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Abstract

Experience gained from .‘Pro.jects Gasbuggy and Rulison and their fol]ow;up
studies indicates that_netura'l gas produced from a nuclearly .stimulated
well field will contain small amounts of man-mede radioactivity as it
leaves the gas' processing plant and enters comrtrercia'l distrib‘uti on channels.
~Individual ancd popu'latien 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
uho'l.e-body dose to the house occupants of approiimately 0.2 millirem/year..
Radon concentrations measured'in. eatural .gas at various locations in the
United States averege aeproximately' 20 pCi per;'h' ter. .Assuming this.con-
centration ;f raden- in the unvented cooking case mentioned, the liung dose

‘i s estimated to be 1.5 millirems per year. A1l of the dose estimatee

) d‘lscussed are used to give perspectwe to the additional rad1at1on exposure

of the pub'lh. which- could occur due to use of gas from nuc'lear'ly st1mu'|ated'.
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-welis. Both somatic risk and genetic risk are considered in the assessment
of ré]ative h&zard. Comparisons are made with other risks encountered in
“the normal activities of 1ife in the United States. The studies summarized

show that the radiological impa;t of either domestic or industrial use of

the gas cian be small.

Introduction

Large areas of several western states, principally Wyoming,. Utah, Colorado,
and New Mexico, are underlair by gas-containing rock formations from which gas
cannot presently be recovered ecohomica]]y becauSe'of the low_permeability of
these formations. It has been estimated that 5ucée55fpl use of nucIear.eprOQ
sives to increase gas production from these "tight" rock fbrmations.would
approx1mate1y double the presently known reserves of natural gas (near1y 7.8
trillion'm3). Natural gas is a very c1eaq_source.of energy and, in addition,
‘provides raw materials for the rapidiy growing petrochemical industry.‘ Con-
sequently, United States demand continues to grow at such a fate that “domestic
production, plus all present and projected imports, is ihadeqﬁate to.heet the .

country's .expandipg needs. . - — ' -—

The U;S. Atemic Energy éommissidn's Plowshare.Program is almost éxciusively
devoted at éresent to the devélopment of‘the nut]ear ga§ stimuiation concept.
Two experﬂmerts involving detonation of single nuc]ear exp]os1ves in low
.'penmeab111ty rock format1ons, Gasbuggy and Rulison, have been = -~
conducted to date. Results of these»exper1ments are cons1deredlvery encour-
'aging by the AEC and the industrial sponsors._ Rio Blanco, the third
experiment, involved the use of three nuclear devices in one we]] hole to

" stimulate gas production in thicker rock formations =
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than would be possible wfth only one explosive. The explosives were detonated

simultaneously on May 17, 1973.

! Health Physics and
The/Env1ronmenta1 Sciences Divisionsof the Oak Ridge National Laboratory have

been investigating the radiological impact of pntential uses of natural gas e

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 Ru]ison, were 3H, 1%*C, 37Ar, 3%Ar, 85Kr, and 203Hg. The small number of
radionuc11des found is not surpr1s1ng 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 ex1st as metals or meta]
oxides. The pr1nc1pa‘l exceptions are the rare gases, iodine, carbon, and
tritium. Most of the rad1oact1ve spec1es associated with metals and metal
oxides are effectively retainég in the g]assy material Tormed as the molten
cavity walls solidify and collapse to form the chimney. Since a.m1n1mum'of
90 days elaases before gas is produced from a stimulated well,. radioactive
decay e1im1nates all of the short-11ved 1sotopes. ‘Krypton-85 is +he only

