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THEORETICAL EVALUATION OF CONSUMER PRODUCTS FROM PROJECT 
GASBUGGY, FINAL REPORT. PHASE 11. HYPViTHETICAL POPULATION 

EXPOSURES OUTSIDE THE SAN JUAN BASIN 
D. G. Jacobs C.R. Bowman' 
C. J. Barton S. R. Hanna2 

M. J. Kelly F. A. Gifford, Jr.2 

W. M. Culkowski2 

ABSTRACT 

Estimates of doses that ssgfc! be received by isdindssb Svisg vidua the Sio ium basin in 
western New Mexico from the hypothetical use of Gasbuggy gas were given m a previous report 
(ORNL-4646). This report extends those studies to include potential doses to mdmduab in west coast 
metropolitan areas. Tritium is the radionuclide of most concern. Calculations show that a maximum 
annual radiation dose of 2.2 to 2.5 rnUuierm/year might be attained in these areas if gas containing 1 
pO/cnr* of tritium were used in homes having unvested space heaters. The potential average annual 
dose to members of the public in the same areas is estimated to be about 0.5 nmBuem/year. These 
doses, as well as potential doses resulting from use of liquid hydrocarbons separated from gas and from 
possible use of by-products manufactured with tritium^ontaimnated gas fractions, were small 
compared with the Federal Radiation CoundTs Radiation Protection Guide of 170 nuHrems/year 
(whole body) and with background radiation levels in the normal human enviroamenL 

INTRODUCTION 

A theoretical evaluation of doses that would be anticipated from the hypothetical utilization of natural 
gas from the Gasbuggy cavity was initiated at ORNL during the latter part of 1968. This study is divided 
into three parts.3 Phase I was concerned with the impact of the hypothetical injection of Gasbuggy gas into 
the gas collection network of the San Juan Division of El Paso Natural Gas Company (EPNG). Results of 
this study, reported initially in project progress reports, 4' 7 have been collected in a ropical report* and 
described in the open literature.9'1 ° Phase II considers hypothetical exposures from use of Gasbuggy gas or 
from natural gas by-products by consumers outside the San Juan basin. Phase III, covering the radiological 
safety assessment of the development of an entire natural gas reservoir by use of nuclear explosives, is being 
delayed pending the availability of data on probable radioisotope content of natural gas from wells 
stimulated by nuclear explosives especially designed for the purpot*. This work c not presently considered 
o be part of the Gasbuggy project. Hie Miniata event, conducted at the Nevada test site on July 8,1971, 

1. El Paso Natural Gas Company, EI Paso, Tex. 
2. Air Resources AtmosphericTurbuleDce and Diffaskm Laboratory, National OceaiK 

Oak Ridge, Term. 
3. D, G. Jacobs, E. G. Struxness, and M. J. Kelly, First Quarterly Progress Report on the Theoretical Safety Evaluation 

of Consumer Products from Project Gasbuggy, ORNL-TM-2427 (February 1969). 
4. M, J. KeBy et aL, Second Quarterly Progress Report on the Theoretical Evaluation of Consumer Products from 

Project Gasbuggy, ORNL-TM-2513 (March 1969). 
5. D. G. Jacobs, P. S. Rohwer, and K. E. Cowser, Third Quarterly Progress Report on the Theoretical Evaluation of 

Consumer Products from Project Gasbuggy, ORNL-TM-2657 (July 1969). 
6. D. G. Jacobs and -A. J. KeDy, Fourth Quarterly Progress Report on the Theoretical Evaluation of Consumer 

Products pom Project Gasbuggy, ORNL-TM-2721 (October 1969). 
7. D. G. Jacobs and M. J. Keny, Fifth Quarterly Progress Report on the Theoretical Evaluation of Consumer Products 

pom Project Gatbuggy, ORNL-TM-2862 (Febrrsry 1970). 
8. D. G. Jacob; ei al., Theoretical Evaluation of Consumer Products from Project Gasbuggy, Pinal Report, Phase I. 

Impact of Hypothetical Releases of Contaminated Gas in the San Juan Basin, ORNL4646 (September 1971). 
9. D. G. Jacobs, E. G. Struxness, M. J. Kelly, and C. R. Bowman, 'Consideration of the Radnlof ical Impact from the 

Hypothetical Use of Contaminated Gas from Nuckarty Stimulated Reservoirs," Health Phys. (in press). 
10. C. J. Barton et al., "Radiological Considerations in the Use of Natural Gas from Nuctearry Stimulated Wells," Nuci. 

TechnoL 11,335(1971). 
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was the first test of an explosive designed specifically for underground use. Its success seems to ensure 
lower tritium concentrations in future gas stimulation tests than were observed in the Rulison and 
Gasbuggy experimerts, but data on actual tritium production of commercially useful explosives are not 
now available. 

A large fraction of the gas produced in the San Juan Divisic i of El Paso Natural Gas Company is 
consumed in west coast metropolitan areas, principally Los Angeles and San Francisco, and this report 
considers the hypothetical impact of Gasbuggy gr.s in these areas. Appendix A describes the computational 
techniques used to calculate ground-level concentrations of radioisotopes from both ground level and 
elevated point-source releases, and Appendix B contains the calculations of the tritium concentration in 
combustion products from a large gas-fired electric generating piant located in Los Angeles. Although th* 
quantities of natural gas components from this area that are converted into gas by-products are not readily 
available, we have assumed that such products would be manufactured from tritium-containing gas and have 
calculated doses that couid result from exposure to the most important products or manufacturing 
processes. The 8 S K r in the natural gas from nuclear'y stimulated wells is believed to be of minor 
importance in respect to possible doses from gas or gas by-products. 

POSSIBLE EXPOSURES TO PETROCHEMICALS AND OTHER NONFbEL 
PRODUCTS FROM CONTAMINATED NATURAL GAS 

A preliminary report was published earlier1' containing doses that might be received from exposure to 
consumer products made with natural gas containing radioisotopes. A large and rapidly growing quantity of 
natural gas components is converted to a variety of chemical products usually called petrochemicals, and we 
will consider in this section the possible impact of radioisotope impurities on consumers. 

Data 1 2 on amounts of the major petrochemicals produced in the period 1965-68 are shown in Table 1. 
Some of the products listed are marketed without further treatment, but others serve as intermediates in 
the manufacture of materials such as synthetic rubber, detergents, fibers, resins, plastics, plasticizers, and 
fertilizers. Many of the materials come from oil rather than natural gas. Figure 1 shows the disposition of 
natural gas hydrocarbons in 1956. 1 3 Spot checks of this disposition from more recent production 
data 1 2 indicated that it has not changed drastically in the last IS years, although there is a definite trend 
toward increased recovery of ethane and higher natural gas hydrocarbons for nonfuel usage. 

It. C. J. Barton, D. G. Jacobs, rod M. J. Kelly, Quarterly Progress Report on Radiological Safety of Peaceful Uses of 
Nuclear Exphshes: Consumer Products from Nudearly Stimulated Gas Wells, ORNL-TM-3123 (September 1970). 

