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ABSTRACT

The long-term equilibrium levels of tritium,
krypt on- 85 and carbon-14 which are acceptable in
the enviromenthave bee ,estimated on the follow-
ing premises: 1) the three iotopes reach the
environment and equilibrate throughout it in periods
shorterthan their half lives, 2 nuclear detona-
tions and nuclear power constitute the dominant
sources of these isotopes, 3 the doses from these
three isotopes add to one another and to the doses
from other radioactive isotopes released to the
environment, and 4 the United States, by virtue
of its population, is entitled to 6 of the world's
capacity to accept radioactive wastes.

These premises ead to the conclusion that
U.S. nclear detonations are limited by carbon-14
t 6 megatons per year. The corresponding limit
for U. S. nuclear power appears to be set by
krypton-65 at 100,000 electrical megawatts,
aZthough data for carbon-14 production by nuclear
power are not available.

It is noted that if the equilibration assumed
in theae estimates does not occur, the limits will
in general be lower than those given above.

INTRODUCTION

This paper presents the results of some calculations of
three radioactive isotopes produced and, in present practice,
relea sed to the environment by nuclear explosions and by the
production of nuclear power. The three isotopes are tritium
(hydrogen-3), krypton-85 and carbon-14. These, among the

*The work reported here was performed under the auspices of
the U S. Atomic Energy Commission while the author was a
summer visitor at the Lawrence Radiation Laboratory, Liver-
more, California.
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long-lived radioactive isotopes produced in nuclear fission
and fusion, are the most likely to disperse throughout the
environment. There are few physical, chemical, or biological
mechanisms which tend to concentrate these isotopes within
any phase of the environment.

THE PREMISES

The first step is the calculation of the steady state
concentration limit for each of the three radioisotopes.
The calculations are founded on three assumptions.

1. All of each of the three radioisotopes is released
to the environment in a time shorter than its radioactive
half life.

2. Each of these isotopes equilibrates with the cor-
responding stable isotope, which is available in the environ-
ment, in a time shorter tan half life.

3. The quantities of stable isotopes in the environ-
ment available to dilute the corresponding radioactive
isotopes are those given in the last column of Table .

It is to be noted in Table I that the hydrogen in the
water of ice and sediments has been taken to be unavailable
for dilution and that only one-tenth of the hydrogen in the
water of the oceans is presumed to be available for dilution.
Only the hydrogen in land organisms and one-tenth of that in
sea organisms has been taken to be available for ilution.
The carbon in undecayed organic matter and in coal, oil, tar
and gas has been neglected, and only one-tenth of that in
the oceans and in sea organisms has been taken as available
for dilution.

RADIOLOGICAL CONSIDERATIONS

The maximum dose considered permissible for a person
other than a radiation worker is 0.5 rem per year 2.
Table 2 gives the specific activities (wCi per gram of stable
isotope) which will produce 0.5 rem per year by several
routes of exposure: 1) breathing, or in the case of krypton-85,
standing in an atmosphere at the maximum permissible concen-
tration, 2 drinking water at the maximum permissible con-
centration, 3 eating food that will produce the maximum
permissible daily intake, and 4 having the maximum oermis-
sible body burden in one's body. Table 2 indicates that the
limiting specific activities for tritium and carbon-14 are
those in the body itself, while that for krypton-85 is set
by air.
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Table 1. The quantities of hydrogen, krypton and carbon
available in the world for dilution.

Assumed to be
available fox,

Hydrogen in: Total (1) dilution

Oceans 1.6.10"g 1.6xlO"g

Lakes and rivers 5.S-.'l011g 5.5xl011g

Ice 2.4xlO"g

Atmosphere l.4xl011g 1.4xlO"g

Sediments 2.2xl 021g

Organic material 4.OxJO"g 7.OxlO"g

Total 1.6xlO 12g

Krypton

Volume of the atmosphere 4.3xlO"cc
(at OC, 760 mm)

G of krypton per cc of air 4.3xlO-'g/cc

Krypton in the atmosphere 1.8.10"g 1.8xl011g

Carbon in:

Troposphere 5.5xl011g 5.5xlO 17g

Oceans 4.OxlO"g 4.OX10"g

Lakes and rivers 3.2xlO 17g 3.2xlO 17g

Land organisms 1.0X1017g 1.0X1017g

Sea organisms 8.0.101,g 8.OXIO"g

Undecayed organic matter 3.9xlO"g

Coal, oil, tar, gas 7.4xlO"g

Total 5.OxlO"g
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Table 2 Bases for the calculation of annual replacement
rates.

