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FOREWORD

This report is the first in the AEC Critical Review Series, a new series of
state-of-the-art studies prepared for the Atomic Energy Commission. The author
reviews published information on tritium production and the pertinent factors that
affect the behavior of tritium in the environment. Because of the extremely large
number of publications dealing with tritium, the review is not exhaustive; however, the
most important aspects have been mentioned and extensive references are given.
Estimates are made for production and accumulation of tritium in an expanding
nuclear power economy, including the impact of an increased tritium production on
local and worldwide populations.

This report was originally prepared for the Nuclear Safety Information Center, one
of the USAEC’s specialized information analysis centers. Established in 1963, the
Nuclear Safety Information Center is a focal point for the collection, evaluation,
storage, and dissemination of safety information on reactors and other nuclear
facilities. Principal services include (1) preparation of state-of-the-art reports, (2)
cooperation in the preparation of Nuclear Safety, (3) answering technical inquiries as
time is available, (4) counsel and guidance on nuclear safety problems, and (5)
operation of a program of Selective Dissemination of Information (SDI) which offers
abstracts to individuals according to their particular interest. Services are available
without charge to government agencies, research and educational institutions, and the
nuclear industry. Inquiries are welcomed.

J. R. Buchanan, Assistant Director
Nuclear Safety Information Center
Ouk Ridge National Laboratory
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] INTRODUCTION

Tritium is one of the three radionuclides, along with 5°Ni and 3% Fe, which have a
maximum permissible body burden of 1 mc, the highest value listed in the
recommendations of the International Commission on Radiological Protection
(ICRP)."»* Tritium does not constitute a significant external radiation hazard because
the beta particle given off during its decay is of low energy and has very low
penetrating power;z’3 however, tritiated water and its vapor can be taken into the
body by skin penetration.’ Retention of tritium is dependent on its chemical form
when it enters the body; therefore the ICRP recommendations for the maximum
permissible concentrations in air are at least a factor of 100 greater for tritium gas than
for tritiated water vapor.? (Tritiated thymidine is an interesting example of the effect
of the chemical form of tritium on its behavior in the body. Thymidine, a specific
precursor of deoxyribonucleic acid (DNA), is incorporated preferentially in the nuclei
of cells.> Thus the probability of somatic and genetic damage from tritium exposure is
enhanced when tritium is ingested in the form of tritiated thymidine. Tritiated
thymidine is not a commonly expected form of tritium in the natural environment;
however, a scan of Nuclear Science Abstracts indicates that tritiated thymidine is used
considerably in biological research.)

In addition to the radiation emitted by tritium, which is absorbed by the body
tissue in a very localized area, the transmutation of *H to *He may be of biological
significance.! However, even greater detrimental effects may result from the relatively
large mass differences that arise from the substitution of *H for "H in a cell. These
mass effects would begin immediately rather than being initiated by decay of the
tritium atom.! Because tritiated water vapor is taken into the body almost as fast by
skin penetration as by inhalation,'*? it presents a special hazard for personnel who
must handle high concentrations of tritium.
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Tritium is produced by numerous reactions (see Chap. 2) and is released in a
number of different types of nuclear activities (see Chap. 3). At present most tritium
problems are encountered at heavy-water reactors, where the tritinm hazard is as
important as all other radionuclide hazards combined under nommal operating
conditions,® and at tritium production facilities. Large quantities of tritium are also
produced and released to the environment during the detonation of thermonuclear
devices.>*® The rather recent discovery that tritium is a ternary fission product’ has
evoked considerable interest in the management of tritium in fuel-reprocessing
plants.®°

When tritium is released as a gas or as the oxide vapor, it can be concentrated by
ordinary chemical separation of hydrogen and water vapor from air. However, when
tritium is present as the oxide in aqueous solutions, it is not amenable to separation
and concentration by conventional waste-treatment techniques.® Isotopic separations
are required, and these may be difficult. The more satisfactory procedures of isotopic
separation are usually physical in nature because mass differences result in greater
relative differences in physical properties than in chemical properties.'® As a result of
the similarity of the properties of HTO and H, O, tritium generally follows ordinary
water in processing streams and in the environment.®-°

The present levels of tritium released to the environment do not constitute a
serious hazard. Production and release, however, are expected to increase in the next
few decades as a nuclear power economy is developed,® and, therefore, the question of
tritium release deserves some consideration. There will be a strong economic incentive
to increase the size of fuel-reprocessing plants as the nuclear industry expands.!! A
major fraction of the fission-product tritium will probably be released during fuel
reprocessing at a limited number of sites. Therefore, in addition to the worldwide
increase in tritium levels, tritium could constitute a local environmental problem in
some areas. The amount of tritium produced in thermonuclear reactions is several
orders of magnitude higher than the amount of tritium produced by an equivalent
amount of fission energy. In a thermonuclear power economy, tritium management
could be a much more significant problem. Large quantities of tritium have already
been released to the atmosphere from the detonation of thermonuclear devices. This
tritinm has become widely dispersed in the environment, with about half of the
deposition occurring in the region 30 to 50° north latitude.! ? Future testing or use of
thermonuclear devices could add significantly to general tritium levels in the
environment if venting is allowed.

This review surveys the published information on tritium production and the more
pertinent factors that affect its behavior in the environment. Because of the extremely
large number of publications dealing with tritium, this review is not exhaustive. The
more important aspects, however, have at least been mentioned, and references are
given. Chapter 7 presents a projection of tritiui production in an expanding nuclear
power economy. The material reviewed in Chaps. 2, 3, and 4 is used as a basis for
estimating the impact of increased tritium production on local and worldwide
populations.
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PROPERTIES OF TRITIUM
AND TRITIUM COMPOUNDS

RADIDACTIVE AND NUCLEAR PROPERTIES

The radioactivity of tritium was established in 1939 by Alvarez and Cornog,’ who
found that the radiation is of very short range and that the half-life is long. Their first
attempts at estimating the half-life of tritium decay gave erroneous results because of
diffusional losses of the gas;®>3 their further studies® showed a half-life in cxcess of 10
years. Subsequent work has established the half-life of tritium at 12.36 = (.03 years.
Tritium decays by the emission of a beta particle with a maximum energy of 18 kev
and an average energy of 5.7 kev (Table 2.1) to form *He. The beta decay spectrum
has been of particular interest to physicists because the relatively simple structure of
the tritiumn nucleus permits verification of the Fermi theory of beta decay and permits
calculation of the mass of the neutrino.®-%+'? Early assays of the tritium content of
natural surface waters indicated that there was about one tritium atom per 10" ® atoms
of hydrogen.?°

It became quite convenient to express tritium assays in relation to the number of
hydrogen atoms in the sample. The term “tritium unit” (TU) is commonly used to
denote the number of tritium atoms per 10'® atoms of hydrogen. Recently the
International Commission on Radiological Units and Measurements raised an objection
to the use of this term and suggested that it be replaced by the term *‘tritium ratio”
(TR).2! A tritium ratio, then, is not a concentration unit but is a measure of specific
activity. Table 2.2 compares tritium ratios and various concentration units for
different media at 25°C.
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Table 2.1

HISTORY OF THE DETERMINATION OF THE
DECAY CHARACTERISTICS OF TRITIUM

Maximum Average
Half-life, energy, energy,
Date years kev kev Ref.
1940 >10 10 3
1940 31+£8 153 4
1941 1451 6.5 5
1947 10.7+2.0 6
1947 12.1 0.5 7
1948 16.9 +0.3 ~5.5 8
1949 17.9+03 9
1949 12.46 £0.2 569+0.06 10
1949 17.0 11
1949 1895£0.5 12
1949 196 +£0.2 13
1949 18.0+0.5 14
1950 1246 £ 0.1 5.69+t0.04 15
1951 12.41 £0.04 16
1955 12.262 + 0.004 17
1963 12.355 % 0,010 18
1963 12.361 £ 0.028 . 19
Table 2.2

EQUIVALENCE OF ONE TRITIUM RATIO
IN VARIOUS MEDIA AT 25°C*

Medium  Atoms/em®  Dis/sec/cm? uc/em®
Water 6.7 x 10* 1.2 x 10 3.20x 107°
Benzene 41x10° 72 x10°% 195x10°
Hydrogen 49 8.7 x 10 235x 1012
Ethane 149 2.65x 107 7.7x 10?2

*Note that 1.0 g of tritium is approximately equal to
9600 curies.
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PHYSICAL AND CHEMICAL
PROPERTIES OF TRITIUM

The atomic weight of tritium is 3.016997 £ 0.000011 g, compared with the atomic
weights for 'H and *H of 1.00814, = 0.000003 g and 2.014735 + 0.000006 g,
respectively (Ref. 22). ‘Accurate calculations of the thermodynamic properties of
tritium and tritium hydride were first presented by Jones.?® At room temperature the
combination of H, and T, to form HT is favored. Hammel?* used de Boer’s modified
law of corresponding states to calculate the vapor pressure of tritium in a
low-temperature range (12.2 to 33.9°K), critical constants, triple-point constants, and
a number of molecular constants. Grilly?® measured the vapor pressures of the
hydrogen isotopes in similar temperature ranges and found that the measured vapor
pressures of tritium exceeded those calculated by Hammel. His experimentally
measured values for the boiling-point and triple-point temperatures were 24.92 and
20.27°K, respectively, compared with Hammel’s calculated values of 25.57 and
21.65°K. Friedman, White, and Johnston?® plotted critical constants, boiling points,
and triple-point constants for the six isotopic hydrogen molecules vs. the reciprocal of
the square roots of their masses and found that the plots were nearly straight lines.
They concluded that this graphical method could be used to predict constants for the
isotopes for which experimental data are not available. Table 2.3 shows a comparison
of the values calculated by Hammel, the experimental values measured by Grilly, and
the graphically predicted values of Friedman, White, and Johnston. Later studies by

Table 2.3
PROPERTIES OF TRITIUM

Friediman, White,

Hammel? ¢ Grilly?$ and Johnston?®
Critical temperature, °K 437 40.6
Critical volume, cm? /mole 53.7 57.1
Critical pressure, atm 20.8 18.1
Triple-point temperature, °K 21.65 20.27 20.5
Triple-point pressure, mm Hg 188 1574 157.4
Boiling point, “K 25.57 24.92 24.9

Rogers and Brickwedde?” give an experimental critical-point temperature for T, of
40.0°K and a triple-point temperature of 20.62°K; Mittelhauser and Thodos?® report
a calculated value of 40.44°K for the critical-point temperature and an experimental
value of 20.62°K for the triple-point temperature,

Other properties of tritium, such as the energy of dissociation of tritium gas (4.59
ev) and the ionization energy (13.55 ev), have been compiled by Brunner.?®
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Properties of Tritiated Water
The mass action equilibrium coefficient for the reaction
HT + HO=HTO + 1,

is approximately 6 at 25°C; hence the formation of tritiated water is favored. Because
of the predominance of this reaction, any discussion of the properties of tritium must
necessazily include a discussion of tritiated water since this is the probable tritiated
species in man’s environment. Price®® determined that, since in the range 25 to 80°C
the vapor pressure of HTO is less than that of H, 0, a higher boiling point is indicated
for HTO. These general conclusions have been supported by more recent studies®* 34
in which the measured values of the vapor pressure and boiling point of tritiated water
have been refined. Jones®® used Raman spectra and inelastic-neutron-scattering
spectra for determining the parameters to be used with Bigeleisen’s®® formulation of
isotope effects cu vapor pressure. The properties of the oxides of the three hydrogen
isotopes are listed in Table 2.4,

Table 2.4

THERMODYNAMIC PROPERTIES OF THE OXIDES
OF HYDROGEN ISOTOPES? *734

H,0 D,O T,0 Ref.
Boiling point, °C 100.00 101.42  101.51 34
Triple-point temperature, °C 0.010 3.82 4.49 34
Triple-point pressure, mm Hg 4.58 5.02 4.87 34
Heat of vaporization at the boiling
point, kcal/mole 9.72 9.9 10.1 33
Entropy at 298.16°K, eu 16.75 18.9 19.0 33

Wang, Robinson, and Edelman®® measured the diffusion coefficient of HTO in
ordinary water at 25°C and obtained a value of 2.44 * 0.057 x 107°cm?/sec.
Nakayama and Jackson®? made measurements in dilute agar gel concentrations and
obtained a value of 241 t 0.055 x 10° cm?/sec by extrapolation to zero
concentration of gel at 25°C.

The density of T,0 in the range from 5 to 54°C has been measured by
Goldblatt.’® The maximum density, 1.2150, g/cm®, occurred at 13.4°C, compared
with the maximum density for D,0 of 1.10589 at 11.2°C and for H, 0 of 0.999973 at
3.98°C (Refs. 22, 39). Other physical constants of the various isotopic varieties of
water have been tabulated by Dirian*® and by Kirshenbaum.*!
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Isotopic Exchange in Water

Tritium closely follows the reactions of ordinary hydrogen. However, the relatively
large mass differences between the hydrogen isotopes make isotopic effects easily
discernible. Because of the prevalence of water and its importance in the life processes,
its isotopic exchange with tritium is of special concern. Libby*?:%3 calculated the
equilibrium constants for a number of reactions involving the isotopic variants of
hydrogen gases and their oxides. His calculations weire based on the vibrational levels
of the water molecule at temperatures ranging from 20 to 500°C. He assumed that
only an atom of a different mass moving in the same force field affects the molecule.
Black and Taylor** experimentally determined the equilibrium constants for the
reaction

HT + H,O =H, + HTO

over the temperatuse range 16 1o 303°C and found that they compared quite well with
the theoretically derived values of Libby (Table 2.5); the experimental values were

Table 2.5

EQUILIBRIUM CONSTANTS FOR THE
REACTION HT + H, 0 = H, + HTO

Experimental Theoretical

Temperature, equilibrium equilibrinm
°C constant®® constant *3:44
16.0 6.75 £ 0.04 6.47
20.2 6.47 £ 0.02 6.24
25.0 6.25 £0.05 6.01
56.2 5.05+0.05 4.84
79.6 437 +0.05 4.23

111.2 3.76 £ 0.04 3.64
158.4 3.10 £ 0.06 3.03
217.1 2.64 £ 0.04 2.54
302.9 2.17 £0.02 2.08

consistently higher, but they were within the predicted limits of accuracy estimated by
Libby. The experimental values can be summarized by the equation

log K = 0.292 log T + (336.5/T) — 1.055

Roesch*® estimated that tritimmn gas would be easily converted to tritiated water in
the atmosphere in the presence of a suitable catalyst. He felt that it might be possible
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to store tritium gas in the absence of a catalyst with little or no conversion to tritiated
water since deuterium gas undergoes little exchange with water without a catalyst,
Jonizing radiation can cause the exchange of hydrogen isotopes beiween their gases
and water.*®*® Studies by Dorfman and Hemmer®® showed that the beta radiation
from tritium decay is sufficient to initiate a reaction between tritium and oxygen to
form tritiated water. Yang and Gevantman®”? suggest that the conversion of tritium to
tritiated water in the atmosphere by this process would amount to less than 1% per
day.