12. F. G. Sawyer, "Petrochemicals: Near Great in '5P,M Hydrocarbon Proc. 47(4), 187 (April 1968). 
13. V. B. Guthrie, ed.,Petroleum Products Handbook, pp. 12-15, McGraw-Hill, New York, 1960. 
14. C. F. Smith, Jr., Gas Analysis Results for Project Rulison Calibration Flaring Samples, UCRL-50986 (January 

1971). 

Table 1. Major petrochemicals - capacity and production* 

Capacity 
estimated 

Production 
Actual Estimated 

1967 1968 1965 1966 1967 1968 
Percent 

petrochemical 

Hydrocarbon in act mediates 
Aliphatic 

Ethylene 
Propylene and mixtures 
Butylene and mixtures 
Butadiene 
Acetylene 

14,000 15,000 9,570 11,240 12,200 13,000 100 
6,000 6^00 3,740 4,680 5,300 6,000 100 
3,300 4,000 2,100 3,320 3,650 4,000 100 
3,050 3,110 2,690 2,920 2,670 3,000 100 
1,550 1,700 1,150 1,400 1450 1,700 50 



3 

TaHe 1 (colli—rd) 

Capacity Production 
estimated Actual Estimated Percent 

1%7 1%8 1%5 1966 1967 1968 petrochemical 

Aromatic 
Benzene 
Cyck>he:*ane 
Cyclopropane 
Cumer.e 
Lthjibenzene 
Naphthalene 
Styene 
Toluene 
Xylene 

Polymers 
Polyethylene 
Polypropylene 
Polyvinyl chloride and copolymers 
Styrene polymers 
Synthetic rubber 

Aromatic chemicals 
CbJorobenxcne 
Nitrobenzene 
Phenol 
Phthahc anhydride 

Aliphatic chemicals 
Acetahkhyde 
Acetic acid 
Acetic anhydride 
Acetone 
Acrykwitrik 
Butanob 
Carbon disulfide 
Carbon tetrachloride 
Ethanol 
Ethyl chloride 
Ethylene dkhloride 
Ethylene glycol 
Ethylene oxide 
Fhiorocarbons 
Formaldehyde (100%) 
Glycerol 
Isopropanol 
Mafcic anhydride 
Methanol 
Methyl chloride 
Methylene chloride 
Oxo chemicals 
Perchloroethylene 
Propylene glycol 
Propylene oxide 
TricbJoroethylene 
Urea 
Vinyl acetate 
Vinyl chloride 

Ammonia 

8.000 
2,700 

200 
1,420 
4,000 

900 
3,210 
4,700 
4,000 

4,500 
650 

2,780 
2,330 
3,900 

650 
380 

1,650 
800 

1,660 
2,030 
1,660 
1,400 
1/130 

900 
900 
740 

2,800 
800 

2300 
2,430 
3,000 

725 
1,700 

430 
1,760 

200 
4,000 

375 
335 
850 
535 
310 
870 
645 

5,000 
780 

3,300 

9,200 
2300 

200 
1,750 
4.200 

900 
4,000 
4,700 
4.200 

4,700 
800 

2300 
2,500 
4,000 

650 
380 

1,800 
1,000 

1.800 
2/130 
1300 
1,500 
1330 

900 
900 
740 

2300 
750 

3,206 
2,430 
3,400 

?25 
1300 

430 
2310 

210 
4300 

450 
350 
850 
600 
330 

1320 
645 

6300 
800 

3300 

6,060 
1.700 

130 
660 

3,020 
810 

2,760 
3380 
2,490 

3,050 
370 

1340 
2330 
3390 

550 
280 

1,250 
610 

1330 
1350 
1330 
1,120 

770 
830 
760 
590 

2330 
690 

2,460 
1300 
2,190 

460 
1,150 

350 
1340 

130 
2370 

190 
210 
500 
430 
210 
600 
430 

2370 
510 

2300 
30,400 36.000 17300 21320 25300 30300 

6,980 
1.900 

120 
890 

3350 
800 

3.190 
4330 
3,150 

3360 
550 

2,160 
2,380 
3330 

580 
330 

1350 
680 

1,300 
1.410 
1300 
1,330 

720 
490* 
750 
540 

2300 
*80 

3320 
2300 
2,330 

460 
1370 

350 
1,710 

170 
3370 

240 
270 
570 
460 
260 
710 
480 

3,430 
610 

2300 

7.030 
1370 

110 
1.100 
3.450 

880 
3380 
4 3 3 -
3,470 

3,710 
650 

2,080 
2370 
3.700 

490 
360 

1340 
720 

1.400 
1300 
1350 
1310 

670 
520* 
570 
710 

2,130 
690 

3300 
2,150 
2360 

500 
1360 

360 
1350 

170 
3350 

260 
240 
370 
530 
280 
800 
490 

4300 
610 

i.430 

7300 
1.800 

100 
1.400 
3,700 

900 
3.400 
4300 
3.700 

4.150 
800 

2.450 
2.75C 
4.150 

490 
400 

1300 
730 

1300 
1300 
IjbJO 
1300 

700 
520* 
570 
750 

2,150 
680 

4300 
2300 
2,400 

550 
1300 

370 
2300 

ISO 
3300 

tiC 
250 
600 
600 
300 
930 
500 

4300 
640 

2300 

90 
100 
90 
95 
90 
42 
90 
97 
99 

100 
100 
90 
90 
90 

60 
60 
96 
60 

80 

9t» 
85 
100 
8? 
«5 
95 
95 
100 
100 
95 
99 
100 
98 
58 
100 
30 
99 
90 
100 
100 
80 
100 
100 
50 
99 
75 
90 

"All figures in rmlKons of pounds. 
*/i-ButyI and isobutyl only. 
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«ol.%OF6AS DISPOSITION (%) 

FUEL 97 

OWN.-0W6 70-9741 

DISPOSITION (%) 

23 METHANOL 
METHANE 90.0 _ CARSON BLACK 2 •7 ACETYLENE 

ETHANE 

CHEMICALS « 15 HYDROGEN CYANIDE 

ETHANE 
96 

8 CHLORINATED SOLVENTS 

ETHANE 

UNRECOVEREO 
TO FUEL 

4,0 ̂ r — ^ . . — . -
* 

96 

46 AMMONIA 

ETHANE 

UNRECOVEREO 
TO FUEL 

4,0 ̂ r — ^ . . — . -
* 

96 

29 ETHYLENE OXIDE 

ETHANE 

UNRECOVEREO 
TO FUEL 

4,0 ̂ r — ^ . . — . -
* 

96 
22 ETHYL ALCOHOL 

ETHANE 

UNRECOVEREO 
TO FUEL 

4,0 ̂ r — ^ . . — . -
* 

96 16 POLYETHYLENE 
ETHANE 

UNRECOVEREO 
TO FUEL 

4,0 ̂ r — ^ . . — . -
* 

96 
NATURAL GAS 

PRQPANÊ  

LMtMICALd 

96 
10 STYRENE 

PROCESSING, 

PRQPANÊ  
4 5 « 

8 ETHYL CHLORIDE 

PRQPANÊ  
4 5 « 

5 ETHYLENE DICHLORIOE 

PRQPANÊ  
4 5 « 

10 OTHERS 

PRQPANÊ  

UNRECOVEREO 
TO FUEL 4 5 « 40 ISOPROPYL ALCOHOL 

PRQPANÊ  &m LPG 4 3 . 
40 ISOPROPYL ALCOHOL 

PRQPANÊ  &m LPG 4 3 . 16 TRIMER AND TETRAMER 

BUTANES 

CHEMICALS 4 2 . 
16 TRIMER AND TETRAMER 

BUTANES 

CHEMICALS 4 2 . 

