 pCi/liter are disregarded, the average drops to about 10 pCi/liter.

One exposure situation that we consider for radon daughters produced by decay

of radon in natural, gas is the same as that assumed in the previously described

studies.11 . An unvented kitchen range using 0.76 m 3 of gas per day was assumed

to be located in a house having a volume of 227 m3. Lacking data on the average

air change rate in homes having unvented kitchen ranges, we calculated the con-

centration of radon daughters in the home for air change rates varying from 0.25

to 2.0 changes per hour. We then estimated doses to the bronchial epithelium

from radon daughters resulting from decay of radon introduced with the natural

gas and compared these doses witti-those from an ass umedxoncent ration of 0.13

pCI/liter of radon (the average concentration from a number of radon measurements

1ft the United States) and each of its daughters in ventilation air. The esti-

mated dose rate to the bronchial epithelium due to radon and its daughters in

the ventilation air was 1300 to 1400 millirem per year. Additional estimated

dose to the bronchial epithelium due to the radon (20 pCi/liter) present in

natural gas ranges from 90 mrem/year, for 0.25 air change per hour, to 5 mrem/

year, for two air changes per hour. At most, the estimated dose increase due

: to radon present in natural gas is less than 72, considering only the two sources
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of radon. The relative importance of this natural activity in the gas is reduced

still further if one considers the daughter activity due to the decay of radon

arid thoron emanating from home building materials which in some situations exceeds

our assumed concentration in ventilation air by a factor of 10. It appears
the

likely, therefore, that/dose which can be attributed to the radon in natural

gas is small (less than 1%) compared to the total dose received in the home

from all sources of airborne radioactivity. These localized radon-radon daughter

dose estimates are for a limited tissue volume: the basal cells of the bronchial

epithelium, which are assumed to be the critical tissue. It has been estimated

that the corresponding dose to the total lung mass (lOOOg) is an order of magni-

tude lower.11* The dose to the total lung due to radon in the gas (1.5 millirem/

year, assuming one air change per hour) is more suitable for comparison with

the total-body estimates obtained for the man-made radioactivity in nticl early

stimulated gas. The comparison indicates that the projected concentrations of

man-made radioactivity will contribute a dose which is approximately 12% of the

dose due to radon in the gas. Local conditions may, however, alter this percent-

age significantly.

Another possible assessment, and one which will be required, is comparison of

the dose-estimate with applicable radiation safety standards. At this time,

however, there are no standards which are specific to the use of nuclearly stimu-

lated gas-; Since millions of people could potentially be users of gas produced

with this technology, caution must be exercised in establishing acceptable con-

centrations of man-made radioactivity in natural gas for industrial and domestic

consumption. The Federal Radiation Council (FRC) has established 170 millirem/

year as the upper limit for the average total-body dose to a suitable sample
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of an exposed population group for radiation from all sources exclusive of

natural background and medical exposures.15 However, this single source of

exposure must not be permitted to take up a disproportionate share of the 170

millirem/year total. The estimated average total-body dose for the population

group expected to be exposed via home use of nuclearly stimulated gas is a small

fraction (0.1%) of the dose limit of 170 millirem/year.

to the whole body
Our estimate of dose/from nuclearly stimulated gas (0.2 millirem/year) may also \

to the whole;

be put in perspective by comparing i t with dose estimates (millirem/year)/for body

other sources of radiation received by members of the public: natural background

radiation, 130; medical diagnostic X-rays, 110; nuclear weapons fallout, 2; con-

sumer devices, 2; industrial uses of radiation, less than 1; and power reactors,

less than I.6 Note that the individual dose estimates for fallout and for con-

sumer devices are approximately ten times the average dose estimated for members

of the population hypothetically using the gas.