Bond®?! indicates that tritium produced by a nuclear explosion will be practically
100% converted to tritiated water and mixed with environmental water. He also finds
that the reverse of the preceding reaction,

HTO+H, =HT +H,0

is catalyzed at 600°C by a number of oxygenated salts, calcium sulfate being especially
effective. Even in the Gashuggy experiment, conducted in a formation having 11%
porosity filled with liquid water (59% of the volume) and short-chain hydrocarbons at
84 atm of pressure (41% of the volume), only about 5% of the tritium was found in
the gas phase.®?>5% The nongaseous tritium was assumed to be in the form of HTO.33

Harteck®? bases his discussion of the relative abundance of HT and HTO in the
atmosphere on several reactions. Whea tritium atoms are formed by cosmic radiation,
they initially have a high kinetic energy. He suggests that the most probable initial
reaction for tritium at pressures below atmospheric pressure is a three-body collision
with oxygen to form the rather stable radical TO,. Subsequent reactions of the TO,
would be expected to yield HTO, but not HT, in the atmosphere. He suggests that
repeated photochemical decomposition of TO, and reactions with ozone are necessary
to account for the relative abundance of HT and HTO. A second possible initial
reaction is the collision of tritinm with an H, molecule with resulting isotopic
exchange.

Altitude has a pronounced effect on the reactions that occur in the atmosphere.
Below 5 km, TO, will be consumed to form IHTO. In the region from 10 to 40 km, HT
would be the predominant form, and above 40 kin the concentrations are so small that
the contribution of HT to the total tritium is negligible. Harteck also states that the
tritium concentration in atmospheric hydrogen should remain rather stable, but the
tritium concentration in rainwater may be expected to vary with locality, as shown by
Libby.5S

Harteck®* found the specific tritium activity of atmospheric methane to be several
orders of magnitude higher than that of rainfall and somewhat less than that of
atmospheric hydrogen and stratospheric water vapor. Martell®® concludes that in ther-
monuclear clouds tritiated hydrogen is produced in the stratosphere by radiative
dissociation of water under oxidizing conditions. The occurrence of tritiated methane
is explained by the tropospheric exchange of methane with the tritiated hydrogen that
has moved down from the stratosphere.
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Isotopic Exchange in Organic Molecules

The exchange between deuterium gas and methanol or water is catalyzed by
platinum and proceeds at a convenient rate at room temperature.® 7 This reaction is
limited to the exchange of hydroxyl hydrogen. Eastham and Raaen®® found an
exchange between ftritiated isopropyl alcohol and the active hydrogens of organic
compounds. The number of active hydrogens determined by fritium exchange is in
good agreement with the number expected. Lang and Mason®® used tritium exchange
between the hydroxyl hydrogen of celivlose and water vapor to study accessibility.
The incomplete reversibility indicated changes in accessibility which occurred during
wetting and drying. For amylopectin, an apparent accessibility of 123% of the
hydroxyl hydrogen was obtained, indicating that isotopic effects are operative. Two
isotopic effects were concluded to be responsible---one in the exchange reaction and
the second in the recovery of tritiated water.

Leach and Springell®® used tritiated water to study the exchangeable hydrogen
atoms in proteins. They consider that although carbon tritiation in proteins is unlikely,
it might have the best chance of occurring when racemization at asymmetric centers is
possible or when specific activities due to tritiation at nitrogen and oxygen centers are
so high that selfradiation induces labeling at adjacent carbon sites. Cha®! used
tritium-exchange techniques for determining the alcoholic and carboxylic groups of
polyethylene terephthalate.

When nuclear transformation occurs, the emission of a particle or gamma ray gives
the resulting species a recoil momentum that is very large in chemical terms.®?
Wolfgang and his associates®? suggested that recoil tritium (so-called “hot atoms”)
could be used for labeling organic compounds. In this case, tritium labeling is not
restricted to the replacement of active hydrogens; the recoil momentum of the
(*HeT)" formed by beta decay is sufficient to break C--H bonds and allow substitution
of tritium at any position occupied by a hydrogen atom. The proposed technique is
limited since it does not lead to very high specific activities or to the labeling of
specific positions obtainable by chemical synthesis. Wilzbach®? developed the recoil
technique and found that exposure of organic compounds to tritium gas yields
products of high activity without extensive radiation damage. Tritium is distributed
throughout the product, but the distribution is not completely random. The
advantages and limitations of tritium-recoil labeling have been discussed by Rowland
and Wolfgang.%*

In addition to recoil labeling, organic compounds can be labeled by beta
labeling®>™72 and by beta radiolysis of T, (Ref. 68). Beta labeling is the term applied
when the labeling reaction is initiated by electrons.®>>?? The electrons can be supplied
internally by the beta decay of one of the reactants, such as tritium, or they can be
added from an external source. Formation of tritiated ethylene involves both recoil
labeling and beta labeling;®® the rate is independent of temperature and is not affected
by the presence of nitric oxide. Tritiated ethane, propane, and n-butane are formed
exclusively by beta labeling. Their rate of formation is increased by decreasing the
temperature, and nitric oxide reduces their production to nearly zero. The labeling
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yield per beta decay for tritiated methane, ethane, and propane increases linearly with
tritium concentration.®® Yields decrease when T, is replaced by HT, but irradiation
with an external gamma source increases yield.

In a study of exchange between tritium gas and methane, Pratt and Wolfgang®’
obtained kinetic data indicating the existence of all three mechanisms discussed in the
preceding paragraph. The recoil-labeling reaction shows a first-order dependence on Ty
pressure and is insensitive to scavenging by xenon. Beta labeling gives an observed 3/2
power dependence on T, pressure and is inhibited by the presence of ion scavengers.
The beta radiolysis of T, is felt to be the cause of a small square-power term in the
kinetics.

Lee, Tang, and Rowland”® substituted recoil tritium atoms on the carbon skeleton
of numerous saturated hydrocarbons and halocarbons and found that significant yields
of variously labeled olefins were produced, perhaps as the result of the replacement of
a single group in the primary energetic process followed by the elimination of a small
molecule from the excited labeled product. Shores and Moser”® found that reacting
tritium atoms of intermediate energy with unsaturated hydrocarbons resulted in both
addition and substitution. With saturated hydrocarbons, substitution was the principal
reaction.

Isotopic Effects in Tritium Reactions

Swain and Schaad’® derived an equation to describe the relation between the
isotope effects of tritium and deuterium based on quantum mechanics considerations:

kH kH 1.442
T Mk

where ky, ky, and ki, are molecular constants pertaining to hydrogen, tritium, and
deuterium, respectively. The value of o has a low-temperature limit of 1,000 and a
high-temperature limit of 1.050. From a consideration of the birational partition
function, a can be expected to vary from 0.907 to 1.157. As an experimental test of
the derived equation, Swain and Schaad measured the rate of racemization of
a-phenylisocaprophenone and compared this rate with the rates of exchange of
deuterium between a-phenylisocaprophenone-o-d and water or of tritium between
a-phenylisocaprophenone--t and water. For these studies the deuterium isotope
effect, k;;/kpy, was 5.02, from which the tritium isotope effect was calculated to have
a maximum of 11.8, a high-temperature limit of 10.7, a low-temperature limit of 10.2,
and a minimum of 9.7. The observed tritium effect, 10.2, was well within the
predicted range and agreed most closely with the low-temperature limit.

Bigeleisen?” developed the theory of relative tritium—hydrogen and deuteriumn—
hydrogen isotope effects for both kinetic and equilibrium processes. He concluded
that the lower limit of the ratio log &y _y1/log oy .4y should be 1.33 and the vpper limit
1.55. Smali effects occur in systems where there is no significant change in the

1
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chemical bonding of the labeled hydrogen atom in the net reaction. The largest kinetic
and equilibrium effects arise when the labeled hydrogen is strongly bonded in the
reactant and is loosely bonded in either the product or in a transition state. Abnormal
ratios of tritium-to-deuterium isotope effects provide evidence of such phenomena as
tunneling.

Bigeleisen'® also found that kinetic isotope calculations yield exactly the same
results as calculations of equilibrium isotope effects and that they are the same as
those obtained from collision theory. The preexponential, or temperature indepen-
dent, factor is the ratio of the square roots of the molecular weights of the reactants
and the transition states. At high temperatures this ratio is exactly cancelled by the
Boltzmann excitation terms.

Kinetics of the base-catalyzed exchange of acetone, deuterated acetone, and
tritiated acetone indicate secondary isotope effects to the extent of 5 to 10% (Ref.
79). For the limited data, the values of the ratio of log (ky;/ky)/log (ki /ky) seem to
be about 1.44, which is to be compared with Bigeleisen’s limits of 1.33 and 1.55.
However, the experimental values of ky/k; were considerably higher than those
predicted by Swain’s equation.

Varshavskii®® calculated the distribution coefficient of tritium between various
hydrogenous substances on the basis of statistical mechanics and estimated that values
as high as 20 can be obtained for the hydrides of alkali metals. Kandel®! measured the
rates of the forward and reverse reactions of CH, with T, to give successively CH5 T,
CH,T,, CHT3, and CT,4. Equilibrium constants calculated from the steady-state
concentrations were close to the high-temperature classical values.

78

TRITIUM-PRODUCING
REACTIONS

Oliphant, Harteck, and Rutherford®? first detected tritium following deuteron
bombardment of compounds containing deuterium. The tritium was ascribed to the
reaction

H+2H-»>H+'H+4 Mev
Dee®? confirmed this reaction and the reaction
2H+2H~*H+'a+ 3.3 Mev

by observations of tracks in a cloud chamber. Bonner®* studied the energy
distribution from this second reaction and concluded that *H might spontaneously
disintegrate, with a long halflife, into He by emission of an electron. Verzaux®® has
reviewed the details of these and other tritium-producing reactions. The cross section
is 1.3 x 10™ barn for incident deuterons of 15 kev and increases rapidly to 107 barn
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toward 60 kev and 0.052 barn at 300 kev. There is a maximum of 0.09 barn at 2 Mey,
and this value is maintained up to 3.5 Mev. At 10 Mev the cross section is 0.073 barn.

Chadwick and Goldhaber®® discovered that neutron irradiation of ®Li produces
tritium by the reaction

SLi+'n->%He + 3H+ 4.69 Mev

The singly charged particles had a maximum range of about 5.5 cm in air, whereas that
of the doubly charged particles was less than 1.5 cm. For thermal and slow neutrons
this is the principal reaction in the neutron irradiation of lithium.®? For fast neutrons,
7Li plays the principal role. For producing *H from lithium, the incident neutrons
should be as slow as possible. Neutron irradiation of lithium metal or lithium salts is
one of the predominant methods for the production of tritium.?-## Lithium fluoride
was found to be a good source of lithium since the fluorine has a low cross section and
the tritium that is produced is easily liberated.®®

Chadwick and Goldhaber®® also found that neutron irradiation of *®B produces
tritium. Cornog and Libby®® suggested the reactions

104+ 1n58Be +3H + 0.2 Mev
and
B +10+°Be + 3H+9.6Mev
Other neutron reactions in boron which lead to the production of tritium are®®
198(n,20)T
198(n,0)" Li(n,na)T
and
19B(n,q)°® Be*(n,a)® Li(n,a)T
The last reaction probably does not lead to the production of tritium because the
?Be* is unstable and decays to a neutron and two alpha particles.®® The first two
reactions are time dependent and can contribute substantially to tritium production in

reactors.”® Cornog and Libby®® found that neutron irradiation of nitrogen com-
pounds forms tritium according to the reactions

AN+ >12C+3H - 4.3 Mev
and

1*N+'n->3%He+3H — 11.5 Mev
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These reactions require a source of energetic neutrons.
O’Neal and Goldhaber®! found that tritium is produced by deuteron bombard-
ment of beryllium by the reaction

®Be + 2H > #*Be + *H + 4.53 Mev
Tritium is also produced in beryllium through reaction chains®®
?Be(n,o)® Li(n,a)T
and
®Be(n,t) Li

The (n,t) reaction, however, has a threshold above 10 Mev and can usually be
ignored.”® Tritium is also produced when copper, silver, or antimony is bombarded
with deuterons.’? The (*H,?H) reaction also takes place with fluorine and with other
elements.® %8

Coon and Nobles® 7 determined that bombardment of *He with thermal neutrons
produces tritium with a cross section of about 5000 bams. King and Goldstein®®
found that for fast neutrons the cross section is inversely proportional to the velocity
of the neutrons.

Proton bombardment®¢+°%-1%% and helium bombardmen also pro-
duce tritium. Libby'®® had first suggested that tritium was produced from
atmospheric nitrogen by bombardment with cosmic-ray neutrons and that most of the
atmospheric belium results from the decay of tritium.!®* Later studies of tritium
production by high-energy protons led to the conclusion that most of the naturally
occurring tritium is produced by primary cosmic-ray reactions.!®® The rate of
production was cstimated to be 0.082 tritons/cm? /sec, compared with 0.05 for
intermediate-energy-neutron reactions and 0.01 for low-encrgy-neutron reactions.
Later estimates range as high as 2.0 tritons/cm?/sec for the total atmospheric
production rate.!®%'!'% Some controversy arises regarding whether some of the
tritium is accretzd from extraterrestrial sources or whether it is all produced in the
carth’s atmosphere and in incoming meteors (Refs. 107, 109, 111, 114-118).

Albenesius' ' °*12° was the first to establish that tritium is produced as a fission
product at the rate of 1 atom per 1 x 10% to 2 x 10* fissions for three types of
material, natural uranium, enriched uranium, and a mixture of transuranium nuclides.
For natural uranium a fission-to-tritium ratio of (1.05 + 0.09) x 10* was obtained.!2°
Sloth and his associates' 2! obtained a ratio of (1.25 * 0.15) x 10* for the fission of
natural uraniurmn. Watson!2? obtained a ratio of 4500 * 900 fissions per tritium atom
for the spontaneous fission of **2Cf. This ratio was confirmed by studies of
Wegner' 2% and of Horrocks.' *

One of the major sources of tritium is the neutron irradiation of deuterium.®> The
cross section has been established as 5.7 X 107 barn by Kaplan and his associates.” **

196,101,102
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In light-water reactors the natural concentration of deuterium is about 0.015%.°°
Deuterium can also be formed by the reactions

'H(n,)*H
10B(n,2an)?H
and
160(n,d)! *N

The production of deuterium from neutron capture by protium almost doubles the
deuterium concentration during one year of irradiation.’® The production of
deuterium from the other two reactions is much smaller and can be disregarded.®®
Of course, in heavy-water reactors the supply of deuterium is orders of magnitude
greater; so tritium production is much higher than in light-water reactors.

SUMMARY

Tritium closely follows the reactions of ordinary hydrogen. However, the relatively
large mass differences between the hydrogen isotopes make isotopic effects easily
discernible. At room temperature the reaction of tritium to form tritiated water is
favored, and most of the earth’s inventory of tritium exists in the form of water.