BUTANES 

UNRECOVEREO 
TO FUEL 2°. 

44 ACtOS, ALDEHYDES, 
ALCOHOLS. ETC. 

BUTANES 

UNRECOVEREO 
TO FUEL 2°. 

BUTANES iAm 
GASOLINE GO. 

4 0 BUTADIENE BUTANES iAm LPG « r 

4 0 BUTADIENE 
LPG « r 

CHEMICALS 5 . 5 BUTANOL CHEMICALS 5 . 
99 ACIDS, ALDEHYDES, 

ALCOHOLS. ETC. 

F i f . 1 . of aatualpskydiocaibomia 1956. 

Source Term 

In our calculations of potential exposures to nonfuel products, we have essentially ignored the 
Gasbuggy analytical data 1 5 and adopted the value 1 pCi/cm3 for the total tritium concentration in the gas 
at the processing plant, that is, just before the tritium-containing components used to make petrochemicals 
are separated from the raw gas. There are several reasons for this decision. One is that the tritium content of 
Gasbuggy gas is almost certainly much higher than will be observed in future nuclearly stimulated wells, as 
indicated by analytical data on gas from the Rulison well 1 4 and by the published statement 1 4 that 
non-weapon-type nuclear explosives will produce less tritium than was found in the Gasbuggy and Rulison 
tests. It should be noted that production testing of the Gasbuggy15 and Rulison 1 7 wells ceased after 
approximately two cavity volumes of gas had been removed. Many cavity volumes of gas would be 
produced during the lifetime of a commercial well, generally assumed to be at least 20 years. For the 
Rulison case, the average tritium concentration during the production life of the well was calculated to be 6 
to 8 pCi/cm3. We believe it is reasonable to assume that the average tritium concentration will be 1 
pCi/cm3 or less for large-scale development of a reservoir through nuclear stimulation with improved 
nuclear explosives, where newly stimulated wells will be brought into production as the quantity of gas 
from other wells declines. Another, less important, consideration is that analytical data are generally 

15. C. F. Smith, Jr.. Project Gasbuggy Gas Quality Analysis and Evaluation Program Tabulation of Radiochemical and 
Chemical Analytical Results, UCRL-50635, rev. 1 (November 1969). 

16. G. C. Werth et al., An Analysis of Nuclear Explosive Gas Stimulation and the Program Required for Its 
Development, UCRL-50966 (April 1971). 

17. R. L. Gotchy, Project Rulison Interim Radioactivity Reports (January, February, May 1971). 

/ 
/ 
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reported in picocuries per cubic centimeter and that doses calculated on the basis of the value of 1 pCijcm* 
can be adjusted easily by use of appropriate concentration values. 

In spite of the above assumption, it is interesting to examine data on changes of concentration with the 
volume of gas removed from the cavity. 

By combining data reported by Smith 1 5 on the chemical composition with the radioisotope content of 
Gasbuggy samples, specific activities (pCi/cm3) of gas components can be calculated. The data are rather 
scanty for propane (11 samples) but are sufficient to show the effect of gas withdrawal. The results of these 
calculations are plotted in Fig. 2 (see ref. 8, p. 30, for a discussion of F©). The effect of the diffusion of 
formation gas into the cavity, as gas was withdrawn, on the specific activity of the hydrocarbons is quite 
evident. It is most marked in the case of propane because there was a larger difference between the propane 
content of the formation gas and the concentration in the cavity gas, as compared with methine and 
ethane. 

The significance of the data in Fig. 2 in regard to calculation of potential doses from gas products is 
that the tritium content of the various gas components may not change at the same rate when gas is 
removed from a nudeariy stimulated well. Sufficient data on the specific activity of butane and higher 
hydrocarbons are not available at present to define trends for these gas components. 

ORNL-OWG 70-526* 

4 0 8 0 120 160 2 0 0 240 
CUMULATIVE GAS FLOW ( M 2 Cf) 

Fig.2. SptcuTc activity of trirt— ajschm hi 

280 
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An average concentration of I pCi/cm3 for total tritium seems reasonable, as was discussed earlier in 
this section. The comparable figure for * sKr may be wmewhat higher, but this is not important because of 
the relatively small biological impact of this isotope. 

Carbon Black 

In 1966, (he total production of carbon black from natural gas and liquid hydrocarbons was 2.57 X I0 9 

lb . 1 8 It is obvious that the only radioisotope that will be fo; d in carbon black is ' 4 C. From the reported 
1 4 C concentration of 0.S pCi/cm3 in Gasbuggy gas,' s we a :ulate a value of approximately 103 pCi/g in 
carbon black produced from undiluted Gasbuggy gas. Statistics18 on sales of carbon black for 1964 and 
196S show that about 0.4 to 0.5% of this product was used as a chemical or in food production. It seems 
unlikely that the concentration of carbon Mack in food products would exceed a few tenths of a percent, 
but at 1% the 1 4 C content of the food material would be 10 pCi/g. 

If we assume a daily intake of 500 g of carbon-containing food, the 1 4 C ingested would amount to 
5 X I0~ 3 jiCi/day. Considering bone as the critical organ and using the bone dose factor 1 /iCi of' 4 C - 2.6 
milfirems, this ntake rate corresponds to a daily dose of 0.013 miUirem or 4.8 millirems per year. This is a 
conservative upper limit for possible exposure through this pathway. 

We must also consider the potential radiological impact from exposure to radioisotopes in the 
combustion products evolved in manufacturing carbon black. It is likely that a number of years will be 
required to develop widespread exploitation of nuclear stimulation of natural gas reservoirs. Therefore, a 
projection of future gas use is needed to evaluate the impact of certain aspects of contaminated gas usage 
including carbon Mack. The 1969 edition of Gas Facts1' has such a projection to 1990. We selected the 
1980 total sales figure of 271 billion therms, equivalent to 25.2 trillion cubic feet of gas, for these 
calculations. Assuming that the distribution shown in Fig. 1 applies to 1980 gas production, the yearly 
consumption of natural gas for carbon-black production (assuming that only gas is used) could be 4.5 X 
I0 1 ' ft 3 , which would contain 13 X 10* Ci of tritium or * sKr. This is equivalent to 35 Ci/day of tritium 
or *$Kr. If we further assume no change in the number of United States carbon-black plants in the interval 
1966-80 and that all 34 plants existing in 1966 are equal in size, each plant would emit 1 Ci/day of tritium 
and of s s Kr. The annual tritium production rate of 13 X 10* Ci from carbon-black production is much 
lower than the natural production rate of 4 to 8 X 10* Ci/year. These plant emission rates are quite low, 
and the radioisotopes would be diluted and dispersed in the atmosphere through plant stacks. (Difficulties 
that these plants are experiencing in meeting environmental quality requirements could reduce their 
number to zero before the advent of large-scale gas stimulation.) 