Units H-3 Kr-85 C-14

I. Radioactive half life years 12.3 10.4 5 , 0 0

2. Max. perm. body burden 3 �Jci 100. - 30

3. MPC* in public air 2 VCi/cc 2xlO-' 3xlO-' IXIO-7

4. MPC* in drinking water (2) PCi/cc 3xlO-' - 8XIO-I

5. Max. daily intake in water (2) VCi/day 7. - 2.

Specific ctivity** limit set by:

6. Breathing PCi/g 0.6 70. 1.

7. Drinking water VCi/g 0.3 - 1.

8. Eating food VCi/g 0.2 - 0.005

9. Max. perm. body burden PCi/g 0.01 - 0.002

10. Limiting specific activity �Jci/g 0.01 70. 0.002

11. World capacity at the
limiting specific activity Ci 2.10 14 X1012 1.1010

12. Annual replacement rate Ci/year 1XIO" 7xlO" 1.10'

Notes

*MPC stands for maximum permissible concentration.

**Specific activities are in VCi per gram of stable element.
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Row 10 of Table 2 gives the limiting specific activity
for each of the three radioisotopes, i.e. te specific activity
of each isotope which will deliver an average radiation dose
of 0.5 rem per year to every person in the world. These spe-
cific activities, with the corresponding stable isotopes avail-
able for dilution given in Table 1, permit one to calculate
the world capacity for each radioisotope; these world capaci-
ties are given in row 11 of Table 2.

Each of the three radioisotopes decays with a character-
istic radioactive half life. Thus there is for each isotope
an annual replacement rate which will just maintain the world
environment at the limiting specific activity. These annual
replacement rates are given in row 12 of Table 2.

The figures in the last three rows of Table 2 are not
suitable limits for two reasons. First, these figures make
no allowance for the differences between the calculated pre-
dictions for an average individual in te population, and the
actual exposure received by any particular individual. The
Federal Radiation Council 4 and the U.S. Atomic Energy Com-
mission 2 have both stipulated a factor of 13 for this pur-
pose.

The second reason why the world capacity figures in
Table 2 are not suitable limits is that they make no allowance
for the summing of the doses from the three radioisotopes,
from all other man-made radioisotopes in the environment, or
from other man-made sources of radiation. The intent is that
1�persons in the general population at any age ... should not
receive an exposure exceeding 0.5 rem per year in addition
to natural background and medical exposures."(S). In order
to allow for te summing of doses from various radioisotopes
and other sources of radiation a factor of 1/10 is appropriate.

ALLOCATION

In considering the long pull, one must face the matter
of allocation: to how much of the world's capacity is each
geographical unit entitled? To what portion of this share
is each nuclear undertaking entitled?

The United States constitutes about 7 of the world's
surface and in 1966 had about 6 of the world's population 6.
On the other hand the United States is at present using about
30% of the world's energy 7 If the principle of one man,
one vte is extended to one man, one polluter, the United
States' allocation is about 6 of the world's capacity to
accept radioactive wastes.

688



Nuclear explosives (fission and fusion) and nuclear power
(fission) are today the dominant sources of the three radio-
isotopes considered in this paper. Whether an equal share of
the available capacity is to be allotted to each of these under-
takings, or whether more of the capacity goes to one than the
other is a matter to be decided on the relative importance of
explosions and power. As an illustration, but surely not as
a recommendation, the following calculations have been made
by allocating a half of the U.S. capacity to nuclear explosions,
a half to nuclear power.

Table 3 summarizes the radiological and allocational con-
siderations, and indicates that about 1/1000 of the replacement
rates in the last row of Table 2 is appropriate for U.S. nuclear
explosions, and an equal amount for U.S. nuclear power.

PRODUCTION OF THE THREE RADIOISOTOPES

The production of the three isotopes under consideration
by nuclear explosions is a function of several factors: a) the
fission to fusion ratio, b) the atomic composition of the
explosive device and its associated equipment, the compo-
sition of any neutron shield that is used, and d) the compo-
sition of the soil in which the explosive is detonated. These
factors may be manipulated fr engineering purposes, and are,
further, veiled by security classification. The estimates for
the production of the three isotopes by nuclear explosives
have been based on the declassified information in the uer
portion of Table 4.

The corresponding production figures for tritium and
krypton-85 are given in the lower portion of Table 4 Note
that no figures for the production of carbon-14 by nuclear
power appear in Table 4 Such production certainly occurs
by neutron capture in nitrogen whenever air and neutrons get
together, but no estimates of production rates appear to have
been made.

Tritium may be produced in uclear reactors by neutron
capture in hydrogen-2 and in lithium-6. It has been estimated
that the amounts of tritium produced by these reactions in
power reactors may perhaps equal the tritium produced by fis-
sion 13). As a consequence, the tritium production figure in
Table 4 suld be increased from 14 to perhaps 30 Ci per elec-
trical megawatt-year.
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Table 3 Summary of considerations.

Factor

Radiological

Individual variation from the average 1/3

Summing of doses from various isotopes 1/10

Allocation

United States' share of world capacity 0.06

Share allotted to nuclear explosions 1/2

(an equal share is allotted to nuclear

power)

combined factor 0.001
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Table 4 Production rates of the three radioisotopes.