_ fission-product rare gas which would not decay to negl1g1b1e concentrat1ons

:during the shut-in period.
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Of the radionuclides found, 3H, 1%*C, and 35Kr have been studied in greatest

detail because they contr1bute over 99% of the potent1a1 dose equ1va1ent at
"the radionuclide concentrations observed, and at those proaected for future
wells (see Table 1). It appears unlikely that other radionuclides will become
significant, but each gevlogical formation and each device component must

be analyzed with respect to that possibility. The tritium concentration uség
in this paper, 1 pCi/cﬁ3, is the value projected for the average concentrati;n
during the lifetime production of future wells.! The concentrations for 1*C
and 85Kr are scaled to thgftritium value on the basis of literature values

or fﬁssﬁon and activation yield.2=5 Comparable projections by Rubin et al.®
are in good agreement with those presented here for tritium; however, theif.
85Kr concentrétion is approximately a factor of 2_]arger; At the estimated
gas production rate (assume ~10% of total lifetime volume produced dufing the
first year); more than 99% of the radiocactivity inftié]]y present in a’

) nucTear]y stimulated well is removed during the first year of production. In
subsequent years such a we11 will produce essentially ‘uncontaminated éas.
Therefore first-year average concentrations for a new well méy be teﬁ times
the average lifetime concentration projections used ﬁerg‘_ It has been_shﬁhn
that sizable amounts of nuclear]y:s;imulated gas, including first-ybar gas
from new'wegls. cbu]d be d%gtr%butea thfough e*istihg facilitigs'to supple-

- ment ﬁreseni produciion as it declines, without élevating the projectéd '

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.” LT



Table 1. Relative Percenfage of Total Estimated Dose'

from Man-made Radionuclides in Nuclearly
Stimulated Natural Gas

Projected Projected - ‘
Average Average Percentage of Percentage of
First Year Lifetime Estimated Total Estimated Total
' Concentration Concentration Somatic Genetic
Radionuclide (pCi/cm3) (pCi/cm3) Dose® Dosd .
3y <20 1.0 60 93
14¢ <1 0.02 0.3 0.3
85Ky 65 - 3.3 . 39 ' 6
. A11 others P2 | <<]

apose to total body.

boose to,

nads.
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The tritium inventory is distributed in the H,0-H,-hydrocarbon system with less
thar Zsz.of the total production in the'form‘of hydrocarbons or hydrogen.®
- The remaining 75% appears'as tritiated water (HTO) which would normally be
rpmoved at the wellhead. Carbon dioxide is also normally remove:d from natural
4;5 before it enters commercial distribution channels. According to analysis
of Gasbuggy gas,® the carbon dioxide released from formation roclk by the "
nuclear explosion accounts for at least two-thirds of the 1% inventory. The
tritium and 1“C present as hydrocarbons Qi]] be released as HTO and 1%C0,,

respectively, when the gas is burned.

Estimation .of Dose to Man

There are numeroﬁs bathways through which radipnuclides present in gaé from
nuclearly stimulated Qe]]s may cause radiation exposure to man. Our studies
have fndicated that 34 and 83Kr are the critical radionuclides and that
exposure to combustion products from unvented home usage of natuyal gas
containing radionuclides is the critical exposure pathwa&. Although the two
- eritical radionuclides have simi]a} (MPC)a values (0.2 pCi/cm3 for 3H and
0.3-pc1/cm3 for 85Kr),2 equal concentrations of the two nuclides in air do.
not-produce radiat{on doses of equal bio]ogicq] significénce to'the expdsed
1ndividua1.- Tritium is a source of internal exposure with no significant
extgrnal‘ex;osure potential. Trifiated water is'rapidly absorbed bx the
bo@y and distributéd throughout the body water pob], resulting in essentially
. uniform irradiation of the totai body. ContjnuoUs exposure Fo HTO at é con-
centration of 1 pCi/cm3 results in estimated total-body or gonad doées.df
1000 mrem per year of exposure. In contrast to HTO, krypton is only slightly
sbsorbed by the body and its internal exposure contribution is negligible.

.. The Vimiting 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 85Ky 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 approiihateiy 1% of the skin surface dose. If one
accepts canzer induction as the radiological response and death as the end.‘
point, analysis of these dose estimates on a risk basis shows that, at equalp
concentrations, the somatic risk from 85Kr is approximate1y'one-tenth of that
from 3H.7 The genetic risk from 85Kr is one-fiftieth of that from 3H at

ecual concentrations, based on the respective gonadal dose estimates.