Tritium is produced by a number of nuclear reactions, including fission. Some of
the more important sources are ternary fission and neutron irradiation of deuterium,
lithium, and boron.
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SOURCES OF TRITIUM PRODUCTION
AND ITS RELEASE

REACTORS
Light-Water Reactors

Tritium can be produced in reactors by neutron bombardment of a number of
elements and by fission of the reactor fuel.' Fast neutrons produce tritium from the
108 of control rods or from the 1*N in residual air. These sources, however, are small
compared with the thermal-neutron irradiation of the deuterium, *He, or 5Liin the
reactor coolant.? In light-water reactors, Bramati® estimates that the amount of
tritium produced by the irradiation of deuterium and that by the irradiation of lithium
impurities are about equal in magnitude, except in a special case where 0.5 ppm
lithium was added to the primary circuit of the Shippingport pressurized-water reactor
to provide monitoring of the neutron flux in the core. When lithium-based cation
exchangers are used for cooling-water purification, tritium production may be quite
high. For thermal and slow neutrons, the production of tritium from lithium is due to
the ®Li isotope; for fast neutrons, ’Li plays the principal role.> A changeover from
natural LiOH resin to 7 LiOH resin in the Bettis pressurized-water reactor reduced the
tritium concentration® in the primary coolant by a factor of 100.

The yield of tritium produced as a fission product in reactors is 0.01%. Fission
probably produces more tritium than all other sources in light-water-cooled
reactors.®*® However, significant quantities of tritium may be formed by fast-neutron
reactions with soluble baoron, which is frequently used in pressurized-water reactor
coolants as a chemical shim. Early studies indicated that only a very small fraction of
the fission-product tritium diffuses out of the fuel and cladding into the reactor
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coolant.” Much of the fission-product tritium (47 to 64%) at Hanford could be
accounted for in the low-level waste streams associated with fuel reprocessing®
Albenesius and Ondrejcin® found that about 25% of the tritium was released in the gas
phase during fuel dissolution. In hot-cell experiments at Oak Ridge National
Laboratory, less than 1% of the tritium was evolved during dissolution of highly
irradiated ThO, —~UOQ, fuel specimens.’® This latter value is more nearly the fraction
of tritium found in condensed vapor from the operating Redox stack at Hanford.?

In contrast with these findings, Ray, Wooton, and Barnes® suggest that as much as
80% of the fission-product tritium will recoil into the stainless-steel cladding of
uranium oxide fuel elements and will be able to diffuse from the cladding into the
primary-coolant stream. On the basis of their estimates of the rate of diffusion, they
suggest that within about a day of start-up the tritium leakage rate is equal to the
tritium production rate. Their theoretical calculations were in rather close agreement
with operating experiences at the Portable Medium Power Plant (PM-3A) reactor.
Correlations between calculated and observed tritium levels at other reactors were
quite poor; the calculated values were considerably higher than the observed values.®
One plant operating with Zircaloy-clad fuel experienced no buildup of tritium in the
primary coolant,® which suggests that, owing to tritide formation, Zircaloy cladding
may provide a barrier to tritium diffusion; but the evidence is not conclusive. Most of
the tritium that diffuses into the coolant stream is expected to be converted to HTO.
Smith' ! asserts that the diffusion of fission-product tritium into the reactor cooling
water would be masked by the tritium formed from boron, if boron was in the water
to control reactivity. In reactors with no boron or lithium present in the water, on the
order of 1% of the fission-product tritium was estimated to have diffused through
stainless-steel fuel cladding, in comparison with only about 0.1% that diffused through
Zircaloy cladding.'*

Heavy-Water Reactors

Heavy water can be used as a moderator, a reflector, and a coolant in certain types
of reactors.”*'2°1% Tritium is formed in these reactors primarily by neutron bom-
bardment of deuterium.” Although some fission-product tritium can penetrate
thin fuel-clement claddings, this addition to the induced tritium activity of heavy
water is negligible compared with the activity produced from deuterium.” The
congentration of tritium in the heavy water is a function of the reactor power level
and the irradiation time. Losses of tritium from the heavy water are quite low.'?

Three reactions play a role in the tritium chemistry in such a system: (1) the DTO
formed by neutron irradiation can dissociate to form tritium radicals that further react
with deuterium radicals to form DT, (2) D, O can react with DT to form DTO and D,,
and (3) the probability of deuterium-radical formation in the radiolysis of DTO is
about twice that of tritium-radical formation, so the hydrogen molecules formed will
be depleted in tritium. The first process would lead to tritium discharge as a gas, and
the last two processes would favor tritium retention. The tritium history of the RA
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reactor at Vinca, Yugoslavia, calculated on the basis of the reactor power history,!®
indicated that the retention of tritium was favored. When heavy water serves as a
coolant as well as a moderator, the complex system of heat exchangers and lines
provides opportunities for line breaks and occasional spills.”*'® The primary hazards
are to operating personnel since tritium absorption through the skin is equal to
absorption by respiratory processes.”*!3:1¢

External losses from heavy-water reactors are relatively small. At Chalk River
about 3 curies of tritiated water vapor is released daily from the reactor stack,’” and
the moderator contains about 4 curies of tritium per liter. Releases of tritium to
surface water at the Savannah River Plant are due primarily to releases from
heavy-water reactors. The concentration of tritium in the Savannah River ranges from
10° to 1.4x 107 pc/ml, or about 0.3 to 0.4% of the maximum permissible
concentration.!®'!® However, tritium activity induced in a large heavy-water power
reactor will be of the same radiological importance as all other isotopes together at a
normally operating reactor station because, unlike the other radionuclides, T,O is a
constant hazard owing to its appreciable vapor pressure.”*2° In terms of total hazard
potential, on the other hand, the tritium contained in a heavy-water reactor has a
lesser hazard potential than does the fission-product activity of a single fuel rod. 2’
The preliminary hazards analysis of the Heavy Water Components Test Reactor
(shutdown in 1964) suggested that primary-coolant leaks up to 4.5 gal/min might
escape detection.’® Bergstrom, Devell, and Gebert®! considered the possibility of
excessive tritium release from heavy-water power reactors of the Swedish type and
concluded that (1) continuous leak rates cannot exceed more than about 30,000 curies
per year, (2) environmental hazards due to tritium are nonexistent, and (3) normal
reactor operation will not create tritium levels inside the plant that are difficult to
cope with. Holimquist” takes exception to these conclusions and suggests that leakages
of heavy water could realistically average 2 or 3% of the inventory annually.” He
further suggests that, even if it could be safely stated that there is very little actual
hazard to the public due to these continuous releases of tritium, extensive surveying is
necessary to ensure that the tritium levels are well below acceptable values.’

TRITIUM-PRODUCTION PLANTS

Fusion reactions involving DT require much less severe conditions than those
involving DD;?? hence, there is a demand for the production of large quantities of
tritium for use as a thermonuclear fuel. In addition to this demand, there is a demand
for tritium for use as a radioisotope. Tritium can be produced economically in a power
reactor by irradiation of lithium metal, alloys, or salts.2?7%%

In a thermonuclear power economy based on DT reactors, efficient breeding of
tritium in blankets around the machine would be required.2” The ®Li reaction offers
the only real hope of attaining total tritium regeneration.?® Tritium produced from
lithium metal or LiD could be used directly as fuel, but tritium produced from other
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lithium salts would require processing.?” Lithium fluoride has been found to be a
good source of lithium. The tritium produced can be liberated by heating the fluoride
above 450°C (Refs. 28-32). Other suggested sources for lithium are fused LiNO;,
from which tritium would be produced as T, O in the gas phase;? lithium metal;3-3*
lithium-—aluminum alloy;>% and lithium—magnesium alloy.*®

The amount of tritium released to the environment from these sources would be
small because the value of tritium as a fuel makes its recovery economically attractive.
The tritium would be purified as T, gas, and releases to the environment would
probably occur through releases of the free gas to stacks.

Thermonuclear Detonations

In a deuterium—tritium bomb, 10 single deuterium—tritium reactions release 180
Mev of energy, which is equivalent to the energy released by a single fission event, and
10 neutrons, in contrast to 1.5 neutrons in a fission device of the same energy.>” In a
pure thermonuclear detonation, Leipunsky®? estimates that there is a rtesidual of
about 0.7 kg of *H per megaton-equivalent explosion.* In addition to this yield of
tritium from the fusion reaction, the neutron irradiation of nitrogen®® may yield an
additional 0.15 kg of *H. Miskel®® suggests that the residual tritium may range as high
as 5.0 kg of *H per megaton equivalent,

The concentration levels of tritium in rain rose sharply after the Castle series of
tests in the spring of 1954 (Refs. 40 and 41) and briefly reached peak concentrations
two orders of magnitude above the natural level. The quantity of tritium de-
posited during these tests suggests a minimum production of 1.16 kg of *II per
megaton-equivalent explosion.??**® Most of the bomb tritium is apparently oxidized
to water and removed from the troposphere by precipitation,®® although the
tritium-to-hydrogen ratio for atmospheric hydrogen gas and wmethane is much
higher.*? The concentration of tritium in stratospheric water had risen from about
9 tritium units (TU) in rainwater prior to nuclear testing to a level of about 1 to 7.2 x
10° TU in 1960. Since early 1958 much of the tritium has been injected into the
stratosphere where scavenging by precipitation is not so rapid as it was in the period
following the Castle tests.**

In underground fusion explosions the tritium would be expected to be present
mostly as tritiated water and to move with the groundwater.** Partition of radioactive
debris between the stratosphere and troposphere varies with the height of the shot, the
latitude, and the yield.*?'*® However, Bibron®® generalizes that detonations at the
ground surface inject into the stratosphere about 20% and those at a water surface
about 80% of the radionuclides released to the atmosphere.

*A l-megaton-equivalent explosion is a nuclear detonation that would release the same amount
of energy as a million tons of TNT; 1 g of tritium is about 9600 curies.
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Natural Tritium Production

In 1938 Sherr, Smith, and Bleakney*” concluded that if tritium is present in
ordinary water its concentration must be less than 1 tritium atom per 10*? hydrogen
atoms. In 1947 Eidinoff*® determined that the upper limit of the tritium content of
ordinary water is less than 1 atom per 10'7 hydrogen atoms. The natural tritium
content has been estimated to be about 4 X 107 tritium atoms per hydrogen atom
for atmospheric hydrogen and about 1 X 10™® tritium atoms per hydrogen atom for
surface water.®®>5 The relative concentration of tritium in atmospheric hydrogen is
about 10° to 10* times that in rainwater,’ °52'5% but the quantity of hydrogen gas in
the atmosphere is a factor of 10% less than the average quantity of water vapor.®®
Begemann® 7 estimates that about 0.12% of the earth’s total of tritium exists as
hydrogen gas, another 0.1% as water vapor, and over 99% is in the hydrosphere,
primarily in the sea. Kaufman and Libby®® estimate an inventory of about 1800 g of
tritium (17 megacuries) on the earth with 11 g (10° curies) occurring in the
atmosphere, 13 g (1.25 X 10° curies) in groundwater, and the remainder in the sea.
Bishop and his associates® ® indicated that in 1958 atmospheric tritium was distributed
between free hydrogen (2 X 10° curies), atmospheric methane (2 X 10° curies), and
rainwater (2 X 10® curies). Harteck®? suggests a total of 6000 g (58 megacuries) of
tritium, with 2 g occurring as HT and the remainder as HTO. Begemann®® later
estimated the tritium distribution shown in Table 3.1.

Table 3.1
NATURAL TRITIUM DISTRIBUTION

Tritium distribution,

% Tritium ratio

Hydrosphere ~90 <10
Troposphere

Water vapor 0.1 <80

Molecular hydrogen 0.021t00.2 4x10*to3.5x% 10*

Methane <0.04 <10°
Stratosphere

Water ~10 6 x 10°

Molecular hydrogen 0.004 to 0.007 3x10° to6 x 10*

Natural tritium production is estimated to occur at a rate of about 0.12 to 2.0
tritium atoms/cm?/sec, with the most probable values near 0.5 to 1.0 tritium
atoms/cm?® /sec (Refs. 40, 57, 61-75). This estimate amounts to an annual production
rate of about 4 to 8§ megacuries and would give a steady-state tritium inventory of 70
to 140 megacuries of tritium. Reactions leading to natural tritium production have
been discussed previously; calculated estimates of tritium production by cosmic rays in
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the stratosphcre are generally lower than the measured tritium accumulation,
suggesting the possibility of extraterrestrial sources of tritinm. Fireman”® suggests that
the major tritium production processes are fasi-neutron irradiation of nitrogen by
cosmic rays and direct ejection of tritium by stars, which together total 0.4 to 0.9
triton/em?® /sec. The slow-neutron reaction on ®Li in the oceans yields less than 107
tritonfcm? /sec; the neutron irradiation of deuterium gives less than 5 x 107 triton/
cm? /sec; and the reactions of neutrons produced during spontaneous fission in ter-
restrial material give less than 107" triton/cm? /sec.

FUEL-REPROCESSING PLANTS

Tritium is produced as a fission product in reactors with a yield of about 0.01%
(Refs. 5, 8, 9, 77-80). Some of the tritium may penetrate thin fuel-element claddings
and escape into the coolant,” but most of it is retained until the fuel is
reprocessed.”*? ! There has been some concern regarding the possible diffusion of
large fractions of fission-product tritium through fuel claddings.,® but this
phenomenon has been seriously questioned after more recent inspection of operational
data.!! Because of the possible significance of fission-product tritium leaking from
fuel elements into reactor coolant water, further studies of tritium levels in the coolant
of operating reactors are warranted. During fuel reprocessing about 20% of the
fission-product tritium appears in the dissolver offgas and is released through the stack
in the gaseous phase.® "' ® Most of the remaining tritium follows the aqueous phase and
is released to the environment in low-level waste streams.®? With present
solvent-extraction flow sheets, only 2 to 5% of the tritium is retained in high-level
wastes.® ' Therefore essentially all fission-product tritium can be considered released
to the environment within a few years of its production. There is an economic
incentive to increase the size of fuel-reprocessing plants since the net fuelcycle costs
are expected to decrease as the processing rate is increased.®® The release of tritium
from large fucl-reprocessing plants may lead to local contamination problems.*©

THERMONUCLEAR REACTORS

Although the development of thermonuclear reactors in the near future seems
rather remote, production of residual tritium in the fusion reaction could lead to a
very considerable tritium-management problem.®®'#° Homeyer®® indicates that for a
thermonuclear reactor producing 312 Mw(e) a daily input of 228 g of tritium will be
required, which equals about 2.2 x 10 curics. About half this tritium will be
produced in an Li, BeF, blanket; the other half will be recovered from unburned
tritium in the plasma. In both instances tritium-separation processes will be required.
Injection of tritium and deuterium into the plasma will be required to offset losses to
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the cxhaust stream and to fusion.®® Some of the tritium may be adsorbed on
components and will not be discharged to the environment,®*'#¢ but Homeyer®®
asserts that losses of tritium by diffusion through coolant ducts, heat-exchanger
surfaces, and other parts of the fused-salt heat transfer loop external to the blanket
could be serious, especially for heat exchangers that have large surface areas at elevated
temperatures. A tritium breeding ratio of 1.15 would result in an increased tritium
inventory of about 9% per year, or a doubling of the inventory in eight years.®® This
increased inventory would be used to counterbalance internal losses and to provide
additional fuel. At this time there is only sufficient information to suggest the
magnitude of the external releases of tritium from such a system.®” However, the
quantities of tritium handled will be considerably greater than those in fission-powered
reactors and will require careful management.
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SUMMARY

Tritium is produced by a number of different types of nuclear activity. Froduction
at heavy-water reactors currently creates the most serious operational problems. As
reactor-fuel reprocessing plants are established, the tritium produced by fission will
eventually be released to the environment. The status of tritium in the coolant of
light-water reactors is still not clear. The possibility of diffusion of fission-product
tritium into the coolant has been mentioned, but the evidence is not decisive. If
diffusion into the coolant is significant, tritium contamination problems might arise at
reactor sites. In this event, the amount of tritium released during fuel reprocessing
would be lowered by whatever fraction had been lost by diffusion. Further studies of
the tritium released to the coolant in light-water reactors and of the tritium retained in
the fuel and released during reprocessing will be required before quantitative
evaluations of tritium releases are possible. Furthermore, it is quite likely that both the
production and release of tritium in light-water reactors will depend on the type of
fuel and cladding used and the energy spectrum of the neutron flux.