A hypothetical assessment of the projected dose.may be obtained by estimating the

risks which the exposure represents in terms of additional deaths, additional

death equivalents due to radiation-induced life span shortening, and additional

genetic deaths. A total:risk estimate was obtained by summing all three types

1n spite of*the recognized inherent difficulties in combining somatic and genetic

Insults whose manifestations may differ so greatly. The factors used to convert

estimates of radiation dose into estimates of risk are those suggested by the

ICRP.16»17 Those factors are based on the conservative assumption that there is

a linear relationship between dose and effect. The estimates of additional deaths

calculated here are believed to be upper limits of risk for the low dose levels
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considered. The actual risk In fact may be 2ero, for at such low doses, there is

no practical method to reliably determine the actual risk involved. The risk

estimated for the projected gas usage is compared in Table 2 with similar esti-

mates of risk for other sources of radiation exposure of the public. These esti-

mated risks (theoretical deaths) may also be compared with known death rates

(number of deaths per million population) among the United States population^due

to other causes18: all causes, 9650; heart disease, 3730; cancer, 1590; stroke,

1060; accidents, 560; pneumonia, 330; diabetes mellitus, 190; arteriosclerosis,

170; and other causes, 2020.

The population dose, (man-rem) estimates for the hypothesized gas uses may also

be assessed, but to a lesser extent, as there have been no official numerical

limits established with which the population dose estimates can be compared. We

have shown that the man-rem dose to the local population is sensitive to the man-

ner of gas usage. The population dose in the Denver area due to background radia-

tion (approximately 200 mrem per person) is nearly 3.0 x 105 man-rems per year,

while that estimated for residential gas use (130 man-rems) is 0.037% of the

background dose. Oose to the global population is another point to be considered «

for comparison. Based on dose conversion factors presented in a recent report

of the United Nations Committee on the Effects of Atomic Radiation (UNSCEAR),1*

the estimated infinite dose (integrated over infinite time) to the population of

the northern hemisphere due to the release of the man-made radioactivity in that

volume of gas is approximately 840 man-rems. Nearly all (99%) of that infinite

dose is contributed by 1<fC due to its long radioactive half-life (.'5730 years).

This estimated dose must be added to the estimated local population dose in

assessing the total population dose incurred as a result of the release.



Table 2. Comparison of Estimated Deaths Due to Man-Made Radioactivity
in Nuclearly Stimulated Natural Gas with Similar Estimates
for Other Sources of Radiation Exposure of the Public in the

, United States .

««iiWo e «-F cv^eMv.0 Estimated Deaths per Million
Sources of Exposure Individuals Exposeda

Natural background radiation^ 17
Radioactivity in natural gasc

Natural (radon + daughters) . 0 . 3
Man-made 0.03

Other man-made sources of radiation
Medical diagnostic x-rays 20
Fallout from nuclear weapons 0.4
Consumer devices 0.4
Industrial uses of radiation <0.2
Power reactors <0.2

Obtained by summing estimated somatic and genetic effects; therefore,
some of these^esfimated deaths will occur among the exposed indi-
viduals or the f i r s t generation of their offspring, but a large
majority (over 80%) will occur in succeeding generations.

0.1. renf per year.

°Based on projected radionuclide concentrations used in this study.
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V. SUMMARY AND CONCLUSIONS

The radiological impacts of hypothetical uses of nuclearly stimulated gas for

domestic and industrial purposes were studied. Average radionuclide con-

centrations in the gas were projected for lifetime production of future

welts** .The critical exposure pathway were determined to be the release of

combustion products from unvented appliances in the home. The estimated average

whole-body dose from man-made radioactivity for that pathway is 0.2 millirem

per year of gas use. The estimated lung dose due to natural radioactivity (radon)

In the gas is 1.5 millirem per year. The critical man-made radionuclides are
3H, ilfC,.and 8SKr. The largest fraction of the local population dose received

via the critical pathway is due to 3H, followed by 85Kr. Carbon-14 is of impor-

tance as the major contributor to the infinite population dose estimated for the

northern hemisphere, with the total dose to the local population being very

dependent on the manner of gas use. The radiological impact of the hypothesized

gas use was assessed in terms of dose and in terms of risk, in the interest of

Incorporating radiological impact of gas use as an integral part of the cost-benefit

analysis for the development of nuclear gas stimulation technology. The results

of the assessment indicate that the radiological impact would be very small.