We can calculate the dose to an individual resulting from éombustion of gas
in unvented home appliances and heaters based on the projected radionuclide
concentrations given in Table 1. For a residence (93 m? 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 Qarious
unvented domestfc uses: cooking, 0.16; water héater,'0.38; refrigeratbr, 0.20;
_ and heating (5000-degree days), 2.8. The maximum doses estimated for an ,
ipdividual'ét the™PrBTstted radionuclide concentratioris and assumed exposu;e
conditions with no venting of appliances or héaters is less than 20 mrem[year
to the total body. Most c1t1es and states in the United States now require
venting of a]] heaters and app11ances except those used for cooking. The
.advent of large-scale nuclear stimulation of natural gas production may requ1re
(except for ranges)
- that this practlce be made mandatory/1n order to keep the popu1at1on exposure
as low as practicable. If this suggestion is implemented, the estimated

- dverage dose to an individual in the exposed population would be inghfly less
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than 0.2 mrem/year fof gas conta}hing the average 1ifetime'radionﬁc1ide con-
centrations listed in Table 1. This estimateﬁ dose includes a contribution
 from un;;ﬁted cooking (0.}6 m3 of gas per day, United Stateé average) plus
an average atmospheric contribution from all gas used in'the area. This
cbntribution was shown in a study of the Los Angeles Basin to be less than
10% of the calculated individual dose from unvented cooking.1? Even this ”’
small ca]cﬁlated average individual dose (0.2 mrem/year) would deliver a ’

potent#al 200 man-rems per year to each million beop]e exposed. The man-rem

dose estimate is obtained by summation of all individual doses within the

exposed population.

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

- as an alternative ton residentia]luse. Study of the hypéthetica] use of
Gasbuggy'gas in the.Los Angeles Basin has shown that the average pépu]atibn

- exposure ‘is at least a fa;tor of 10 less for powér station gas use than when.'
tﬁe gas is distributed for ‘household use.!0 Power station use of nuclearly |
stimulated gas was given further consideration in the Rulison étudyli'12 by
assuming that thq_cﬁa:nkee electricity generating_plant.locatéd;in the.DeﬁVer.
Colorado, metropolitan area burned 2.66 x 106 m3 of gas per day (9.72 x 10°
m3 per year) contahinated'wfth the projected average 1ifetime radionuclide-
:cohééntratihns listed in fab]e 1. The estimated dose tc the population
‘t1.500.000) in the Denver area Que to power station use of that quantity

of gas is 0.32 man-rem. The ﬁaximum individual dose estimaté for the entire

area is 0.006 millirem/year.

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

““frequent and regular reversal of wind direction, results in increasad doses
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from éombqﬁtion‘products which aré blown back over the populated area after
initially being blown out of the area. The resulting increase in maximum
| 1ﬁdiv1dual_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
1;clude 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), vénted 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 riumber of persons exposed is 610,000,
| approximateiy oné-third of the total population in the Denver metropp]itan
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 1ifetime
" radionuclide concentrations. Thus, under the conditions specified, the
population dose estimate for household use of the nuc]éar1y stimualfed gas

is nearly 350 times that for power station use.

Assessment of the Estimated Dose to Man -

. Assessment of thesdese~estimate projected for use of gas:from nuclearly.

stimulated fields Ean vary in form and compIekity.. He believe that the assass-

, ment sﬁould:begin with the recognition that natural gas contains natural
radibactiﬁi%y and that one result of nuclear stimulation is an incremental