Production of residual tritium in thermonuclear weapons and reactors could
present a very considerable source of release. However, the possibility of developing
thermonuclear reactors in the near future seems rather remote. Also, the value of
tritium as a fuel makes its recovery economically attractive; so little would be allowed
to escape.
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PROCEDURES
FOR TRITIUM ENRICHMENT

The natural concentration of tritium in the environment is so low that it cannot be
measured directly.!’? Even with the increase in tritium levels due to thermonuclear
testing, the concentration of environmental tritium remains so low that its direct
measurement is only rarely possible.®* Several methods have been developed,
particularly since 1939, which permit the separation, or at least the concentration, of
many isotopes.® Most of the procedures are physical in character because mass
differences produce greater differences in physical properties than in chemical
properties.> The most commonly used technique for the enrichment of tritium for
analytical purposes is electrolysis.*

In addition to the need for concentrating tritium in environmental samples prior to
counting, there may be a need for separating tritium to reduce the quantities released
to the environment. This separation would be especially necessary in the event of
large-scale use of thermonuclear reactors because large quantities of tritium remain
unburned during the fusion process and must be recovered from the plasma for
reinjection as fuel. Also, additional tritium must be formed in the blanket and
recovered for reinjection to mmake up for losses in the system. In these cases the
separation or enrichment method must be adaptable to relatively large-scale
operations.
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ELECTROLYSIS

According to Moeller,’ electrolysis was first suggested as a means of isotope
separation by J.Kendall and E. D. Crittenden in 1923 but was not confirmed until
1932 when E.W. Washburn and H.C. Urey observed that the concentration of
deuterium in residual electrolytic hydrogen cells was greater than that in ordinary
water. In determining the tritium content of hydrogen in the atmosphere, Faltings and
Harteck® separated hydrogen from the helium-neon fraction obtained during the
production of liquid air, oxidized it into water over CuQO, and increased the tritium
concentration 20-fold by electrolysis.

A good description of the apparatus and procedures used in a single-cell
electrolytic enrichment of tritiated water is given by Oestlund and Weiner,® who
describe a cell similar to the one used by Brown and Grummitt.” In this system large
electrode surfaces arc used with iron as the cathode and nickel as the electrode. From
a 250-ml sample, 50 ml is introduced into the electrolysis cell, and approximately
0.6 g of sodium hydroxide is added. When the volume has been reduced to 25 ml, after
about 24 hr, an additional 25 ml of solution is introduced, and eclectrolysis is
continued. During this time a constant current of 3.0 amp is supplied. After the last
increment of solution has been added and the volume has been reduced to 15 to
25 ml, the current is reduced to 0.4 amp, and electrolysis is continued until the size of
the remaining sample is about 2.5 g. Following electrolytic enrichment, the sodium
hydroxide is neutralized with sodium carbonate, and the sample is distilled. This
procedure provides tritium enrichment ranging from about 6- to 20-fold.

For greater enrichinent electrolysis must be carried out in several stages, with
distillation of the samiple between stages to keep the concentration of the hydroxide in
the optimum range.”"!® With five stages of electrolysis, the tritium concentration can
be increased” by factors of 2,000 to 20,000,

Libby! ! used clectrolysis to enrich tritium in natural waters. He estimated the
enrichment of tritium by measuring the enrichment of deuterium and assuming that
the ratio of tritium to deuterium enrichment is 2.0. Samples were distilled, brought to
3 wt.% NaOH, and electrolyzed in three stages to less than 1cm® using an iron
cathode and nickel anode at 10 to 25°C. He and Kaufman'? studied the electrolytic
enrichment of both tritium and deuterium and found that, although the individual
enrichment factors varied from run to run, the weighted average of the ratio was
2.1+ 0.1, This factor was widely used for estimating the relative tritium enrich-
ment®*7 until Bigeleisen'® showed, theoretically, that the ratio of the logarithm of the
tritium enrichment factor, 8, to the logarithm of the deuterium enrichment factor, a,
should be 1.40 £ 0.01. Calculation of the ratio log f/log o from the data of Kaufman
and Libby!? yields an average value of 1.40 = 0.09, which is in good agreement with
Bigeleisen’s theoretical value. Foster, Purcell, and Wheat!* measured the average
instantaneous electrolytic separation for hydrogen isotopes and obtained values of
a=56, =104, and B/a=1.9. They used nickel electrodes, Na,CO; as the
electrolyte, and performed the electrolysis at 0°C. When expressed as values of log
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B/log @, an average of 1.36 * 0.07 was obtained. Bibron'® compared the results of his
own measurements, those of Qestlund and Weiner,® and those of Kaufman and
Libby'? and found that all were in good agreement with Bigeleisen’s theory over a
wide range of isotopic separation factors.

If the electrolytic enrichment process is carried out at a conveniently fast rate,
water is lost from the electrolysis cell by entrainment and by evaporation.!® The
entrained water has the same isotopic composition as the electrolyte solution, but,
owing to differences in vapor pressures, there is some enrichment of the lighter
hydrogen isotopes in the evaporated water vapor.!® In most experiments these losses
are too small to affect the electrolytic separation, or there may be no need to measure
the enrichment so accurately.’® Oestlund and Weiner® made corrections of their data
for both types of losses. They concluded that losses by entrainment or spraying were
not significant, but, when corrections for vapor losses were made, the ratio of log §/log
a ranged from 1.35 to 1.41 when o, ranged from 4 to 12 compared with an
uncorrected ratio of 1.337 + 0.007 for a conventional batch electrolysis.

Although electrolysis is a relatively simple technique, consistent and reliable results
for high degrees of enrichment require careful attention to the efficiency of cooling,
the temperature of the coolant, current density, and electrolyte concentration.* The
process is satisfactory, however, for enrichment factors on the order of 10 where small
volumes suffice. It is not economically feasible to run water-electrolysis facilities solely
for the purpose of heavy-water preenrichiment; the technique is only possible when the
electrolysis costs can be borne by other industrial processes, such as the production of
ammonia.! 7''® Hence, electrolysis would not be a suitable process for near-
quantitative removal of tritium from water.

THERMAL DIFFUSION

The partial demixing of gases due to a temperature gradient is called thermal
diffusion: the heavier isotopec moves toward the cooler region.®> The existence of
thermal diffusion was first suggested by W. Feddersen in 1873, but its theoretical
derivation was developed independently by D.Enskog (1911--1917) and by
S. Chapman (1916—1917).!® The doctoral dissertation presented by Enskog in 1917
consisted of a rigorous derivation of various gas coefficients, including those of
thermal diffusion.?® The first experimental verification was made in 1917 by
Chapman and F. W. Dootson.”>'' °"2! The degree of separation that can be attained by
thermal diffusion is not large,’?*2? but K. Clusius and G. Dickel discovered that
separation could be greatly enhanced when combined with convection."®

A theoretical discussion of parameters that must be considered in designing and
operating thermal-diffusion columns is given by Jones and Furry?® and by London.?!
In a single column where the absolute temperature of the hot wall is twice that of the
cold wall, relaxation times may be on the order of one year.?! (Relaxation tirne is
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defined as the time in which a fraction1/e of equilibrium is attained.) This time can be
reduced to an acceptable value simply by using a two-stage column.

A two-stage thermal-diffusion column for tritium enrichment has been described
by Verhagen and Sellschop.?® The first stage consists of a 7.2-m-long column of
concentric tubes. The inner tube has a radius of 6.30 cm and is heated to 600°K; the
outer tube has a radius of 8.76 cm and is held at 300°K. Tritium is entiched at the
cold outer wall and is carried downward by convective currents because the cold gas
enriched in tritium has a higher density than the hot gas that has been depleted of
tritium. The second stage consists of a hot-wire column of much smaller capacity. This
column is 2.75m long with a 0.02-cm-radius wire heated to 1200°K inside a
1.50-cm-radius tube maintained at 300°K. With this laboratory-scale apparatus, tritium
enrichments of 100 were obtained after 9 hr and 800 after 30 hr of operation.***3
Because of the concentration gradient that is established, remixing sets in and limits
the enrichment that can be attained.*

Although thermal diffusion is considered a complicated technique, it provides the
advantages of good reproducibility, short-running times, and a relatively high
yield.**?*:2% Impurity concentrations in the separation of tritium from hydrogen
should be kept low because the impurities, which have a higher mass than that of
tritium, are even more easily enriched.>® Thermal diffusion has an added advantage in
that columns can be simply constructed to provide automatic and continuous
separations®*?% that yield several liters of tritium per day with a purity exceeding
99%.
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DISTILLATION

In 1919 F. A. Lindeman presented theoretical arguments indicating that isotopes
could be enriched by distillation since the rates of escape of atoms or molecules from a
liquid surface are generally inversely proportional to the square roots of their masses.’
Preliminary concentration of heavy water has been made using the distillation
technique.®*!? The method is also of interest for intermediate and final enrichment of
heavy water where simplicity and operational safety are more important than
economic considerations.

When enrichment of tritiated water is begun, the species to be scparated are
primarily HTO and H,0. Data on the relative vapor pressures of the two species are
plotted in Fig. 4.1. The separation factor is rather small; so multistage distillation
techniques are necessary for satisfactory enrichments.' 7'32+33 There is also a marked
decrease in the degree of separation as the temperature is increased; the separation
factor is only about 1,036 at 100°C. More efficient separations can be achieved by
using rectification methods (vacuum distillation).! 7-32:33 Zel’venskii and his associ-
ates®? suggest that the optimum fractionation of tritium with respect to water, for
identical times of distillation, is achieved at a pressure of 100 to 120 mm Hg. In this
pressure range water boils at 52 to 55°C.
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The major drawbacks to distillation as an enrichment process are the relatively
long times required for enrichment,**?? the poor reproducibility,®® and the modest
enrichment factors attained.®’>® Following concentration by distillation, further
reconcentration and volume reduction would be required for counting low-activity
tritium samples.®>

Thermodynamically hydrogen gas distillation is much more attractive than water
distillation.’ 7*3% The separation factors are considerably greater, but the low boiling
point of liquid hydrogen requires use of special techniques and handling."”

GAS CHROMATOGRAPHY

Uranium reacts with hydrogen isotopes to yield hydrides with a maximum
uranium-to-hydrogen atomic ratio®® of 1:3. Evans and Wilson®® have used the
differences in the vapor pressure of dissociation of the hydride and the tritide to effect
an enrichment of tritium in a mixture of trititum and hydrogen gases. The vapor
pressure of the tritide dissociation is lower than that of the hydride, and the tritium is
enriched in the initial fractions.
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Haag and Heumann®”? separated tritium from helium by sorbing tritium on
palladium and then evolving the tritium gas at 160°C. Recovery of tritium ranged from
91 to 98%. Glueckauf and Kitt®® found that a 20-g column of palladium could
separate about 1liter of a 1:1 mixture of deuterium and hydrogen. The factor for
separating tritium from hydrogen is about 40% larger than that for separating
deuterium from hydrogen: so even more effective separation should be possible,>®

Hoy?® developed a palladium chromatograph that can be used to detect fewer
than 10 atoms of tritium per 10'® atoms of hydrogen. The system is simpler and
faster than the electrolytic or thermal-diffusion techniques normally used. Columns
operated at ambient temperature have a 70-liter hydrogen capacity and provide 60%
recovery in the first S00 cm® of gas evolved. The technique is specific for tritium and
is unaffected by trace amounts of other radioactive isotopes. Recovery and enrichment
are low if any trace of oxygen remains in the system, and all leaks must be eliminated.
Two and a half hours are required for the tritium to evolve from the column.
Approximately 3% of the tritium remains in the hydrogen generator and may
contaminate subsequent samples if they are significantly lower in tritium. This
contamination can be avoided, however, by baking the generator at 80°C for 2 hr
before reuse.

Extremely pure fractions of the hydrogen isotopes can be obtained, but the
method is not suitable for large-scale separation because of the large quantities of
palladium that would be required and because of the discontinuous mode of
operation.®>® Chadwick®® used this method for the separation of 99+% pure tritium
from 2-liter batches of 16% tritium-hydrogen mixtures with an estimated recovery of
99%.

Gant and Yang*! used a molecular-sieve column at —-160°C to separate hydrogen
isotopes. The hydrogen was also separated into orthoisomers and paraisomers.
Basmadjian®? found that in all cases deuterium was adsorbed to a greater extent than
protium on charcoal, silica gel, and Linde molecular sieves. Separation factors as high
as 2.54 were found for 4A molecular sieves at 75°K and 750 mm Hg. His results
suggest that the differences in adsorption are due to the differcnce in the chemical
composition of the adsorber rather than pore size, surface area, or origin of the
material.*? Duncombe®? looked at the sorption of hydrogen on 4A molecular sieves
and concluded that, although isotopic fractionation is possible during adsorption, the
major fractionation occurs mainly during desorption. Crespi and Perschke*? used
small molecular-sieve columns to obtain an enrichment factor of 17 for a 200-ml
sample of tritiated hydrogen. Charcoal has also been used as a filler for chromato-
graphic columns.®2+*> Jones and Hutcheson*$ found that the isotope effect arises
principally because of changes in the monolayer volume rather than in the
adsorption--desorption energetics.

Smith and Carter®® tested the separation of tritium from hydrogen with a number
of column matexrials. They achieved no separation cn columns filled with palladium on
silica. Separation with a silica column was good when hydrogen was the carrier gas, but
helium failed to elute the isotopes. The best separation was obtained on a column
filled with activated alumina. King*’ found that D, and HT were separable on a
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column of alumina and ferric hydroxide. This finding indicated that differences in the
total mass are not primarily responsible for the separations. King hypothesizes that the
separations are caused by electrostatic interactions between the polarized isotopes and
the oxygen atoms of the Al,O; lattice. West and Marston*® studied the gas
chromatographic separation of hydrogen isotopes having a high tritium concentration
by using ferric-coated alumina. The separation factors obtained were essentially the
same as those found by Carter and Smith*? and by King,*” which indicated that the
tritium radiation level had no significant effect on the separation factor.

Isotopic methanes can also be separated by gas chromatography.®® As King*’
found for the isotopic forms of hydrogen gas, the separation of isotopic methanes is
not due to differences in total mass but is consistent with changes in polarizability that
accompany substitutions.®°

The processing times for gas chromatography are comparable to those for
electrolysis.* ! The method is rather complex, but a high degree of enrichment can be
attained with nearly complete recovery and with high reproducibility.® ! The major
disadvantage is that for aqueous samples large quantities of water must be converted to
hydrogen gas without fractionation.