Nuclear explosives

fission to fusion ratio (8) 10 kt fission for I Mt fusion

10 kt of fission 9 1.46xlO" fissions

krypton-8S fission yield (10) 2.93xlO-' per fission

krypton-85 production 290 Ci per 0 kt fission,
i.e. per Mt fusion

tritium production 89) lxlO' Ci per Mt fusion

carbon-14 production(8) 15 Ci per Mt fusion

Nuclear power

electrical to thermal ratio 1 Mw(e) for 3 Mw(t)

I Mw(e) for I year (11) 9.86X,021 fissions

krypton-85 fission yield (10) 2.93xlO-' per fission

krypton-85 production 480 Ci per Mw(e) in year

tritium fission yield 12) 9.SxlO-' per fission

tritium production 14 Ci per Mw(e) in year
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LIMITS ON NUCLEAR EXPLOSIVES AND NUCLEAR POWER

In Table the production figures developed in Table 
for tritium, krypton-85 and cdrbon-14 have been used to deter-
mine the limits imposed on nuclear explosives and nuclear
power by 1/1000 of the world replacement rates, given in
Table 2 It is evident from Table that the limit on U.S.
nuclear explosions is set by carbon-14 at about 70 megatons
per year and that U.S. nuclear power is limited by krypton-85
to about 150,000 electrical megawatts.

DISCUSSION

Under the idealized conditions used in these calculations,
90% of the final equilibrium specific activities will be
reached in about three half-lives, say 35 years for tritium
and krypton-85, and 20,000 years for carbon-14. It is possible
to release more than the equilibrium rates in some years, but
such averages must be compensated by releasing less than the
equilibrium rates in other ears. This is analogous to buying
on credit and does not violate the Atomic Energy Commission
requirement that exposures mav be averaged over periods no
longer than one year 2 provided the limiting specific
activities are not exceeded.

The premise that the three isotopes are released to the
environment in periods shorter than their half-lives should
be questioned. If it can be shown, or if it can be arranged
that 90% of the limiting isotope can be restrained from enter-
ing the environment for three or more half-lives, the limiting
rates in Table may be increased by a factor of ten.

The premise that the three radioisotopes equilibrate
throughout the environment in periods shorter than their half-
lives is tenuous. However, to the extent that equilibrium
is not established, specific activities will be higher in some
locations than would be the case in complete equilibrium If
the portions of the environment that are at higher than equi-
librium specific activities lie on human food pathways, then
limits lower than those in Table must be used.

The factors used to allow for individual variations from
the average, for the summing of doses, and for rationing may
be considered as conservative safety factors. Safety and
conservatism receive great, perhaps undue emphasis in radia-
tion. However, in considerations of the environment, it is
wise to set aside certain portions to lie fallow for future
and unforeseen needs.
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Table 5. Limits on nuclear explosions and nuclear Dower
for the United States.

H-3 Kr-85 C-14

World annual replacement rate,
Ci/year (from Table 2,
ro,� 12) 1xioll 7xlO" 1xio,

The United States' share for
nuclear explosives, or
power, Ci/year (see
Table 3 lX1011 7xlO' lx1OI

Limit imposed on nuclear ex-
plosives, Mt/year 1,000 240,000 67

Limit imposed on nuclear power,
Mw(e) 7x108 150,000 -
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The concept of balancing risks against benefits has been
worked very hard, perhaps to exhaustion, in radiation protec-
tion. In the present context this concept leads to two ques-
tions of singular subtlety: risks to whom? benefits to whom?

CONCLUSIONS

The deliberations presented here lead to the conclusions
that on the long view U.S. nuclear detonations are limited bv
carbon-14 to an average rate of 70 megatons per year, and that
the corresponding limit for U.S. nuclear power apears to be
set by krypton-85 at 150,000 electrical megawatts. These
limits can be raised if means are devised to revent the escape
of the limiting radioisotopes to the environment.
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QUESTIONS FOR HOYT WHIPPLE

From Alex Grendon:

Did you take into account the annual production of carbon-14 and
tritium by cosmic radiation? Do you know If these amounts are
significant in relation to potential production by man's activities?

ANSWER:

I do not have the figures with me, but the natural production rates
of these two isotopes, as I recall, are small, very small fractions
of the rates that I have been speaking about here and I think if you
do a little simple arithmetic, you'll help me gain confidence In this
statement, which is based on a poor memory, which said that the par-
ticular release rate which is one thousandth of the release rate that
would ultimately lead to 0.5 rem per year would lead to 0.5 of a
millirem per year from the United States alone. There may be some-
one in the room who remembers the breakdown well enough, but as I
recall, carbon-14 and tritium from natural causes constitute a very
small part of the natural background eposure.
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