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

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

species, radon, but little'effoft has been devoted to estimation of doses that

N Fhae B ety 4 B LTI,
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gas users receive from this source of natura] radioactivity. This was :

due, in part to lack of re]1ab1e data on the radon content of natural gas at
points of use. Samp]es supp11ed by gas ‘transmission companies were analyzed

in 1972 and 1973
/by scientists in four institutions to provide data on radon concentration in

gas befng'supp]ied to several metropolitan areas in the United States.l3

The average value (20 pCi/liter) for all sample locations is used in our dogg
estimations; but, if results from one sample location where the average concen-
tration is 95 pCi/liter are diéregarded, the average drops to about 10 pCi/liter.
. One éxposuré situation that we consider for radon daughters produced by decay
of radon in natural.gas is the same as that assumed in the previous]y'described_
studies.1! = An unvented kitchen range using 0.76 m3 of gas per day was assumed
to be located in a house having a volume of 227 m3. Lacking data on fhe average
air change rate in homes having unvented kitchen réngés- we calculuted the con-
- centration of radon daughters in the home for air change rates vary1ng from 0.25
:to 2.0 changes per hour. We then est1mated doses to the bronch1al ep1the11um
from radon daughters resu1t%ng from decay of radon introduced with tﬂe natural .
gas and compared these doses wi:h.thoée from an assumed,;onceﬁtration af 0.13
-pCi/liter of radon (the average concentration from a number of radon measurements
in the United States) and each of its daughters in vénti]ation‘afr.: The ‘esti-
mated dose éate to the bronchial epithelium due.tovfadon and its daughters in
the ventilation air was 1300 to 1400 millirem per year. Additional e§timated
" ‘dose to the bronchial epithelfum due to the radon (20 pCi/liter) present in
natural gas ranges from 90 mrem/year, for 0:25 air chang. per hour. tq 5 mrem/
yeir. for two air changes per hour. At most, the éstimated dose incfEase due
to radon present in natural gas is less than 7%. considering only the two sources

B Y PSP o TP PISITe; SV ST PR
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of raddn. The relétive imbortance of this natural activity in the gas is reduced
still fﬁrther ionnévconsiders the daughter activity due to the decay of radon

“and thoron emanating from home building materials which in some situations exceeds
our aésumed concentration fn'venti1ation air by a factor of 10. It appears
1ikely, therefore, thatlzgge 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 airborhe'radioactivfty. These Tocalized radon-radon dauEhter

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 (1000g) is an order of magni-
tude lower.!* The dose fo the total lung due to radon in the gas (1.5 millirem/
year, assum{ng one air change per hour) is more suitable for comparison with
the total-body estimates obtained for the man-made radioactivity in nuclearly
stimulated gas. The comparison indicates_that the projected concentrations of
man-made radioactivity will contribute a dose which is apprqximately 12% of the

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

age significantly.

Aﬁbther pdssib]e assessment, and one which will be required, is compari#on of
the dose-estimate-with applicable radiation safety standards. At this time,
however, thére are no standards which'are specific to the use of nuclearly stimu-
IPted gas: Since millions of people could.potentié11y be user# of gas produced
_with th1§ technology, cdution must be exercised in estab]ishiﬁg accepfable con-
centratioﬁs of méh-made radioactivity in natural gas for industrial and domestic
éonsumption. 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 poou]at1on group for rad1at1on from a11 sources exclusive of
natural background and medical exposures 15 However, this single source of
exposure‘must not be perm1tted to take up a d1sproport1onate share of the 170

Amﬂ]i'rem/year total. The estimated average total-body dose for the population
1 .

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 bedy

Our estimate of dose/ from nuclearly stimulated gas (0.2 millirem/year) may also
to the who]e

body

be put 1n perspective by comparing it with dose estimates (millirem/year)/for
other sources of radiation rece1ved by members of the public: natura] background
rad1at1on 130; medical d1agnost1c X- rays, 110; nuclear weapons fallout, 2; con-
sumer de\nces 2; industrial uses of radiation, less than ‘15 and power reactors,
less than 1.6 Note that the individual dose estimates for fallout and for con- j

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 equiva]ents due to rediation-induced life spon shortening, and additional

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

in Spite'of}the recognized inherent'difficu]ties in combining somatic ond'genetic
insults whose manifestations may differ so greatly The factors used to convert
estimates of rad1at1on dose into estimates of r1sk -are those suggested by the
ICRP.16517 Those factors are based on the conservat1ve assumption that there is
a Tinear 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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éonsfdered' The actua] r1sk in fact may be zero, for at such low doses, there is
no pract1ca1 method to re11ab1y determ1ne the actual risk involved. The risk
'est1mated for the progected gas usage is. compared in Table 2 w1th similar esti-
mates of«r1sk for other sources of rad1at1on exposure of the public. These esti-
mated risﬁs (theoretical deaths) may- also be compared with known death rate§
- (number of deaths per million popu]at1on) among the United States popu]at1on due
to other causes®®: a]] causes, 9650; heart disease, 3730; cancer, 1590; stroke,

10603 accidents, 560; pneumonia, 330 d1abetes mellitus, 190; arteriosclerosis,

il 170, and other causes, 2020.