OTHER METHODS
FOR ENRICHMENT

Numerous other methods are available for separating isotopes. Gaseous diffusion®!
has been used to prepare tritium in excess of 99.9%, but this process is time
consuming.*3 Chemical exchange is used in the production of heavy water and could
presumably be used for the enrichment of tritium.'7+32+54

SUMMARY

Electrolysis is a relatively simple procedure for modest enrichments of tritiated
water where small volumes are sufficient. For large-scale continuous separations,
thermal diffusion seems to have an advantage, especially if the tritiwm exists as the gas.
Gas chromatography appears to have considerable promise as a laboratory procedure
for enrichment for tritium analysis. Although gas chromatography is a complex
method, the recovery and the degree of enrichment are quite high. Furthermore,
tritiated isotopes of simple molecules other than the gas can be separated.
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MONITORING PRACTICES
AND INSTRUMENTS FOR THE DETECTION

AND ASSAY OF TRITIUM

The primary objective of the routine monitoring is to ensure that plant releases of
radioactivity comply with relevant national requirements’ and that local populations
are not receiving excessive exposure to ionizing radiation. Many factors affect the
design of routine monitoring programs. Since radionuclides can move in many paths in
the environment, the International Commission ol Radiological Protection (ICRP)
suggests that only exposure via critical pathways needs routine examination.! For
control purposes the source of radioactivity in the environment should be identified
and the trend of concentration should be predicted.

The low energy of tritium beta emission complicates monitoring and requires assay
by internal counting systems. The instruments used in the monitoring of tritium are
primarily adaptations of the ion chamber, internal gas counters, and the liquid-
scintillation counter.

MONITORING FOR TRITIUM
AT SPECIFIC SITES

Savannah River Plant

The Savannah River Plant is the center of tritium production in the United
States.? Significant gnantities of tritinm are formed and released in three processes:
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neutron irradiation of lithium for the scheduled production of tritium, neutron
irradiation of deuterium in the heavy-water moderators of reactors, and release of
fission-product tritium during the reprocessing of reactor fuels. Both arca and
environmental monitoring and analytical procedures used at the Savannah River Plant
are discussed in Refs. 2 and 3.

Ventilation air from process areas is released to the environment through tall
stacks that are monitored continuously with Kanne chambers.> A Kanne chamber is a
simple, sturdy, and stable monitoring device consisting of a large ionization chamber
through which air is drawn; the cuirent produced within the chamber by iconization is
measured by a micromicroammeter.* Except when tritium concentrations are very
high, there is no problem with internal contamination. Spurious ions produced from
any source are detected by the device; therefore, external penetrating radiation must be
either compensated for or eliminated. This instrument is capable of monitoring tritium
concentrations in air ranging from 107 to 60 uc/fem® (Refs. 2, 5).

At the tritinm separations facility of the Savannah River Plant, 50 continuous air
monitors, equipped with Kanne chambers, are used to monitor air pumped at a rate of
about 150 liters/min from 125 sampling locations.> The Kanne chambers are located
in shielded rooms where the background gamma radiation is low and the output is sent
to a panel board adjacent to the Health Physics office.’

A portable tritium monitor has been developed for measuring tritium concentra-
tions in air in areas having an external gamma-radiation field. It is based on the
air-sampling principle of the Los Alamos 101 sniffer®*” and the Tracerlab tritium-flow
monitor® but has an additional gamma-compensating chamber.® In a uniform gamma
field of 10 mu/hr, there is an error of approximately 10° pc of *Hfem® (Ref. 9).
For accurate results, the gamma field, if present, must be uniform.? The effective
tritium air concentration range that can be measured is 4 X 107° to 2.5 X 1072 ucfcm®
(Ref. 2).

If nonuniform gamma fields are likely, the tritimm concentration in air is
monjtored with a 1-liter jonization chamber and a vibrating-reed electrometer.? The
chamber is evacuated and air is admitted at the sampling point. The chambers are then
removed to a counting area where they are coupled to an electrometer. With this
combination of instruments, tritium concentrations in air ranging from 1.4 x 10™® to
1.4 X 107 pcfem? can be measured.

An ion-chamber instrument has been developed for use as a leak detector to ensure
the integrity of storage bottles containing concentrated tritium gas.®*'? This
instrument can detect tritium leaking at a rate of 1073 cm®/sec over a gas-collecting
period of 16 hr (this corresponds to a total tritium leakage of 0.015 uc); an additional
time of 10 min is required for analysis.! ®

Air and rainwater samples are collected continuously at 15 monitoring stations
spaced on two concentric circles; the inner circle is within a few miles of the plant
boundary, and the outer circle extends 25 miles from the center of the plant.!! Four
additional stations are located on quadrants about 100 miles from the plant. Horton!?
discusses the basis for this geometrical pattern of sampling statidns. Sampling stations
are spaced on concentric circles so that the angles between locations are equal to the
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minimum horizontal dispersion angle as determined from equations of atmospheric
dispersion. This pattern provides a high probability of detecting any significant release
of radioactivity regardless of the prevailing wind direction. The zone of maximum air
concentration from stack releases occurs well within the plant boundary and is not
monitored continuously because the area is not occupied regularly.!® Instead, the
working areas are monitored. The stations near the plant boundary provide
information regarding the maximum concentrations likely off-site, and the sampling
stations at greater distances from the point of release provide base-line data to permit
differentiation between plant releases and fallout from weapons testing. Air is pulled
through a silica-gel column at a continuous rate of 100 cm®/min by an aquarium
aerator pump. The columns are replaced weekly, and the water is distilled from the
sitica gel and counted by liquid-scintillation counting. The concentration of tritium
oxide in air is then estimated from the tritium content of the sampled moisture and
the absolute humidity of the atmosphere. Sampling of stack gases with silica-gel
columns shows that only a small amount of tritium oxide is released by this route."*

Most of the tritiurn oxide is released to seepage basins, and the remainder is stored
with high-level wastes in underground storage tanks.'* Tritium released with aqueous
wastes to seepage pits has been monitored by intercepting the leading edge of the
tritium front before it reaches a flowing surface stream or by correlating fluctuations
in its concentration in seepage basins with those in the groundwater.! 471 ©

Spent-fuel elements are transferred routinely into cooling basins and carry with
them some of the tritium-contaminated heavy-water moderator. Effluent from the
cooling-water basin and water in the Savannah River are sampled continuously by
proportional samplers at 10 locations.>*!' The river samples show the impact of
tritiumn seeping from the seepage basins. The concentration of tritium in the water of
the Savannah River has averaged about 0.3 to 0.4% of the maximum permissible
concentration of 0.003 pe/mt.!*?7°*® In addition to these water samples, milk from
three Jocal dairies and two farms is analyzed for tritium each week. The maximum
average concentration of tritium in milk has been 0.35% of the maximum permissible
concentration suggested by the ICRP for the drinking water of large popula-
tions, 11°17:18

Liquid-scintillation counting, which is rapid and sensitive, is used to determine
tritium in aqueous samples. For special samples requiring a detection limit of S x 107
ge/ml, 300ml of the sample is concentrated to 10ml by e]ectrolysis.3 A
concentration factor of 12 is achieved by a current flow of 25 amp for 48 hr (Ref. 3).

Pacific Northwest Laboratory
McConnon'? recently reviewed the present methods used for tritium monitoring
at the Plutonium Recycle Test Reactor (PRTR) at the Pacific Northwest Laboratory.
The two tritium monitoring systems installed at the PRTR have been developed on
experience gained from handling tritium since about 1950.

The first system employs a single 16.3-liter Kanne chamber and continuously
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draws, in sequence, samples from six operating areas of the containment vessel by
means of a manifold and solenoid valve arrangement. The results are spurious owing to
fission-product gases and nonradioactive ions in the air; so this system is used only to
indicate the possible presence of airborne tritium. The instrument readout is displayed
on a multipoint recorder in the control! room.

The second system continuously monitors the tritium concentration in the
exhaust-air duct by drawing a small sample through a commercial tritium monitor. The
first sampling system tested to supplement the Kanne chamber system consisted of
1-liter ionization chambers which were evacuated and then used to sample air from a
work area. This system proved unsatisfactory because the results were affected by the
presence of gaseous fission products. A second system was tried in which sampling
cartridges of silica gel were used. The silica gel was effective in discriminating against
nontritium airborne contamination but was time consuming and required heating and
vapor-condensing equipment. Finally, a satisfactory method was developed in which
air is bubbled at a known rate through a gas wash bottle filled with a known volume of
distilled water. The tritium concentration in the water is determined by liquid-scintilla-
tion counting and the air concentration is calculated. The method has proved to be
both sensitive and reliable.

Some of the samples of the water vapor in the exhaust-stack air, which are
routinely collected in a freeze trap to determine heavy-water loss from the stack, are
also analyzed for tritium.!®

Gaseous wastes at Pacific Northwest are released to the atmosphere through 200-ft
stacks.?® lodine-131 is the radionuclide of principal interest in the offgases. Routine
analysis for other specific nuclides in the gaseous effluents was discontinued in 1963 in
favor of gross-activity measurements because previous analyses had shown that releases
other than '?'I were normally insignificant. As mentioned earlier, the ICRP
recommends that only exposure via critical pathways be routinely monitored.! If it
can be shown that releases of radionuclides from the installation result in a trivial
radiation dose to man, then the release of these materials may be measured and
controlled without making any environmental measurements.' Likewise, the relative
abundance of tritium in reactor cooling water is considered to be on a trace level and
of no serious consequence.?®

Following the discovery that tritium is a fission product, Haney, Brown, and
Reisenauer®' analyzed the separations-plant waste streams and local groundwater for
this radionuclide.22*23 About 47 to 64% of the theorctical quantity of fission-product
tritium is discharged to the ground in process waste streams.?''?? Most of the
remaining tritium is believed to be released to the atmosphere as a gas or stored with
high-level liquid wastes in underground tanks.?''?? Tritium concentrations of over
107 pe/em® were found in groundwater-monitoring wells located up to six miles from
the disposal site.2'2? The preferential direction of flow is toward the Columbia
River, with local variations in flow patterns that are in agreement with the anticipated
movement based on previous hydrologic and geologic studies.?! Some of this tritium
may be entering the Columbia River, but the concentrations are too small to be
detected.??
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National Reactor Testing Station

Most of the tritium released at the National Reactor Testing Station (NRTS)
originates from the dissolution of fuel elements during reprocessing and is released as
waste.”*'?5 The tritium was formed by ternary fission and by neutron irradiation of
®Li, which was used as a brazing flux in old-style reactor fuel elements®?:2®
Approximately 18,000 curies of tritiumn has been released to the ground at NRTS.2*

The concentration of tritium in the wastes streams released to the ground is higher
than the concentration of all other radionuclides combined but is still less than the
radicconcentration guide (RCG = 3 x 107 uc/ml).2% 2% Tritium has been detected in
groundwater downgrade from the disposal well over an area of about 75 square
miles.242¢ At the detectable perimeter of the contaminated groundwater, the
concentrations have been diluted to less than 3 X 107 uc/ml and thus do not
constitute any potential for contamination of the drinking water.2* Sampling of 22
on-site production wells that supply water for human consuruption showed an average
tritium  concentration of 0.02% of the maximum permissible concentration.?”
Although these releases are not considered critical by the ICRP recommendation,
knowledge of the behavior, in addition to other hydrologic and geochemical
information, provides a basis for predicting the moveinent of other more hazardous
radionuclides in that particular environment.

In addition to the discharges to the ground, a quantity of tritium estimated to be
between 15,000 and 140,000 curies has been discharged to the atmosphere through a
stack.?* On-site samples of precipitation are in good agreement with those obtained in
the Salt Lake City area, and it is concluded that operations at NRTS have no obvious
effect on the tritium contamination of local precipitation.”?

Challik River

Tritium is produced at Chalk River when heavy water is irradiated in a
reactor.?®3% Methods have been developed for detecting tritium in air in the presence
of significant background gamma radiation.?®***33 An instrument described by
Cowper and Simpson®! employs a pair of compensated ion chambers to achieve
satisfactory operation in a fluctuating background of several milliroentgen per hour of
gamma radiation without shielding. One ion chamber responds to background gamma
radiation plus gaseous radioactivity: the other chamber is sealed and responds only to
the background gamma radiation. The two chambers have opposite polarization: so the
d-c amplifier ineasures only the net ionization contribution from the gaseous
radioactivity. Tritiuin concentrations of 2.5 X 10™ uc/ecm? can be detected.?

Osborne and Cowper®® found that much better compensation for the external
gamma field could be obtained when one ionization chamber was placed within the
other rather than having the chambers placed adjacent to one another. The adjacent
placement of the chamber caused the compensation to be dependent on the
gamma-field direction. Also, the ionization chamber volume was increased from 4 to
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40 liters for use as an area monitor, and a 1.2-liter chamber model was devised for use
as a portable monitor.?3

Sannes and Banville®? developed a monitor that uses a spiral plastic scintillator for
detecting tritium. This arrangement has an advantage over an ionization-chamber
detector since it is possible to select only those pulses that correspond to the energies
of tritium beta particles. The scintillations are detected by two photomultipiier tubes,
and a coincidence circuit is used to screen out noise. An electronic circuit has also
been incorporated to make the instrument less sensitive to gamma radiation. Under
ideal conditions the instrument can detect 10 uc of >H/cm®. As the external gamma
ficld increases, the sensitivity to tritium is reduced by 1.5 x 10°® pcfcm?® per 1 r/hr
gamma field.

In addition to the use of tritium monitors for health physics applications, these
instruments have also been useful in discovering leaks in heavy-water systems.?®
Bayly, Booth, and Stevens®* developed an instrument to analyze liquids by
automatically measucing their infrated absorption at two or more wavelengths. The
instrument was specifically developed for monitoring the isotopic purity of heavy
water. When heavy water contains a known concentration of tritium, the instrument
can monitor tritium without being influenced by other radioactive contaminants in the
air.3*

About 3 curies of tritiated water vapor is released daily from the reactor stack at
Chalk River.>® The total deposition for a 4-month period was measured by taking
samples of snow in March 1962. The samples were distilled, and the tritium was
measured with an anticoincidence liquid-scintillation counter. Elevated tritium
concentrations were found in the snow in the vicinity of the Atomic Energy of Canada
Ltd. Project area, especially near the NRU reactor, probably due to the escape of
tritium oxide vapor from the reactor building.>? The concentrations decreased
regularly with distance from the stack.

Low-level radioactive wastes discharged into the ground at Chalk River contain
fission products as well as tritium produced by the irradiation of heavy water.?® The
tritium migrates through the ground at roughly the same rate as the groundwater and
has become dispersed over a much more extensive arca than other radionuclides.
Parsons’® made an intensive survey of the movement and dispersion of the tritium
that has been released and correlated the movement of tritium with the hydrology of
the disposal area. The movement of the tritium is toward Perch Lake; from Perch Lake
the water moves through Perch Creek into the Ottawa River.