Ammonia Fertifizer 

Ammonia is produced by the reaction of hydrogen from natural gas with nitrogen. Hydrogen 
production from all sources was recently reported20 to be 2.5 X 1 0 1 2 ft'. The same publication showed 
that hydrogen was being produced from methane at a cost of $0.21/M ft 3 compared with S4/M ft3 by 
electrolysis. (In the natural gas industry Af = 10 3 , Af1 - 10*.) It seems safe to assume, therefore, that all 
synthetic NHj used in fertilizers comes from natural gas. It was also reported that 35% of the hydrogen 
(8.75 X 10 1 ' ft3/year) was used to make ammonia.30 Since two volumes of hydrogen are produced from 

18. VS. Bureau of Mine*, Mtnerah Yearbook - 196 7, vob, I and 11, pp. 263-72, Washington, D.C., 1969. 
19. American Gas Assocutio^ Inc., J969GteF«ctt, N«w York, 1969. 
20. J. H. Finnenm and J. P. Maznr, "Plant Size and Feed, Key to Lower Hydrogen Costs," Oil Got J. 67(29) (July 21, 

1969 
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each volume of methane, assiuning 100% conversion, 4.4 X 10 1 ' ft3/year of CH, would be required to 
produce this amount of hydrogen. This is equivalent to 5.8 X JO1' ft 3 of Nff» or 2.8 X 1 0 , # rb NH3 per 
year. 

If we assume that the tritium concentration in natural gas is 1 pG/cm3 and that all the tritium is 
present as CH3T, the resulting tritium concentration in NH3 would be 4 J X 10"7 Ci/Ib, or 0.43 frf3/8>. 
For the calculation of tritium absorption in fertilized food materials, we assumed an ammonia application 
rate of 100 lb/acre-year, annual rainfall of 40 in. (4000 m3/acre), uniform dilution of tritium, grain 
production of 100 bu/acre at 60 lb/bu, and that the gram contained 20% moisture as well as the water 
involved in synthesis of carbohydrates. The concentration of tritium in ground water would be 

AOO lb NHA / 0.43 X 10* pQ J H V 4 X 10' c m 3 \ pCi 
V acre ; V bW, A acre J * ^ c m 7 

If we assume that the rain has the recently reported3' average concentration of tritium, 500 pCi/iter, we 
find that 98% of the total tritium present is contributed by rainfall. 

The permissible body tissue burden of tritium, 100 fiQ, is equivalent to the tritium «n 1 X I 0 I # cm 3 of 
ground water (considering only tritium from the ammonia).33 Since the fraction of water motecofes m 
carbohydrates is about 0.6, the concentration in grain would be approximately 

0.8 (0.006) + 0.2 (0.01) * 0.0068 pQ/g = 3 X 10"* fd/lb . 

Therefore, if a person ingested 2 liters of ground water and I lb of grain per day, the dairy rate of trithtti 
intake contributed through use of tritiated NH3 would be 2 J X 10~* pCf, most ofwhich woukf be from 
the water. This would result in a dose of 0.001 milKrem/year. It appears from these calculations that It 
would not be possible to get a tritium body burden approaching the permissible level with a trtthmi 
concentration several orders of magnitude greater than the assumed value and that doses through this 
pathway are likely to be negligibly small. 

Hydrafesttted Fats and 00s 

One exposure pathway that must be considered in the use of natural gas contanansted from tritium is 
the use of hydrogen gas in the hydrogenation of foodstuff. The statement is made3 3 that 10* ft 3 of H a was 
used in the hydrogenation of fats and ofls in 1967. If we assume that the natural gas from which the 
hydrogen was produced had a tritium concentration of 1 pCi/cm3 and that oleic add with a molecular 
weight of 282 is typical of unsaturated fats and out, we can calculate the tritium content of the 
hydrogenated products. Since 2 motes of H2 are produced from 1 mole of CH«, the, principal constituent of 
natural gas, the concentration of tritium in the hydrogen would be about 0.5 pO/cm*, or 1.4 X 10* 
pCi/ft3. It follows, then, that 1 g of Ha * 141 g of oleic acid, 3.22 g of H, * 454gof oleic add- 1 !b« 
1.28 ft3 of H 2, and 10 9 ft 3 of H 3 would contain 14Gof 3Hainl this woiiki be contained in 7.8 X 10*R> 
of oleic acid; thus l lb of oleic add would contain 0.018 jfCi. 

21. N. W. Gokaert and J. Sedkt, "Airborne IHtfnat afonitortec aetr a Heavy Water Nocfcar fUnctor," 
presented at the Tritium Syrepoihnn, Las Vegas, Nev., A*. 30-Sept, 2,1971. 

22. National Conunittee on Radiation Protection, Mamnwm ftrmtntbie Btdy Bmdemmtd ttuHmm AmlMh 
Concentrations of Radionuclides in Air md Warnfor Ocotftitiomt Expomn, National Bawau of Standard* Handbook t9 
(June 1959). 

23. Chan, Bng. Jvews, 45(20) (No*. 27,19*7). 
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Therefore il would be necessary to retain aN the tritium from 5500 lb of hydrogenated product to 
obtain one body burden. A person consuming % lb/day of this product would get 0.0045 ««Q of tritium, 
which would give a doae of 0.00061 miHircm. One year's consumption at this rate would result m a total 
dose of 0.2 mMlirem. These calculations, of course, da not require knowledge of total hydrogen 
consumption, but they do require hydrogenation of one double bond per oil or fat molecule. Variations in 
molecular weight of the hydrogenated product will produce only minor changes in the calculated dose. 

Ethyl Alcehol 

Although a large fraction of the ethyl alcohol produced from natural gas is undoubtedly used to 
Runtttacaiie other products, such as synthetic rubber, we must consider the pois2rJ:!y tint iriiiated 
ethanol might be ingested by human beings. We haw assumed that the contaminated natural g» has the 
chemical composition of Gasbuggy gas in June I969(rcf 15), with an ethane concentration of 6.95%, and 
that 16% of the total tritium (I pQ/cm3) is C 2H 5T. Then the specific activity of ethane = 4 i X 
10~3/0.0695 = 0.065 nCi/ft3, I ft3 of ethane weighs 37.9 g, and thus I g of ethanol would contain 1 X 
I0~ 3 /iCi of 3 H. A concentration of a 15% of alcohol m the blood is a generally accented definition of 
intoxication level. For an average-sized individual containing 5.2 liters of blood, this corresponds to 7.8 
cm 3 of alcohol. If we assume that afl body water has this concentration of alcohol, retention of 
approximately 90 cm 3 of alcohol would be required to intoxicate a ISO-lb adult. In other words, a person 
drinking tritiated alcohol would pass out long before reaching the 0.1 nCi level. In tact, it would not be 
possible for many people to accumulate the 100 kg of ethanol required to attain a body burden of 100 oO, 
even if afl of their body fluid were replaced with pure alcohol. Consumption of 150 cm3/day of liquor 
containing 5C% alcohol (100 proof) would result hi a dose cornraitment of 3.7 naJauems for one year. This 
indicates that tritium in tritiated alcohol at the level considered here would not be Kkdy to constitute a 
significant health hazard. 