The population dose.(ﬁén-rem) estfﬁatesAfor the hypothesized gas uses may also

be a#séssed. but to a lesser extent, as there have been no 6fficia1 numerical
Timits established with which the population dose'estimates can Ee combared. We
have shown that the man-rem dose to the 1oca1.popu1at{on is sensitive to the man-
'ner of gas usage. The population dose in the Denver area due to background radia-
tion (approxlmately 200 mrem per person) is nearly 3.0 x 105 man—rems per year,
-uhile that estimated for residential gas use (110 man-rems) is 0. 037% of the
bgckground dose. Dose to the global population is another point to be cons1dered
| for comparisdn. Based on dose conversion‘factors presented in a recent report
of the Un1ted Nations Committee on the Effects of Atom1c Radiation (UNSCEAR),!?
the est1mated’1nf1n1te dose (1ntegrated over 1nf1n1te time) to the population of
the northern hemisphere due to the release of the man-made radloact1vtty in that
. volume of gas is approximately 840 man-rems. Nearly all (99%) of that infinite
dose is contributed by 1“C due to its long fadidactive half-life (5730 years).
This estimated dose must be added to the estimated locai population‘doée in

assessing the total population dose incurfed as a result of the release.
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Table 2. Comparison of Estimated Deaths Due to Man-Made Radioectivity R

in Nuclearly Stimulated Natural Gas with Similar Estimates
for Other Sources of Radiation Exposure of the Public in the

United States

- Sources of Exposure

Estimated Deaths per Million
Individuals Exposed?

Natural background radiationP ,

Radioact1V1ty in natural gas®
" Natural (radon + daughters)
Man-made :

17

0.3
0.03

Other man-made sources of radiation

Medical diagnostic x-rays

Fallout from nuclear weapons

Consumer devices

Industrial uses of radiation
. Power reactors

20
0.4
0.4

<0.2

<0.2

- 3btained by summ1ng estimated

somatic and genetic effects; therefore,

some of thesé 8sTimated deaths will occur among”the exposed indi- -
viduals or the first generation of their offspring, but a large
maaority (over 80%) will occur 1n succeed1ng generations.

b0 1 ren} per year.

cBased on projected radionucllde concentrations used in this study.
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V. SUMMARY AND CONCLUSIONS

- The radiQlogical impacts of hypothetica1'qses cf.nuclear1y'stimu1atgd gas for
domestic and industrial purposes were studied." Average radionuclide con-

~ centrations in the gas were ~ projected for~1ifetime production of futufe
wells. The Erj;i;gl.exposure pathway were  determined to be the release of
combustion products from unvented app1iancés in the home. The estimated avegage
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 naturél radioactivity (radon)

in the gas is 1.5 millirem per year. The critiéal man-made radionuclides aée

. 34, 1%C, and 85Kr. Afhe largest fraction of the Jocal population dose received

via the critical pathway is due to 3H, followed by 55Kr.. Carbon-14 is of impor-
tance as the major contributor to the infinife’population dose estimated for the
northern hemispﬁére. with the total dose to the local popuiation Eeing very
dependent on the manner of.gas use. The radiological impact_df the hypothesized

"gas use was éssessed in terms of dose aﬁd in terms of risk, in the interesf of
iﬁcorporating radiological impact of gas use as an integral pért of the cost-benefit
analysis for the development of nuclear ﬁas 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 siill must be scrutjnized to achieve the lowest practicéb]e_loca] and

global doses.
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