One of the more interesting aspects of the tritium-monitoring program at Chalk
River was the reconstruction of environmental dispersion of tritiated water by
analyzing cellulose from the annual growth rings of a tree grown in the liquid-waste
disposal area.?® Water with high tritium content had penetrated to the 1945 ring and
beyond, but no tritium was observed in the separated cellulose predating 1958. From
concentrations in the cellulose, it was determined that tritium first appeared in 1958
and reached a peak in 1962. This technique enables an investigator to determine the
historical increases of tritium in groundwater after they have occurred.
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OTHER INSTRUMENTS
FOR MONITGRING TRITIUM IN AIR

Because of the extremely low penetrating power of tritium beta particles, ordinary
beta-sensitive devices are not adequate for tritium air monitoring.>® Other instruments
than those described in the preceding section have been developed which use various
modifications of internal counting,.

lonization-Chamber Instruments

Ionization chambers enable the measurement of tritium in external gamma-
radiation fields. Pittendrigh and Vousden®? developed a differential ionization-
chamber instrument that can operate with no significant error in a uniform gamma
field. Gamma compensation was achieved by using two ionization chambers with a
common central electrode but with the outer electrodes equally and oppositely
polarized. Kowalsky®® patented an instrument that compensates for background
radiation by using oppositely polarized ionization chambers and removing tritinum
from the air that enters one of the chambers.

Geiger-Counter Instruments

Gutman®® devised a Geiger-counter instrument for detecting traces of tritium
oxide in air. Tritium steam is thermally decomposed over heated tungsten or
magnesium to liberate tritium gas, which is separated from other gases by diffusion
over a nickel or palladium tube. Ballard and Ely*®**! also developed a tritium oxide
monitoring instrument with a Geiger counter as a detector. They extracted water
vapor from the air with a dehumidifier and counted the water vapor directly in a
heated flow counter using a Geiger mixture of helium or helium and isobutane along
with water vapor. Because the water is condensed from the air, the sensitivity is
dependent on the moisture content.

Monitors with Scintillation Detectors

Sannes and Banville,>? as mentioned before, developed a monitor with a spiral
plastic scintillator for the direct detection of tritium in air. Gibson and Burt*? also
used a scintillation detector for the continuous measurement of tritium oxide in air. In
their method water is condensed continuously from the air by a condenser cooled to
+1°C. The condensed liquid is then drawn through a spiral cell filled with anthracene
crystals, and the scintillations are detected by a photomultiplier.



COUNTERS FOR DETECTING TRIT1UM

Where continuous monitoring of tritium levels in air is not necessary, moisture can
be removed from the air with a cold trap and the collected water sample can be
analyzed for tritium with a laboratory counter.*® Another technique is to remove
tritiated water vapor by bubbling the gas through water and adsorbing the water vapor
on an anhydrone drying column.®***® The carbon dioxide in the dried gas is then
absorbed into potassium hydroxide, and the tritium in the dry gas is oxidized by
mixing the gas with oxygen and passing it over heated copper oxide. The tritiated
water vapor formed is then removed from the dried gas as described above. The
tritiated water can be assayed in the laboratory by standard tritium counling
techniques.
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The classical detectors for radiation are the ionization chamber, the proportional
counter, and the G-M tube. They are widely used, but no outstanding improvements in
them have been made recently.*® Scintillation detectors have been developed more
recently and are now standard equipment. Reliable methods for counting tritium
require internal counting, generally by using one of the classical detection methods in
a gas phase or by using liquid-scintillation counting in a condensed phase.*” Numerous
reviews, articles, and books have been written on counting techniques. The following
discussion, however, is restricted to a summary of some of the more important
advantages and limitations of the various methods that have been used for tritium
counting.

Gas Counters

Several methods have been used to measure tritium activity in the gaseous
phase.*® Robinson*® gives a bibliography and an outline of the methods used for
converting tritium to the form in which it is counted.

Tritium is detected by introducing the gaseous sample into a G-M tube, a
proportional counter, or an ionization chamber with a vibrating-reed electrometer.*®

The ionization chamber may be a very simple and rugged measuring device.*®
Tolbert lists numerous advantages that ionization chambers offer for the assay of
radioactive gases. The most important advantages he lists are: (1) they can be used
with any gas or mixture of gases, (2) they can be used in flowing-gas systems, (3) the
operating temperature is limited only by the materials of construction, (4)
alpha-particle discrimination is possible at low activity levels, (5) the ionization
chambers are inexpensive, (6) they are easy to decontaminate, and (7) the sample size
is essentially unlimited. In comparing ionization chambers with liguid-scintillation
methods for the assay of tritium, Guinn and Wagner®® found that for small samples of



50

MONITORING PRACTICES AND INSTRUMENTS

tritiated organics the two methods have nearly the same sensitivity but for larger
samples the liquid-scintiliation method can be much more sensitive. For small samples
of tritiated water, the ion chamber is more sensitive; for larger samples the reverse is
true. The sensitivities for aqueous samples are within about a factor of 2 for the entire
range of sample size considered.

Geiger counters have been used for counting tritium by introducing the tritiated
gas into the counters.*® Proportional counting is preferred, however, because the
pulses produced are not so large that they induce appreciable dead times. Hence
proportional counters combine the advantages of simplicity, maximmum sensitivity, and
applicability to a very wide range of counting rates.® ! For accurate measurements the
samples must be counted in a gaseous state.®' The gas proportional counter is about
an order of magnitude more sensitive than the liquid-scintillation instruments.®?> The
sample can be counted as hydrogen gas or can be converted to a hydrocarbon.*®52°53

Liquid-Scintillation Counters

The technique of liquid-scintillation counting was reviewed by Davidson and
Feigelson®* in 1957, and an updated review was prepared in 1964 by Rapkin.5® In
1958 the proceedings of a conference on liquid-scintillation counting held at
Northwestern University in August 1957 were published.>®

Liquid-scintillation counting of tritium permits rapid analysis of aqueous samples,
especially since sample changers can be used conveniently.>* Although the sensitivity
that is attained is quite satisfactory, it is not competitive with that of the proportional
counter.? One of the more sericus limitations of liquid-scintillation counting has
been the difficulty of incorporating aqueous samples into scintillator solvents at the
temperatures required for good counting efficiency.®” A partial solution to this
problem can be achieved by preparing emulsions having a rather high water content.>®
The background can be reduced substantially by using glass vials low in potassium or
by using polyethylene vials.®>

Quenching is another substantial disadvantage to liquid-scintillation count-
ing.5**%% Quenching is reduced when emulsions are used.®® Corrections for quenching
can be made by using internal or external standards, by adding increments of sample
to the counting vial and extrapolating to zero sample weight, or by applying
corrections on the basis of a spectral shift when a dual-chanmnel instrument is used.® % If
quenching is due to the color of the sample, it can be overcome by decolorization by

charcoal filters, distillation, or chemical bleaching.®®
Tamers and his associates®®°¢° found that the tritium activity in rain could be

measured without isotopic enrichment by converting the water to benzene. The major
disadvantage of this method is the low chemical yield of benzene compared with the
high efficiency of water enrichment by electrolysis; hence, large initial samples of
water are required. The advantage is that a large quantity of tritium can be exposed to
the counter.
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Although this discussion may imply that liquid-scintillation counters have several
disadvantages, the rapidity, simplicity, and sensitivity of such counters often offer the
best assay system for tritium.*S Recent improvements in the design of electronic
components have resulted in much less cross contribution of spectra when double-label
counting is being used. By using solid, suspended scintillators, such as anthracene or a
mixture of anthracene and liquid scintillator, continuous measurements of chromato-
graphic column effluents can be made. The flexibility afforded by liquid-scintillation
counting makes it one of the fastest growing instrumental methods for the
measurement of low-energy beta activity.5 S
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SUMMARY

For routine monitoring of tritium in air, the ionization chamber with gamma
compensation offers the advantage of simplicity and ruggedness. When highly precise
results are required for low-activity samples, some preenrichment method (preferably
electrolysis) coupled with internal gas counting seems to be the preferred system of
analysis. Liquid-scintillation counting offers a fast, convenient means for measuring
tritium activity in moderately active solutions.
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MOVEMENT
IN THE ENVIRONMENT

RELEASE TO THE STRATOSPHERE

Natural tritium is produced primarily in the atmosphere; production at the earth’s
surface is quite low. About two-thirds of the natural tritium U is produced in the
stratosphere.! Thermonuclear explosions at high altitudes in tropical regions introduce
tritium  directly into the stratosphere,>'® where mixing processes are very slow.
However, with low-altitude detonations in tropical regions, a sizable fraction of the
water vapor of the environmental atmosphere is entrained by the ascending air current
created by the explosion; the tropopause acts like a cold trap and prevents most of the
water vapor from penetrating into the stratosphere.® The ice particles formed at the
tropopause fall back rapidly into the troposphere. In the polar regions the natural
water-vapor content of the air is relatively low, and much of the tritium from
detonations in polar regions penetrates into the stratosphere and moves to lower
latitudes before moving into the troposphere.®

In the atmosphere tritium is distributed in various chemical forms,* as indicated in
Chap. 3, The tritium produced by nuclear detonations is distributed in roughly the
same manner as natural tritium,® with HTO being the predominant species. Under the
oxidizing conditions of the thermonuclear fireball, tritiated water is formed
rapidly.®7 Wolfgang® hypothesized that a reducing medium in the center of the
fireball accounts for the production of highly tritiated hydrogen and methane.

Stratospheric tritium is slowly released into the troposphere, where the flushing
action of rainfall causes a much more rapid removal of tritium as water vapor. The
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mean residence time of tritium in the stratosphere has been estimated to range from a
little over 1 year to as long as 10 years (Refs. 1, 2, and 9-14). Seasonal changes in the
tritium content of rain indicate that the movement of material across the tropopause
cannot be treated on the basis of a simple two-compartment model and that the
residence time is strongly time and space dependent (Refs. 7, 11, 12, and 14). Bishop
and his associates® found that the distribution of tritium is consistent with the
Dobson -Brewer model of global stratospheric circulation. According to this model,
upward diffusion from the troposphere in the temperate latitudes is prevented by the
slow sinking of air in the lower stratosphere which has penetrated the tropopause near
the equator and spread toward the polar regions. There have been objections to this
model because meteorological observations indicate that the tropopause seems stable
in the equatorial zone.?

Bibron® reviewed a more satisfactory model, which suggests that the transport of
masses of air and debris from the stratosphere to the troposphere arises from the
action of turbulent diffusion caused by currents of horizontal circulation. Extremely
fast jet currents, especially in subtropical breaches, can initiate relatively important
exchanges. These jet currents have their maximum intensity at the end of winter and
in the spring, which explains the observed seasonal variations in fallout.

North ~south mixing in the stratosphere is thought to be quite rapid.> The excess
tritium from the Castle test scries was distributed rather homogeneously over the
northern hemisphere.'® Any tritium retained for long periods in the stratosphere and
subjected to stratospheric mixing processes should be expected to enter the
troposphere preferentially in the mid-latitudes, with a maximum in spring.' ¢!’
Libby® showed that about one-half of the tritiurn from the explosion of
thermonuclear devices falls in the zone between 30° and 50° north latitude.

After tritium crosses the tropopause, vertical mixing becoimes quite pronounced,
and the residence time in the troposphere is short compared with the mean residence
time in the stratospherc. Material in the troposphere is flushed out by rains within
about a month of its entry.? Estimates of the mean residence time of tritium in the
troposphere range from 21 to 40 days (Refs. 2, 12, and 18-22). If the tropopause is
assumed to be located at about 12 to 15 km,2® the deposition velocity of tritium is
estimated to be between 0.4 and 0.8 cm/sec. On the basis of diffusion, the
concentration velocity of tritium has been estimated to be less than 0.4 ¢m/sec, but
the effective value depends almost entirely on air motion.?* Eriksson'* estimated the
eddy diffusion velocity of tritium over ocean areas to be about 1 cm/sec, on the basis
of the rate of evaporation and the relative humidity of the air.

Another estimate of the deposition velocity for tritium can be made from the
concentration and deposition rate of natural tritium. Harteck®? estimates 0.6 mole of
HT in the atmosphere and gives a value for the ratio of tritium to hydrogen in water of
(3.5 £ 0.7) x 107'®, Verniani*® estimates the average water-vapor content of the
atmosphere to be 9.4 x 107 moles. Another 3.3 moles of tritium is present in the
atmosphere as HTO. If tritium is distributed similarly to the rest of the mass of the
atmosphere,2%'2®  the surface concentration of tritium would be about 0.48
atom/cm”. Bainbridge®” gives an average of 0.39 * 0.15 atom/cm?®/sec for the



RELEASE TO THE TROPOSPHERE

deposition rate of natural tritium integrated for all latitudes, which yields a mean
deposition velocity of 0.8 cmy/sec, in close agreement with the values estimated in
other ways.

Tritium may also be transferred by vapor exchange between the air and the earth’s
surface. Eriksson!?® estimates that transfer of tritium by vapor exchange over the
oceans may account for about two-thirds of the tritium removal into the oceans. This
transfer may explain the discrepancy between Libby’s® estimate of rainfall of
2.5 m/year over oceans and measured values of about 0.9 to 1.1 m/year.?®:2°

Bolin3® suggests that in light rains the tritium concentration is representative of
the moisture at lower levels, whereas in moderate or heavy rains the exchange at lower
levels is insignificant. Chamberlain and Eggleton®? considered the exchange of tritium
between rain drops and water vapor on the basis of a film-diffusion-controlled process.
Their findings that the specific activity of drops reaching the ground after passage
through a plume contaminated with tritium is very dependent on drop size supports
Bolin’s suggestions. Chamberlain and Eggleton further estimate that the washout
coefficient for the plume of tritiated water vapor should be on the order of 107 /sec.

When the atmospheric concentration of tritium is uniform, rainfall over
continental areas will be higher in tritium content than rainfall over oceans. 43233
Precipitation falling on land has only a small probability of dilution owing to mixing.
Hence, reevaporated water has nearly the same tritium content as the original
precipitation. Conversely, precipitation falling on the ocean and other deep bodies of
water is rather rapidly mixed within a zone of about 75 m, and the concentration of
tritium in evaporated water is reduced.?” Brown®? tried to correlate temporal
fluctuations of tritium concentration in Canadian precipitation with meteorological
factors, such as type of storm, radar height of precipitation formation, rainfall
duration and intensity, and type and origin of the associated air mass. Only air-mass
considerations led to any significant correlation: the deeper the air mass traversed by
precipitation, the higher the tritium concentration. Also, air-mass trajectories from the
north and west yielded precipitation of high tritium concentration, but those
originating in the south and east resulted in low tritium concentration. This
phenomenon was probably due primarily to transfer rates from the stratosphere.
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As already mentioned, the residence time for tritium in the troposphere is only a
matter of a few weeks rather than a few months to a few years, as in the stratosphere,
Consequently, the fallout of tritium released to the troposphere is limited to the
general latitude of release.? Some lateral mixing occurs, and some possibility of lateral
tropospheric mixing exists, even across the equator,’® but, in general, the concern
with tropospheric releases is limited to local areas of discharge.
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Three gencral conditions of tropospheric release must be considered for evaluation
of the consequences:** (1) emergency (short-term) releases from a stack, (2)
emergency (short-term) releases at ground level, and (3) routine (continuous) releases
from a stack. For short-term releases the most severely limiting meteorological
conditions are ordinarily considered. In an accident all releases may not be made
through a stack; this possibility imposes another scvere limit since the minimum
dilution factor is likely to be less for ground releases than for stack releases.”® For
continuous releases an average dilution factor can be used. Since the average dilution
factor is time integrated, these values show the influence of changing meteorological
conditions, such as wind speed, stability, and direction. Obviously the mean ditution
factor is always greater than the minimum, often by several orders of magnitude.