Other Products 

Quantities of petrochemicals produced m recent yens are listed in Table 1, and some of the more 
important end uses of these chemicals are mentioned in the discussion of the table. Although some of the 
compounds in Table 1, in addition to those previously considered, may find use in foods or beverages, it 
seems unlikely that the potential radiation dose from human consumption of such products wdl be 
significantly greater than that of tritiated fats or of beverage alcohol. Other products, such as plastics, 
resins, and synthetic rubber, would present only the possibility of external radiation. Since tritium emits 
only beta particles with a maximum energy of 18 keV, it appears probable that the potential dose from all 
noningested tritium<ontaminated products would be negfigibry small. Their combustion products could be 
absorbed by the body, but this is not an ordinary disposition of most materials manubctured from 
petrochemicals. 

WSKWiTK)NOFU<HflDSiiY^^ 

r^go* liquids 

Thti term includes die hydrocarbons and water cc^densing m the gathering lines from the gas stream. 
These liquids tend to accumulate at low spots in the gathering lines and must be removed periodically so 
that they do not impede die flow of gas. Removal is accomplished by sending rubber balls (pigs) through 
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IttltL 

<»Ofe%) 
Itittan 
activity* 

TraakL* KYoof (Ci/mote) 

X 10"* 
MetfcaK 1152 12.71 250 
Etfcaae 8.30 9.22 3.75 
ftafaae 11.64 10.73 5.00 
f ti i f i f 4J3 457 6.25 
n4slaae 9.16 9.69 6.25 
c-ftataae 7.55 632 750 
• t a M t im 6-2© 750 
Heme 39.70 4056 0.75 
Cakahlei fcwty 0.601 0590 
Cakubte* a»ofc wagfci 61.5S 61.73 

byHPtooNttwl 
20.1960. 
29.1960. 
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detoaatioa. die uitmm activity ia Ha aarttaane ftacwoa was aboat 23 X 10"5 O/aote. Aaaaaja*>dnrt 
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trunk L aad A loop supplied by El laeo Nataral Gas Coaapany. 

Ire) data used for daa cakalatioa are shown ia Table 2. Calcuiitjoai we a aha nude cxcsadJag iiajlbiipr 
aad ethane, the more volatile fractions, bat these gave no rianifkint change ia the calculated activity per 

The expected activity does aot exceed 6.4 X I 0 " 7 Ci/mL Thii value ess be compared witii the 
measured value of 1.4 X 10" 7 a/ml in drip Squid sajnpks coBected 542 days after detooatioo.6 TTie first 
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24. c. F. 
UCRL-71314 

£u«y brePas ar* * • 

I960). 
,(mi<pnmy slMaf mauve ftr ntjttt 
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and O and transferred to the Blanco tank battery, from which they are transmitted to a local refmery 
through a connecting pipeline. Calculations indicate that the Gasbuggy drip liquid would not amount to 
more man 16 gpd; therefore the average activity in these liquids at Blanco should not exceed 1J X 10 "• 
Ci/nil. 

It is of interest to note that if this liquid were burned and the water vapor formed collected as liquid 
water, its activity would not exceed 4 X 10~ i a Ci/ml. This is about 0.1 of the maximum allowable 
concentration of tritium in drinking wate*.3 3 

Normally these liquids are processed with other petroleum fractions into gasohne that could be 
marketed outside the San Juan bain. The product is used as fuel for interna) combustion engines, mostly in 
mobile equipment outdoors, where dilution and atmospheric dispersion of the combuston products are so 
great that a significant radiation dote from exposure to the products of combustion of tritium-
contaminated liquids would appear to be improbable. 

Plant Liquids 

the liquids that are separated from natural gas during plant processing have a greater radiation dose 
potential than drip or pigging liquids, became the volume of these liquids is much greater and, 
consequently, the total quantity of tritium can be larger. Here, we ww* consider only liquids from the 
Blanco plant, whkh processes about 576 M* ft 3 of gas per day. We assume that no Gasbuggy gas is sent to 
me bjnacio plant. 

In the Blanco plant, esseatiaMyaB the hsjber hydrocarbons (C s and higher) and part of the propane and 
butane are removed from the gas. Band on the votuny from the processed gas* and on the ladjoihrnm at 
analysts of the Gatbuggy cotHpontats,1 * we calculated that these coiii|>osmtscovJdcoatamupto2.6*of 
the hypothetical tritium actrvrty diie to Gasbuggy production eatena^ 
at a rate of 453 M gpd and are pumped to the Wtngate plant, where they are dduved with smdar liquids 
from other plants of the EPTC system to a v o n ^ 
are separated into propane, normal butane, isobutane, and natural gasoane fractions. 

To provide an estimate of the hypothetical dose potential of tritium in these liquids, we w* assume 
that afl the tritium calculated to be present m the Gasbuggy cavity gas at the beginning of the flaring 
program (2400 Q) is processed through the Bbnro plant during a period of one year 
tritium in the liquids would then be 2400 X 0.026 * 624 G. Thus the concentration of tritium in the 
•quids after d&ution in the wmgate plant would be 

— 6 H 2 L i £ - _ « 0.114/iCi/gal » 14.6 pq/an J . 
1.5 X 10* X 365 

If we further assume that the liquid composition em be represented by the formula C 4 H,, and that the 
liquid density is 0.6 g/cm3, we can calculate the daily tritium intake from breathing the combustion 
products of this liquid. Oxidation of 1 cm 3 wsl produce 1.82 g of COi. Use •miilrial limit for CO» a 
5000 ppm, or 9 mg/Kter. Therefore, 1.82 g of CO, » equivalent to 2 JOX 10* htmofan^ttheauuamwn 
breathing level. Since "standard man" (a typical or average adult) breathes 20 X 10* cm*/day,*s the daily 
tritium intake would be 

25. laSMaaaowat Coaawaaaa oo Radttoekal ProtKtioa, Rttummtmkrtom of the tmermtioml Qmmtokm on 
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^£- !=- X 14.6 = 1.46 X If/ pCi of HID. 

Continuous exposure at this concentration level for one year could result in a gonadal dose from inhalation 
and skin absorption of approximately 0.13 munrem. Since it is very unKkety that anyone could or would 
tolerate continuous breatHng of such an undesirable atmosphere, mis obviously represents an upper mutt 
situation. Even if the Blanco liquids were burned without the dilution that we assume occurs at vrmgate, 
the corresponding total continuous one-year radiation dose would be onh/ 0.43 nmmrcm. 

BmmiETK&ttmjytTlQM E X P O S E 

Gesfrom the Gasbuggy area can be processed either in the Blanco plant for transmittal to the southern 
California market or in the Ignado plant for use in the amthwm market. Only the first route wifl be 
considered, became, in mis report, we assume that only Blanco receives Gasbuggy gat. 