Although the dose and risk estimates obtained in this study are small, the possible

exposures s^ill must be scrutinized to achieve the lowest practicable local and

global doses.

REFERENCES

1. Barton, C. 0., D. 6. Jacobs, M. J. Kelly, and E. G. Struxness, "Radiological

Considerations in the Use of Natural Gas from Nuclearly Stimulated Wells,"

- 4hiclear Tech. JJ., 335 (1971). -.•••i,--..- — i V i i r ; .-.•t;vs..-,,-.-"*<»->.l;f
l
«! •-•



14 .

2. Kirk, W. R., Krypton-85, A Review of the Literature and an Analysis of

Radiation Hazards, U.S. Environmental Protection Agency, Office of Research

and Monitoring, Washington, 0. C. 20460 (January 1972).

. 3 . Tel ler, E., et a l . , The. Constructive Use of Nuclear Explosives, p. 90,

McGraw-Hill Book Company, New York, 1965. 2

4. Dudey, N. D., Review of Low-Mass Atom Production in Fast Reactors, USAEC

Report ANL-7434 (1968).

5. Green, J . B., J r . , and R. M. Lessler, Reduction of Tritium from Underground

Nuclear Explosives, USAEC Report UCRL-73258 (September 1971).

6. Rubin, E., L. Schwartz, and 0. Montan, An Analysis of Gas Stimulation Using

Nuclear Explosives, USAEC Report UCRL-51226 (May 1972).

7. Kelly, M. J . , P. S. Rohwer, C. J . Barton, and E. G. Struxness, "Relative

Risks from Radionuclides-Patmd in Nuciearly Stimulated Natural Gas," IAEA

. PNE Pane], November 27-30, 1972, Vienna, Austria...

s

I . " " " . " • • •
8. Smith, C. F., J r . , Project Gasbuggy Gas Quality Analysis and Evaluation

Program Tabulation of Radiochemical and Chemical Analytical Results, USAEC

Report UCRL-50635, Rev. 2 (April 1971). "-•'-"-

9. T i t le 10, Atomic Energy, Part 20, Standards for Protection Against Radiation,

United States Code of Federal Regulations (1970).



15

10. Jacobs, D. G.t et a l . , Theoretical Evaluation of Consumer Products from

Project Gasbuggy, Final Report, Phase I I : Hypothetical Population Exposures

Outside San Juan Basin, USAEC Report ORNL-4748 (February 1972).

11. Barton, C. J . , R. E. Moore, and S. A. Hanna, Quarterly Progress Report

on Radiological Safety of Peaceful Uses of Nuclear Explosives: Hypothetical

Exposures to Ruiison Gas, USAEC Report ORNL-TM-3601 (October 1971).

12. Moore, R. E., and C. J . Barton, Progress Report on Radiological Safety of

Peaceful Uses of Nuclear Explosives: Dose Estimations for the Hypothetical

Uses of Nuciearly Stimulated Natural Gas in the Cherokee Electricity

Generating Plant, USAEC Report ORNL-TM-4026 (in press).

13. Barton, C. J . , R. E. Moore, and P. S. Rohwer, Contribution of Radon in

Natural Gas to the Natural Radioactivity in Homes, USAEC Report ORNL-TM-

4154 (April 1973).

14. Holleman, 0. F., Radiation Dosimetry for the Respiratory Tract of Uranium

Miners, Colorado State University Report C00-1500-12 (December 1968).

I
15. Federal Radiation Council Report No. 1 , Background Material for the Devel-

• opment of Radiation Protection Standards (May 1960).

16. International Commission on Radiological Protection, The Evaluation of

Risks from Radiation, ICRP Publication 8, Pergamon Press, New York (1966).



16

17. International Commission on Radiological Protection. Radiosensitivity and

Spatial Distribution of Dose, ICRP Publication 14, Pergamon Press, New

York (1969).

18. National Safety Council. Accident Fact-;, Chicago, Illinois (1971).

i

19. United Nations, General Assembly, A Report of the United Nations Scientific

Committee on the Effects of Atomic Radiation, Vol. 1, Levels, New York

(1972).

i