The release of tritium is usually expected to be in the forr of water vapor. If the
release is in the form of tritiated hydrogen gas, the permissible concentration or
quantity of release is considerably higher, but allowances must be made for oxidation
of the tritium to water vapor. Doury®® considered this complication in regard to
establishing limits of tritium releases for both continuous and single-discharge
situations. He estimated that 75 curies of tritiated water vapor or 3900 curies of
tritiated hydrogen gas discharged daily from a 30-m stack would be permissible under
the most unfavorable meteorological conditions.

Chamberlain and Eggleton®! estimated a permissible continuous emission rate for
tritium based on the specific activity of water vapor in the air at a point where the
plume from a stack release reaches the ground. A harmonic mean wind speed of 2
m/sec and an absolute humidity of 8.6 g/cm® were used to estimate working curves
based on a uniform swing of wind direction through a 360° arc. Finally, a factor of 2.5
was used as an estimate of the frequency by which the prevailing wind exceeds the
mean. On the basis of these estimates, they indicate that an emission rate of 200
curies/day of tritiated water vapor would be permissible from a 30-m stack and that
the rate could be increased to 1000 curies/day for a 60-m stack. Barry®* reviewed
average dilution factors for various stack heights ranging from 300 to 600 ft at a
number of locations and concluded that continuous releases of 2000 curies/day of
tritiated water vapor could be tolerated. Blomeke®® estimated that 1200 curies/day
could be released from a 100-m stack under “extremely unstable” meteorological
conditions and a mean wind speed of 3 miles/hr (1.3 m/sec). For single-discharge
incidents, Doury>® suggests limits of 68,000 curies of HTO and 8 x 10° curies of HT;
Barry®? estimates that a stack release of 4 X 10° curies or a ground-level release of
4 x 10° curies of HTO could be tolerated.

These authors have not considered the impact of releases of this magnitude on
worldwide tritium distribution, but continuous releases of 1000 curies/day would be
about an order of magnitude lower than the estimated 10,000 to 20,000 curies/day of
natural tritium production. In a nuclear power economy, there may be several plants
releasing tritium to the environment and release of fission-product tritium from all
plants would constitute a significant fraction of the total production.
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DEPOSITION ON
THE GROUND SURFACE

Even when tritium is rather uniformly distributed throughout the stratosphere of
the northern hemisphere, it is preferentially deposited in the mid-latitudes,’*'* This
zone contains some of the most highly industrialized regions of the world, including
most of the United States and Europe. Hence, this region must be considered of prime
importance regarding the potential exposute of general populations to environmental
tritium. When the releases of tritium are restricted to the troposphere, there is much
less chance for lateral mixing, and deposition is limited to the general latitude of the
release.? Of course, when the releases are made directly to the ground surface, the area
affected by the release is even smaller.

In addition to latitudinal variations, deposition of tritium over continental areas
differs markedly from deposition over oceanic areas.* First, the annual precipitation
over the oceans is greater than over the continents.?® Eriksson'?® suggests that
deposition of tritium over the oceans is considerably greater than that estimated from
precipitation, owing to direct exchange of water vapor between air and seawater.

Practically all the continental deposition of tritium occurs from precipitation.? In
local situations, however, where tritium is released through a stack, the downward
diffusion of the released plume will probably cause the plume to reach the ground
surface before washout by rain occurs.> Once deposited the tritium can undergo one
of several fates®” as illustrated in Fig. 6.1. The most rapid loss of tritium can occur by
surface runoff during and immediately following a rain and by direct evaporation from
the surfaces of vegetation, standing pools of water, and the soil surface. Water that
infiltcates the soil is cycled more slowly. Movement may occur both laterally and
vertically with losses due to transpiration, evaporation, recharge of surface streams,
and direct groundwater flow into oceans. Some of the water that recharges the
groundwater moves so slowly that the tritium associated with this fraction of the
precipitation is effectively lost from circulation.

The annual rainfall over continental areas of the world is about 0.66 m/year.® Of
this amount, about 0.25 m/year, or 37%, is lost by runoff and underground flow; the
remaining 63% is lost to the atmosphere by evaporation and transpiration.®® For the
continental United States, the annual rainfall is about 0.76 m, of which about 28% is
lost by runoff and wunderground flow, with the remainder lost by
evapotranspiration.*® In the Clinch River watershed, the runoff and underground flow
amount to about 40% of the rainfall.*?

Begemann and Libby'® summarized in detail the water balance in the Mississippi
River vailey following the Castle operation in the spring of 1954. There is a precipita-
tion of about 0.77 m/year, of which about two-thirds is water evaporated from
the ocean and about cne-third is reevaporated groundwater. The Mississippi River
annually returns about 0.28 m of water to the ocean by runoff; the remaining
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Fig. 6.1. The hydrologic cycle. (From L. D. Baver, Soil Physics, John Wiley & Sons, Inc., New
York, 1956; reprinted with permission of publisher.)

0.49 mfyear is evaporaled, with about 0.24 m/year of the evaporated water being
returned to the ocean. They estimate that about 8 m of groundwater is available for
mixing and that this groundwater has a storage time of about 10 years. Considering
radioactive decay, they estimate that tritium has a residence half-life of 5.7 years on
the North American continent.
In the Ottawa River drainage basin of 24,000 square miles, the mean residence
time for tritium has been estimated to be 3.7 years, with an effective storage
reservoir’? of 2.1 m. About 55 *+ 10% of the reecvaporated water is made up of fresh
precipitation. There is a fast-drainage component that cannot be adequately accounted
for by a simple one-compariment model, assuming complete imixing with a single
turnover time.*® Eriksson®* made a detailed analysis of Brown’s data,®? along with
later data, and determined the runoff of water as a function of storage time. The
results are in good agreement with the physiography and geology of the basin. An
amount of tritinm equivalent to about that deposited during two years precipitation
stays in the basin less than eight years. The peaks in the runoff vs. storage-time curves
occur at about three years, with an indication of an earlier peak occurring after about
one year. Eriksson®? suggests that the early peak is due to surface runoff and
near-surface groundwater flow into streams and rivers that discharge rather directly
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into the Ottawa River. The second peak he attributes to holdup in the system of lakes
in the upper Ottawa River valley.

Carlston*® reported results of hydrologic studies conducted by the U.S.
Geological Survey on two small stream basins, the Black Earth Creek Basin (46 square
miles) in Wisconsin and McDonalds Branch Basin (2.3 square imiles) in New Jersey.
Both basins are quite permeable, and it is estimated that about 30% of the rainfall goes
into groundwater storage. At the Wisconsin site only about 1% of the rainfall was lost
by surface runoff, but in New Jersey the surface runoff amounted to about 10%. The
mean residence time for groundwater recharge in the two basins was 45 and 30 days,
respectively.

In general, tritiated water is expected to behave the same as ordinary water in the
ground, except for the slight difference in vapor pressure. However, the water
associated with minerals in the ground may have various degrees of mobility,
depending on the nature of the association. In a water-saturated formation the bulk of
the water will be ordinary liquid water that occupies the interparticle pores. This water
may be considered freely mobile, although its velocity of movement will vary
depending on the pore size. In addition to this water, loosely bound water of
hydration is on the mineral surfaces. Joergensen and Rosenqvist*® studied the bonding
of hydrogen in micas and found that the water of hydration is in equilibrium with its
environment at room temperature after a very short time. This water can be removed
at temperatures below 400°C. A second phase of adsorbed water requires much longer
for equilibration and is vaporized in the 200 to S00°C temperature range. Finally, a
third phase requires very long times or hydrothermal alterations for exchange. This
water can be removed in the 500 to 1150°C temperature range. This phase is thought
to consist primarily of structural hydroxyl groups.

The impact of these adsorbed phases of water on tritium behavior in the ground is
dependent primarily on two factors: (1) the relative amounts of these phases
compared with the free water in the macropores and (2) the conditions under which
the adsorption and desorption teactions occur. The relative amounts of these phases
increase markedly as the moisture content decreases. Hence, tritiated water would be
expected to move relatively more slowly through a very dry soil than through a moist
soil. If the tritiated water is initially deposited under conditions involving a very high
temperature, i.e., in the high-temperature region of a nuclear detonation, exchange
with the structural hydroxyl groups may occur. Since an activation energy must
be exceeded to initiate the exchange reaction, the subsequent replacement of this
fraction of the tritium would be expected to be very slow. Koranda*” found that in
the Pacific Proving Ground, the mineral-bound water of the soil is high in tritium. The
“s0il” consists almost entirely of CaCQ5 and Ca(0OH), . The free water in the soil had a
concentration of 60 tritium units; the bound water had a concentration of 3.7 X 10°
tritium units. In a saturated formation nearly all the tritiated water will be free water
in macropores, and its velocity of movement will vary due to the dispersive
characteristics of the formation.*® Nakayama and Jackson*® report that the apparent

diffusion coefficient for tritiated water in soils was nearly constant for volumetric
water contents between 10 and 40%. Below 10% the apparent diffusion coefficient
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increased rapidly with a maximum at 4% water content, indicating gaseous diffusion of
water vapor through large pores. Below 4% water content, the apparent diffusion
coefficient decreased rapidly and suggested an influence of absorbed phases.

Lang and Mason®® report that the exchange of tritium between cellulose and
water vapor is not completely reversible. Bolin®® suggested that the history of tritium
concentration in the groundwater could be reconstructed by analyzing the specific
activity of the cellulose in tree rings. At about the same time in the early sixties,
workers in Japan presented data on the tritium content of tree rings to estimate the
tritium content of rainwater.® ! *>2 This technique has also been extensively developed
in Canada,®® where no exchange has been shown between ambient tritiated water and
the C—H bonds of cellulose within a five-year period. Woods and O’Neal®* showed
that most of the water withdrawn by small trees comes from the first foot of the soil.

RELEASE OF TRITIUM
TO SURFACE WATERS

Tritium can reach surface waters by a variety of pathways: directly through
precipitation, through molecular exchange with the atmosphere, by release of tritiated
water from nuclear plants, and indirectly from runoff or by influx to streams from
groundwater. Surface waters, which contain over 99% of the total water, constitute
the greatest reservoirs of water on earth.> 556

Behavior of Tritium in Rivers

Water in stream channels is always moving rapidly into oceans and seas. In the
Clinch River the measured flow velocities range from about 0.2 to 2.3 ft/sec (0.14 to
1.6 mph), depending on the discharge;®7*® the mean velocity is about 0.7 ft/sec (0.5
mph)*® compared with a geometric mean wind speed of about 5 mph.®! In other
streams the flow velocity may differ considerably, reflecting the hydraulics of the
system, 6061

At a steady discharge of 7990 cu ft/sec, tracer introduced into the Clinch River at
the mouth of White Oak Creek at Clinch River Mile (CRM) 20.8 was completely mixed
laterally®® by the time it reached CRM 17.5. In general, full vertical and transverse
mixing occurs within 4 to 6 miles downstream from the mouth of White Oak Creek.®3
In the Ottawa River lateral mixing was complete after 2.8 miles of flow.®* Therefore
in most cases the full dilution capacity of a river may be reasonably assumed available
for continuous discharges. The downstreara concentration would be expected to vary
with the rate of tritium release into the surface stream and with the discharge of the
stream. Thus, the Clinch River, which has a mean discharge of 4600 cu ft/sec above



RELEASE TO SURFACE WATERS

White Oak Creek, could accommodate a daily discharge of 1.1 X 10* curies of tritium
without exceeding an average concentration of 107 uc/ml.

With a slug discharge of tritium, the duration and intensity of the tritium peak
reaching downstream users would depend on the diffusion encountered in the river,
the flow velocity, and the discharge.®® Although doses may be averaged over a
one-year period,®® the concentration of tritium should be held to as low a level as
possible, and the water contaminated to peak concentrations should not be used.
Parker and his associates®® have shown that downstream concentrations can be
predicted if the dispersion characteristics of the stream are known. The concentration
due to a slug discharge®” is

W
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where
W = mass of the activity
A = cross-sectional area
t = time
x = downstream distance
u = mean linear flow velocity
D = diffusion coefficient in the x direction

This equation has been derived for the simplified case in which the cross-sectional area
remains uniform. In most actual situations the cross-sectional area of a stream
increases downstream and varies with changes in discharge. The diffusion coefficient
and flow velocity also vary with the discharge rate. Furthermore, the equation yields
only the average concentration of the cross section. This approximation is valid
provided the measurements are made far enough downstream that complete lateral
mixing is achieved; at shorter distances corrections would be required for diffusion in
the remaining two directions. Other hydraulic phenomena, such as thermal
stratification, may also have a pronounced effect on the concentration profile.
If the parameters

Q = 4600 cu ft/sec
D =40 sq ft/sec

A=6800sqft
u=0.67 ft/sec
T=28,300 sec

where Q = mean discharge, are assumed representative for the Clinch River at the water
intake to the Oak Ridge Gaseous Diffusion Plant at CRM 14.5, it is estimated that the
maximum concentration at CRM 14.5 can be held to less than 107 pc/ml of tritium
for a point discharge of 970 curies.
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Behavior of Tritium in Oceans and Seas

In contrast to rivers, the oceans and seas represent a vast reservoir for storing
water.®*'®% Tritium deposited into the oceans and seas, therefore, is greatly diluted by
mixing processes (Refs. 14, 27, 33, and 68-70). Bainbridge® "*®® estimated that on the
basis of a simple one-compartment model, the mixing time for tritium in the ocean
surface is about 3.5 years. If precipitation is the only source of tritium, the effective
depth of mixing is about 40 m. If the mixing depth is assumed to be 75 m,
precipitation can be considered only half of the input. Eriksson'* criticizes
Bainbridge’s estimate of tritiumn fallout over the North Pacific because it emphasizes
data from continental stations. He feels that Bainbridge overestimates the amount of
fallout and thus underestimates the turnover time of the mixed layer. Eriksson
estimates that for a mixing depth of 75 m a 22-year turnover time would be required
to give a best fit to the data. However, he acknowledges that the mixing depth and
turnover time are interdependent and cannot be resolved with precision. Begemann
and Libby'® estimate that the mixing time for water above the thermocline, which
is at an average depth of about 100 m, is somewhat greater than one year but may be
as short as five years. Movement into the ocean depths is apparently quite slow;'®
however, Bowen and Sugihara’! indicate that there is about three to four times as
much °°Sr below 100 m as above. If the same ratio holds for tritium, a sizable tritium
reservoir could exist in the ocean depths.

Releases of tritium in a waste-management program are likely to reach the ocean
through the discharge of a river or by direct release through a pipeline to coastal
waters. Direct release to coastal waters is practiced by the British.”? An extensive
study of the mass balance of radionuclides in the Clinch River indicates that nearly all
the activity moves with the water or suspended sediments;®® in fact, only '37Cs,
which is very strongly adsorbed, is primarily associated with the suspended sediment.
Nearly all the tritium released to surface streams would be expected eventually to
enter oceans and seas.