As shown in Fig. 3, the output of the Blanco plmt, apfvoodmately 600 Mx f^/day, b n s s ^ with m 
equal volume of gas from other parts of the San Juan beau to give a total dairy flow rate of 1200 hf* 
ft3/day. Thb gas B then n»u^ at GaBupwim 700a^ 
of 1900 M3 ff/dsy. Part of this gm is consmaed estfomfe to C ^ 
frVday arrives at Topock. Here the gas is divided, with 1140 If* ftVdtygon^ to PacirkGm and Electric 
Company and 540 ht1 ft3/day being received by Pacific Lisbon* Service Coaapany for use in the 
southwestern part of Los Angeles after being mixed wim 375 M 1 fP/dty from Tmrnwasterx Pipeline 
Company. A smai fraction (90 M* If/day) of the gas that goes to Pacific Gas and Electric Conapnm 

Ph>3. EirawltalnmlCmCmapmj t nataa sysmn and fmdnauj awa of 
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the hypothetical 
»*ya« 

City 
Heating 

requirements 
(dearee-days/ytar) 

Further dilation 
factor for 
Blanco gas 

Dose 
equivalent 

from tritium 
(ntihterm) 

SaaFraaonco 2950 6.0 0.15 
raaMMicaaes 2700 6.0 0.14 
San Jose 2450 6.0 0.14 
BakenfieM 2100 3.2 0.25 
Fresno 2490 3.2 0.27 
Satmas 2700 3-2 0.28 
Lake Arrowhead 5400 5.4 0.23 
San Fernando Vahey 1700 16 0.05 
Southeastern Los Angeles buia 1700 5.4 0.14 

arrives in Los Angeles from the north after being mixed with 350 14* ft 3 /day of California gas. The dilution 
factor for Blanco gas arriving by this route is 440/90 X 1900/600 = 16. The corresponding factor for 
Bboco g » consumed in southeastern Los Angeles is 915/540 X 1900/600 ^ 5.4. Part of the latter gas (33 
U7 ft 3 /day) is used in the resort town of Lake Arrowhead, which is much colder than Los Angeles and 
other nearby immunities. 

Therefore, we have calculated the potential dose for the small number of residents of mis community. 
Table 3 summarizes date on dilution factors applying to the tritium concentration in Blanco gas in various 
California market areas, the degree-days of heating required in each, and the potential dose equivalents 
estimated to result from the hypothetical domestic use of ttte Gasbut^ gas fkmirig at an assumed rate of 1 
M" frVday for me lifetime of the well (20 yean) by individuals living fuO time in 1000-ft2 houses of 
normal construction. (Average ffetime tritium concentration = 11.7 pCi/cm 3 entering the Blanco plant.) In 
considering the doses listed in me last column of Table 3, it should be recognized that it is assumed that the 
Gasbuggy gas is diluted by a factor of 576 (rounded off to 600 above) at Blanco (1 M 3 f t 3 gas/day from 
Gasbuggy) and that the total dilution factor at points of coiisunrotion ranges from 1843 to 9216. Such high 
dilution factors would not prevail if an entire field were developed by nuclear stimulation and the gas was 
used to supply the southern California market. However, the total demand of mis market is so large and it 
is growing so rapidly that it seems very unhkery that a single nudearty stimulated field wonld supply a large 
fraction of the total requirements of this market. Abo, as w n discussed earlier in this report, nuclear 
explosives that wiD be used in targe-scale application of this technique wC almost certainly produce much 
less tritium man the Gasbuggy and Ruhson exrriosrves. Until more quantitative data from future nuclear 
stimulation tests become available, there seems to be no reason to change our earlier decision to use 1 
pCi/cm* for die tritium concentration in natural gas at the point ofconwrmption. 

Natural gat is used in metropolitan areas for fueftng steam plants to generate electricity and for a wide 
variety of industrial and commercial applications, at well as for domestic consumption. Combustion 
products released from steam plants through tall stacks represent elevated point sources, while releases from 
most of the industrial and domestic uses can be considered to be spread uniformly over a sizable area of 
ground surface. Models have been developed3*^* to describe the dispersion of pollutants from 

26. S. R- Haaaa and F. A. GitTord, Air Resources AtaKtspbe* Turbulence sad Diffusion Laboratory, National 
•d Atmospheric Miiuahtratkm, Oak Rianr, Teun„ private conununkatton with D. G. Jacobs, October 1969. 

27. F. A. GttYord, ̂ Atmospheric DaTwtoa • an Urban Area," ProcetOmts of the Second haemnkmd Cobras of 
the MtermOoml RtHetkm Fnrectkm Society, Brighton, Engjand, May 3-8,197C. 

A. F. A. Giffoid, Jr., and i R. Hanna, "Urban Air rWhjtioa mooting," paper presented at the 1970 International 
Air Foflntion Conference of ths International Union of Air PoBntion Pretention Aawdathw. 
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ground-level area sources in metropolitan areas. Data are introduced into the computer prop am in a grid 
format as described in Appendix A. This program can be used to compute die ground-level atmospheric 
concentration of any type of pollutant, including radioactivity, for ground-level area sources. On das die 
concentrations of pollutant released from elevated point sources are superimposed. The computer code for 
both types of release uses local meteorological conditions for detenmning the ground-level air 
concentration of pollutants. The results of calculations for the Los Angeles basin were compared with die 
results of similar calculations based on a model developed by Lamb, 3* and it was concluded that the 
Atmospheric Turbulence Diffusion Laboratory (ATDL) model gave area-source concentration values higher 
titan Lamb's by a factor of 2, which is considered reasonably good agreement for tins type of calculation. 
No conclusion as to which model gives the best values could be drawn. Ground-level air concentrations for 
die combustion products from natural gas in die Los Angeles basin and in the San Francisco Bay area given 
in this report are based on average daily usage of gas in diese areas and on annual average wind frequencies 
and wind speed. They are expressed in terms of cubic centimeters of natural gas per cub*: meter of air. 

29. R. Limb, "AB Air Ponrtioa Model of Lot Aaaeks/* Mssttf*s University of CsSforaii at Los ,1961. 
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Fb>5. CoaceatatiM m ah at pond lewd of Lowliwlioe proatii ban Mini *** LOW—ltd « wUfwt. The 
conceattataon it expressed as the eaturaleat content of the cwbuttwa products from the ps in cubic centimeters per 
cable meter of air. 

Figure 4 shows gas usage data for Los Angeles, including the location of gas-fired electric generating plants. 
Figure 5 shows values for residential sources in the Los Angeles area, and Fig. 6 shows the corresponding 
data for industrial sources. These two area sources of release were combined with die releases from stacks 
to provide die data in Fig. 7. Since less detailed data on gas usage were available for die San Francisco area, 
only total ground-level gas usage and elevated source values are shown in Fig. 8; Fig. 9 shows die combined 
effect of both types of release. 

In die Los Angeles basin there are three grids tint have quite high concentrations of combustion 
products in die air at ground level due to large releases from tall stacks. The peak concentration of 
combustion products in die air at ground level was estimated to be equivalent to the amount produced 
from combustion of 1(K> cm3 of natural gas per cubic meter of air; thus, if die gas being consumed has a 
concentration of 1 pCi/cm3, die ground-level concentration in this grid would be 100 pCi/m3. It is 
estimated that die population-weighted mean concentration would be 13 cm 3/m 3 in die Los Angeles basin. 
In die San Francisco Bay area die peak concentration is due primarily to ground-level sources and is 
estimated to be 13 cm 3 /m 3 . The population-weighted mean concentration is estimated to be 3.7 cm3/m*. 

The potential dose equivalents that could be attained from die use of natural gas having a concentration 
of 1 pG/cm3 of tritium in these two major metropolitan areas are given in Table 4. From diese respective 
estimates it is seen that die major exposure would be due to domestic consumption of gas in houses 
equipped with unvented space heaters. 

In considering the dose equivalents in Table 4, we must remember tiitt, although these hypothetical 
radiation doses are very much less than 170 mulirems/year, die use nf -latural gas from nucleariy stimulated 
weds represents only one potential source of population radiation exposuie. Also, in tins preliminary 
analysis only direct modes of exposure through inhalation, immersion, and absorption through die skin 
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Fig. 8. Gas consumption in the San Francisco Bay 

have been considered. The recommendations of the ICRP and other authorities require that radiation 
exposures from all sources, other than natural background and medical sources, be considered in any 
radiological safety eva luat ion . 2 2 ' 2 5 , 3 0 Furthermore, these potential doses could involve many millions of 
people; so extreme caution should be used in establishing "permissible" concentrations of man-made 
radioactivity in natural gas 'hat would be considered acceptable for industrial and domestic consumption. 

30. Federal Radiation Council, Background Material for the Development of Radiation Protection Standards, Federal 
Radiation Council Report No. 5 (July 1964). 
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Son Francisco Boy Region. 

Table 4. Potential dose eqmi slwts from the 
1 pO/cm 3 of tritium in the Los 

use of 
and in the San Prandeoo Bay ana 

Source of exposure 
Dose equivalents (nuffireins/year) 

Source of exposure 
Los Angeles basin San Francisco Bay area 

Atmosphere 
At point of peak concentration 
Population weighted average 

0.19 
0.024 

0.024 
0.007 

Domestic use 
Nonvented heating and appliances0 

AU appliances vented except range 
Weighted average* 

2.0 
0.27 
0.45 

2.5 
0.27 
0.49 

Total 
Maximum dose equivalents 
Weighted average dose equivalents* 

2.2 
0.47 

2.5 
0.50 

"Assumes 1700 deg-days of heating for Los Angeles and 2950 for San Francisco and a 
1000-ft3 residence of normal construction (tee ref. 8, Appendix B), having one air change 
per hour. Although recent data (R. H. Efldns and C. E. Wensman, "Natural Ventilation of 
Modem Tightly Constructed Homes/* paper presented at the Americac Gat Association -
Institute of Gas Technology Conference on Natural Gas Research and Technology, Chicago, 
III., Feb. 2a -Mar. 3, 1971) indicate that tight hornet can have rates at low as 0.5/hr, hornet 
of this type would almost certainly have vented space heating systems. 

* Assumes nonven ted heating for 10% of the population. 
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HYPOTHETICAL USE OF NUCLEARLY STIMULATED GAS IN A LARGE 
ELECTRIC PLANT IN LOS ANGELES 

Modern electric generating stations depend on targe capacity for economic performance. A typical plant 
has a supercritical steam cycle with an overall station efficiency of about 40%. delivering approximately 
1000 MW of electric power. This corresponds to 2500 MW of input thermal energy. If natural gas at 1100 
Btu/ft3 is used as the fuel, the daily requirement for such a plant is 185 M 2 f t 3 . We will assume, for 
simplicity, thct the gas delivered to the plant contains 1.0 pCi total tritium and 1.0 pCi of 8 S K r per cubic 
centimeter (0.028 pCi/ft 3) respectively. At this concentration the daily release rate is comparable with the 
reported average release rate from 1000-MW(e) pressurized-water nuclear power plants of 10 to 20 Ci/day, 
primarily to surface waters. 

The assumed tritium to 8 S K r ratio of 1:1 is close to the actual ratio of these impurities in Rulison gas 
of 1.17:1 reported by Smith 1 4 for preparing gas samples. 

Meteorological analysts for a given location and stack height is required in order to estimate the 
exposure from the hypothetical use of nuclearly stimulated gas in a steam plant. Dilution factors have been 
estimated for a plant located in Los Angeles, using 185 M 2 f t 3 of gas daily.3 * The stack height of 450 ft 
(137 m) assumed in these calculations is typical of the large electric plants in Los Angeles that use natural 
gas as fuel. Details of the calculations are given in Appendix B. 

The daily output of radioactivity of 5.3 Ci each of tritium and $ $ K r is equivalent to 6.1 X 10~ s Ci/sec. 
The calculations show that for PasquilTs "C" type of turbulence, 3 2" 3 4 with slightly unstable weather 

conditions, the maximum concentration of tritium or 8 $ K r at a distance of 7000 m from the plant would 
be 3 X 10~* jiCi/m 3. At this tritium concentration, an average adult might receive a gonadal dose of 0.005 
miUirem/year from inhalation and absorption through the skin. The equivalent gonadal dose from 8 S K r 
would be about 10** miUirem. 

For the "worst possible" meteorological situation in the Los Angeles terrain, a stable plume meandering 
through an occupied pass at its final level under heavy inversion conditions (PasquilTs "F" category), the 
calculations show that at 10,000 m from the plant the maximum concentration of tritium or 8 $ K r would 
be 7.5 X 10"4 fiCilm3. Even if exposure under these unusual conditions continued for a period of one year, 
the resulting gonadal dose from tritium would be only 13 millirems. The skin dose from 8 5 Kr would be 1.5 
millirems, which is equivalent to a gonadal dose of about 0.0 i 7 milhrem. 

Appendix A 

THE ATDL AREA-SOURCE MODEL2 8 

F. A. Gifford, Jr. S. R. Hanna 

A simple model of urban air pollution, based on reasonable first principles and incorporating some 
attempt at rigor, is presented below. The result, a simple,easily applied area-source concentration formula, 
has been compared with several of the previous formulas, and the conclusion is that it performs well. 

First, we assume that the problem of urban air pollution can be simplified by considering separately the 
isolated point sources such as tall stacks and lumping the contribution of the multitude of lesser sources of 

31. W. M. Cu&owski, Air Resources Atmospheric Turbulence tad Diffusion Laboratory, communication with C. J. 
Barton, ORNL, May 1970. 

32. D. Sbde, ed., Meterology and Atomic Energy, 1968, TID-24190 (1968). 
33. G. A. Briggi, Plume Rise, ABC Critical Review Series Report, T!I>-25075 (November 1969). 
34. F. PasquiU, Atmospheric Diffusion, Van Nostrand, Princeton, NJ., 1962. 
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all types into a spatially variable area-source concentration XA. This is assumed to obey the steady-state 
diffusion equation in two independent variables. 

3 ^ 3 BXA 

(1) 

where the mean wind u(z) blows in the x direction. Neglect of the y component of the diffusion is 
equivalent to the observation that point-source plumes in the atmosphere tend to be long and narrow, and 
90 the concentration at a point can be influenced only by sources in a narrow, plume-shaped upwind 
section (see ref. 31). If u and eddy-diffusivity K are assumed to obey the usual power laws. 

r » \ m 
-*>—uy • (2) 

w-Cir)"" (3) 

the "partial" solution to Eq. (1) for the ground-level concentration distribution XA 0 due to an area source 
has been shown by GuTord35 to be 

X"-^5^i^)ffi^ (4) 

where s = (m *• l)/(2 + m - « ) and the distance x from the receptor point to the upwind edge of the city is 
given by x-(Af + %) Ax, where N is the number of upwind grid squares in the source inventory and Ax is 
the grid size as given by the usual "checkerboard" source-inventory pattern. Source strength Q u constant 
for each square. The receptor point is assumed to be located at the center of a source square. There is no 
particular difficulty involved in adapting the model to other geometries, including irregular area-source 
patterns. 

The parameter B depends on the vertical concentration distribution. The total concentration 
distribution XA is related to the ground-level value XA 0 by 

*A 'XAO&f(j) • (5) 

Here the reference height Z essentially represents the "top" of the polluted air and ino eases with distance 
from the upwind edge according to the formula 

Z = e , x , / < 2 + w - ' , > . (6) 

This assures that a "variables separable" solution of the type of Eq. (S) will satisfy Eq. (1). Then, with f = 
zfZ, the value of B follows from the continuity condition 

f~u(z)XA(x.z)dz*r&x)<ix o o (7) 

35. F. afford, "Computation of PoOotion fro* Several Soarcss,'* Mr. /. AirPotoit 2,109 (1959). 
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From this and Eq. (5), 

The constant c, is determined from the relation c, = 3d1 Hm*1 >, where a is defined by the usual power4aw 
formula for the standard deviation of the vertical concentration distribution 

o z = « * * , (9) 

and Z 2; 3oz. Values of a and b based on extensive observational data have been summarized by, for 
instance, Slade 3 3 and Smith. 3 6 

TaUeA.1. 

Meteorological conditions a b (I - * ) Ml b) 

Very un.-4abte 0.40 0.91 0.09 0.036 
Unstable 0.33 0.86 0.14 0.046 
Neutral 0.22 0.80 0.20 0.044 
Estimated PaaquiU "D" 0.25 0.75 0.25 0.037 
Stable 0.06 0.71 0.29 0.017 

Table A.l b based on the values given by Smith3* and includes our estimate of the value corresponding 
to PasquttTs "D" (slightly stable) condition. We believe that this value is more appropriate to urban 
conditions than Smith's "stable" value. Unfortunately, few data are as yet available on diffusion over cities. 
For a Gaussian vertical distribution, with the above assumptions, 

H(t r; 
for a linear decrease in concentration, B s 0.4. In general, it is unlikely that B will differ much from these 
values. 

Equation (4) can be generalized in the usual ways, by introducing wind direction and speed frequency 
class intervals and varying the meteorological parameter s. The only real problem that arises in the extension 
of Eq. (4) to the case of annual average concentrations is that of adapting the basic rectilinear source 
config ration to radial wind directions other than the cardinal ones. Our arbitrary but simple scheme for 
doing this is illustrated in Fig. A. 1. 

36. M. E. Smith, ed., Recommended Guide for the Prediction 
American Society of Mechanical Engineer*, New York, May 1968. 

of the Dispersion of Airborne Effluents. 1st ed.. 
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AppesKSxB 

ATMOSPHERIC DISPERSION OF GAS CCMBUSiTON fRODUCTS FROM A IOtX>MW(e) 
ELECTRIC GENERATING PLANT IN LOS ANGELES3' 

W.M.Culkowski 

Flume r«se is assumed to be described by equations in Meteorology and Atomic Energy,32 namely, 

AA = 400F u'3 (neutral conditions, atmosphere weS mixed because of vigorous, turbulent mixing. 
Temperature decrease of adiabatic lapse rate of 5.4°/1000 ft). 

AA = 2.6(F/u) 1 / 3 5 " 1 / 3 (stable conditions, temperature lapse of the atmosphere less than the adiabatic 
lapse rate. Air lifted adnbaticatty tends to sink back). 

iJi = 2.QF 1 7 3 u"x x2,i [transitional conditions - pSume rise is affected only by the mean wind and the 
properties of the plume itself (see ref. 32)). 

In the above 

AA * plume rise (m), 
x - distance from stack (m), 
f*3 .8XIO-*e A , 

Qh - calories per second of heat output of the stack « 3.6 X 10 7 , 
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F=\AX 103 »n4/sec3, 
u ~ wind velocity (m/sec). 
5 = stability parameter g/T (13°C/km) 

= 4X iO^Chpicalstable)sec"1. 

For neutral conditions with u - 10 m/sec. 

A* = (400X1400KI0"3) = 560 m 

A later model3 3 for neutral conditions sugges s die formula 

A * = I . 6 F , / 3 K " I ( 3 X * ) 2 / 3 , 

where 

x* = 2. ! 6 F 2 / S A, 3 ' 5 = 750 m. This gives A* = 307 m. 

For stable conditions with u = 2 m/sec. 

Aft =(2.6*1.8X I 0 6 ) l ' 3 = 3 2 0 m . 

For transitional conditions, assuming u - 10 m/sec. 

Aft =(2.0X14 X I 0 3 ) " 3 (10"' ) x 2 / J = 2x 2 ' 3 , 

and 

where / / is total height of die plume center line and ht = 
200 and//= 337 m. Thus 

t of stack above ground, at x s I000m,Afc s 

r - g - g 
m a x etOyHu e*oyoxii' 

and 

H=\Aoz, 

where 0 is tritium source strength (Ci/sec), -JfTOtx is maximum tritium concentration (Ci/m3), and o z is 
vertical dispersion parameter. Using the neutral AA = 307, 

/ /= 307+137 = 444 m, 

and 

444 o, *-r-r-*3l6m . ' 1.4 
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For PasqunTs f type of turbulence,3*~34 withshghtiy unstable weatherconditions,ax *316 matx 
= 7000 rn and af * 600 m, 

* • » % e t ( 3 l 6 X 6 0 0 X l O ) S 3 X , 0 " ' * G f m ? 

Atthn tritium concentration, an average adult wal breathe in 3 X I 0 ~ " X 20 = 6 X 10"" G of tritium 
per day. 

The maximum body burden of tritium for continuous exposure at tins lewJ would be about 2 X 10~3 

#£i for inhabtion and absorption through the skin and would result in an annual whole-body or gonadal 
dose of only 5 nacroiems. The gonadal dote from • 5 Kr in tins gat would be much lest than for tritium. 

The Los Angeles terrain rwjgrr from amy to mount tmrm\ A poanbiity exists, therefore, that a stable 
phune tueauriermg at its final lend could moue through a pass and result in an exposure lewd higher than 
that indicated above. For a lucandeiing phnue during a heavy inwrnon condition (r^nquuTs T " 
category)**** H= 400 m. u « I m/sec a n d X * 0 2 * o y v z * IS X I 0 " , # Ci/m 3 at 10* m,or S X 10"1« 
G / m 3 at 10 s m. 

it seems quite unBoety that such aa unusual condition would pretafl for a large fraction of the time or 
for unary people at any time. We can calculate, howewr, that for umtiauom exposure under these 
condniont, the nuodmum Uilium intake through uuumoon and absorption through the skin wsl be OJ03 

jsQ/my.rrifmpnnmnt,mabodyb^ 