Prior to the discharge of full levels of wastes into coastal waters, the British
perform a series of careful analyses to determine the impact of the proposed
releases.” 7% Amphlett”® summarizes these stages:

(1) Sea trials under inactive conditions are performed to determine the degree and pattein of
dilution in the locality and their dependence on tides, wind, and distance of the discharge
point from the shore. Although existing hydrological data can be used, further work is
usually required to obtain precise figures.

(2) Studies of biological concentration factors are made to determine their effect upon the
initial dilution pattern, particularly for species used as foad.

(3) Maximum safe discharge levels are calculated on the basis of the results of (1) and (2) and
the accepted maximum permissible concentrations. The latter will be less restrictive for
oceans than for river disposal since oceans, except in special cases, are not concerned with
drinking-water tolerances but rather with contact and exposure to radiation.
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(4) Active trial discharges at a fraction of the permitted discharge level are obsetved over a long
period to confirm the results predicted and if possible to obtain more precise data for
calculating safe discharge limits.

In contrast to oceans, Lake Michigan has complete vertical mixing each year.”®
McMahon”® found that complete mixing occurs in Perch Lake, a small lake at the
Chalk River site; a low tritium concentration near one of the shore lines is considered
to be due to the presence of a subterranean spring.

As mentioned in the quotation from C. B. Amphlett, releases into freshwater are
more restrictive because this water may be used directly for drinking, whereas ocean
waters, especially those moderately contaminated by localized releases, will probably
not be widely used for direct human consumption. Ships at sea often evaporate
seawater to supply drinking water, but the feedwater is not likely to be contaminated
to the same extent as that water in the immediate vicinity of a liquid release near the
seashore.
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At present a large fraction of the tritium produced on the North American
continent is released into the ground.” 7 8% These releases of tritium have not resulted
in any hazards, but they serve as tracers for predicting the migration of other more
hazardous radionuclides. At Hanford approximately one-half to two-thirds of the
theoretical production of fission-product tritium is released to the ground.”” The
tritium content of the groundwater shows preferential directional movement toward
the Columbia River, and the general behavior of movement is in agreement with the
movement expected on the basis of the hydrology and geology of the site.
Concentrations of 107 yc/ml, the recommended maximum concentration in drinking
water for continuous nonoccupational exposure, have been observed in monitoring
wells located up to six miles from the disposal area. However, these waters are on the
Hanford reservation and are not exploited, and no significant contamination of off-site
water supplies is anticipated from current practices.

At Savannah River nearly all the tritiated water from the aqueous stream used in
fuel reprocessing is discharged to open seepage pits, and most of this tritium enters the
ground.”® The tritium must move a distance ranging from 500 to 2000 ft before
entering surface waterways.®' Movement of the groundwater is irregular; most of the
movement has been through sandy strata or sand-filled clastic dikes.® 1782

At Chalk River a detailed study has been made of the movement of tritium from
the lquid disposal area toward Perch Lake.”® On the basis of the rate of movement of
groundwater, about four to six years would be required for the tritium front to reach
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Perch Lake. Owing to dispersion in the formation, however, a breakthrough of 10% of
the concentration of the major breakthrough occurred about two years before the
predicted arrival of the major front.

Approximately 18,000 curies of tritium was released to the ground at the National
Reactor Testing Station®? between 1953 and 1965. Tritium has been detected in
groundwater over an area of about 75 square miles downgrade from the disposal well.
An attempt was made to determine longitudinal and Jateral dispersion coefficients, but
the direction of flow could not be adequately described to get a good fit of the limited
amount of data to a theoretical dispersion equation.

Tritium was also released to waste seepage pits at the Oak Ridge National
Laboratory during the period 1952 to March 1966, but only cursory results on
movement have been obtained.®® Tracer studies®* with injections of tritiated water in
the seepage-pit area indicate that the median groundwater velocity in the area is about
0.5 ft/day.

Tritium is released directly to the ground by the underground detonation of
nuclear devices, especially fusion devices.®5°86 Essentially all the released tritium is
assumed to form water, either by oxidation or exchange.®® If the exchange of tritinm
between the tritiated water and the rock matrix is negligible, it is estimated that the
tritium concentration would be about 3 uc/ml in the crushed zone; outside this zone
the concentration of tritiuin could be reduced only by dilution and dispersion in
nearby groundwaters. The actual tritium concentrations that would be attained would,
of course, be dependent on the extent of the crushed zone, the water content of the
formation, and the amount of venting of tritium that occurred. In addition, any
high-temperature reaction between tritium and the minerals of the formation would be
expected to reduce the quantity of tritium available for contamination of the
groundwater.

In general, the velocity of groundwater flow ranges from about 5 ft/year to about
5 ft/day, though in highly permeable aquifers the velocity may be several hundred feet
per day 27! Thus the storage time for groundwater is usually on the order of a few
years. In deep subsurface strata, flow velccities may be on the order of a few inches
per year,®” and the storage time®® may be greater than 50 years. In fact, residence
times for the deep formations may be on the order of tens of thousands of years.3%°92

The age or storage time of groundwater cannot be deterinined exactly by assuming
simple exponential decay of tritium from its time of entry into the ground because the
mixing from hydrodynamic dispersion and diffusion influences the concentration.*”
The magnitude of this dispersion in the field is much greater than that measured in the
laboratory and could result in significant spreading of a contaminant.®® According to
Theis,? % a wide range of permeabilities exists in any suite of sedimentary beds that
is approximately exponential in character. Part of these effects is reflected in a more
or less statistical variation of flow velocities over a wide range, but some variations
may be due to the presence of lenses that are so extensive that they cannot be treated
statistically.?3**% Thus, owing to dispersive phenoruena, the magnitude of spreading
that is likely to occur in a formation is almost impossible to predict a priori. The
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geology and general hydrology of an area should be well defined before tracer tests are
interpreted for determining the rates of movement and the degree of dispersion.

Where tritiated water is released to the ground near the surface, hydrologic studies
would need 10 be undertaken to determine the transit times to surface waters, Tracer
studies could be employed to estimate the magnitude of the dispersion that would
likely occur. This information could then be used to estimate the loss of tritium by
radioactive decay during its movement from the point of injection to iis entry into
surface water. Storage time would need to be on the order of a few halflives of
trittum, (a storage time of a few decades) however, to achieve any significant
advantage over direct release to surface streams. Storage times of this magnitude, and
longer, would be much easier to attain if deep permeable formations were used for
disposal. Tritium could then be isolated from man’s environment until it had decayed
to innocuous levels.87-95

Blomeke®® suggests that the total aqueous effluent from a fuel-reprocessing plant
with a Purex process flow sheet may be as much as 10% gal/ton of fuel processed.
Although the fission-product tritium would be concentrated in a smaller volume of
process water, this larger amount of water would be available for dilution of the
tritium prior to its release from the plant. If the production®® of tritium amounts to
200 curies/ton, the cancentration of tritium in the aqueous effluent would be about
0.05 pc/ml, or about 50 times the recommended maximum concentration in drinking
water for continuous nonoccupational exposure. A containment time of 70 years
would be required for decay to permissible concentrations.

Blomeke®® also indicates that if process waters are recirculated, except for the
concentrated raffinate, concentrations would reach about 33 times the initial values.
The tritium removed from the system would be stored with high-level wastes until
subjected to further treatment. Total recycle is technically possible, but it could be
rather complex since other fission products would tend to build up activity levels in
various streams.

67

SUMMARY

Tritium released to the environment is usually converted to the oxide form quite
rapidly and is dispersed like ordinary water, The relatively large mass difference
between ordinary water and tritiated water has some influence on its properties. For
example, the vapor pressure of T,0 is lower than that of ordinary water;’® hence,
tritium would tend to become enriched in the condensed phase. In general, the
circulation of tritiwm would be expected to closely parallel the circulation of water.
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PROJECTED TRITIUM PRODUCTION
IN A NUCLEAR POWER ECONOMY
AND ITS IMPACT ON LOCAL

AND WORLDWIDE POPULATIONS

Although tritium is produced by a number of reactions, the amount of tritium
produced by fission probably exceeds the amount produced from all other sources in
light-water-cooled reactors. Fission-product tritium'+? is produced with a yield of
about 0.01%. Some tritinm may penetrate fuel-element cladding and escape into the
coolant,® but most of it is apparently retained until the fuel is reprocessed.?>#>5 Cther
possible major sources of tritium include heavy-water reactor stations, thermonuclear
detonations, and, perhaps, thermonuclear reactors,

PROJECTED RELEASES
OF TRITIUM

Approximations of projected civilian nuclear power production in the free world,
based on Atomic Energy Commission reports to the President,®>’ were used to
estimate the annual production rate of fission-product tritium (Table 7.1).8 These
projections were based on data from light-water-cooled reactors having a thermal
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Table 7.1

PRODUCTION OF FISSION-PRODUCT TRITIUM IN
FREE-WORLD NUCLEAR POWER ECONOMY

Power production Tritium Accumulated
preduction cate, tritium,

Year 10° Mw(e)*  10° Mw(th)t  10° cusies/year 10° curies

1965 1.9 6.2 0.03 0.03

1970 9.6 31 0.1 0.3

1975 46 150 0.7 2

1980 120 390 2 6

1985 240% 780 3 16

1990 4301 1300 6 32

1995 670% 2200 10 58

2000 1030 3320 15 96
Steady state 1030 3320 15 260§

* Assumed load factor of 0.80 to 1980 and 0.70 at 2000.
+ Assumed thermal efficiency of 0.31.
fInterpolated values.

§Based on a continued production rate at the level predicted for the year
2000.

efficiency of 0.31 with load factors of 0.8 until 1980 which decreased to 0.07 at the
year 2000. The total capacity of the free world was assumed to be double the
projected capacity of the United States. The yield of tritium was assumed to be 107
atom/fission, and a halfdife of 12.36 years (reported by Eichelberger, Grove, and
Jones?) was used to estimate the accumulation of tritium. Accumulation was
calculated by allowing the tritium produced during a given S-year period to decay for
an effective time of 2.5 years and then adding this value to the previously accumulated
quantity corrected for decay during an effective time of 5 years. Under current
technology, practically all the tritiurn produced by fission is released to the
environment with waste streams during fuel reprocessing.®*

Holmaquist," ® after reviewing the operating experiences of heavy-water reactors,
concluded that no reactor can be assumed to have a leakage rate lower than 2 to 3%
per year of the heavy-water inventory. Bergstrom, Devell, and Gebert'! indicate that
the pressurized heavy-water reactor being designed for India will have a power rating
of 350 Mw(e), a heavy-water inventory of 1.5 x 10° kg, a tritium concentration of 11
curies/kg of D, O after 10 years of operation, and an equilibrium tritium concentration
of 22 curies/kg of 1, 0. Assuming that an annual loss of 3% of the D, O coolant at a
tritinm concentration of 11 curies/kg of D, O will be representative for tritium releases
from heavy-water reactors, we can estimate that tritium releases from such reactors
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will be a factor of 10 higher than the release of fission-product tritium from a
fuel-reprocessing plant servicing reactors producing an equivalent amount of electric
power. Thus, if heavy-water reactors comprise 10% of the electric-power-producing
capacity in a nuclear economy, the production and accumulation rates for tritium will
be double the values given in Table 7.1. Holmquist'® states that in the normal
operation of heavy-water reactors tritium is as important as all the other radionuclides
combined because of its appreciable vapor pressure.

Thermonuclear power is currently being developed.'? Fusion reactors involving
deuteriurmn--tritivm reactions require much less severe conditions than those involving
deuterium--deuterium reactions,'® and hence there is a demand for the production of
larger quantities of tritium for use as thermonuclear fuel. One of the advantages often
mentioned for thermonuclear reactors is that they produce little radioactive waste.!?
Homeyer!? gives a schematic diagram for a thermonuclear reactor designed to produce
312 Mw(e) by deuterium—tritium reactions. The reactor would require 228 g of
tritium/day, half of which is recovered from unburned fuel. This amount means an
annual tritinm requirement of 2.6 X 10° curies for each megawatt of electrical
production capacity. Assuming that 10% excess tritium is produced,'® the excess
tritium would amount to nearly 2 x 10* times the production of fission-product
tritium for an equivalent fission-reactor power plant. Because of the large quantities of
tritium that must be handled, efficient recovery will be essential.! 4

As indicated in Chap. 3, the most probable value of natural tritium production
ranged from 0.5 to 1.0 atom/cm?/sec. This value would amount to an annual
production of about 4 to 8 megacuries and would give rise to a steady-state tritium
inventory of 70 to 140 megacuries. On the basis of these projections, the rate of
production of fission-product tritium would begin to exceed the rate of natural tritium
production by about 1990.

75

IMPACT OF TRITIUM RELEASED
TO THE ENVIRONMENT

As previously mentioned, under current technology practically all fission-product
tritium is released to the environment during the reprocessing of reactor fuels.?»?»5
Releases are made to the atmosphere through stacks and to the ground or to surface
waters in low-level liquid wastes. Only 2 to 5% of the total fission-product tritium is
retained in tanks with high-level raffinates.® There is considerable discrepancy
concerning the relative amounts of tritium released via stacks. Albenesius and
Ondrejcin® found that about 25% of the fission-product tritium is released in a gaseous
phase during fuel dissolution. Haney, Brown, and Reisenauer® indicate that 47 to 64%
of the tritium from fuel reprocessing is discharged in liquid-waste streams and that
most of the remaining 36 to 53% of the tritium is considered to be released in a
gascous phase or retained with high-level wastes. Goode,'® however, measured the
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release of tritium during the dissolution of oxide fuels and found that it equaled only
about 0.2% of the amount produced by fission. The reasons for these discrepancics are
not certain; discrepancies may result from differences in the type of fuel processed or
from the procedures used in processing.

Some of the tritium may be released as HT gas through the stacks. Albenesius and
Ondrejcin® and Haney, Brown, and Reisenauer® indicate that about 25% of the
tritium discharged through stacks was gaseous HT, the remainder being discharged in
the HTO vapor phase. The tritinm released as HT gas would be expected to oxidize at
a rate ranging from 0.2 to 3% per day.’® Once tritium has been converted to the oxide
form, it will be dispersed in much the same manner as ordinary water. However, the
rather large mass difference between ordinary water and tritiated water has some
influence on relative properties; for example, the vapor pressure of T, O is lower than
that of ordinary water.!” As a result, after tritium is condensed to liquid, it
reevaporates less than ordinary water.

WORLDWIDE DISTRIBUTION
OF TRITIUM

As indicated in Chap. 3, most of the naturally produced tritium is found in the
hydrosphere; the oceans and seas are the largest reservoirs. The total quantity of water
available for diluting tritium was estimated by assuming that tritium is mixed in oceans
and seas’® 29 to a depth of 75 m, that all the water in stream channels and in the
atmosphere is in circulation, and that only the portion of the groundwater in the root
zone is available for mixing. The volumes of these various reservoirs of water were
obtained from Nace?! and from Sverdup and his associates®? and are tabulated in
Table 7.2.

Tabie 7.2
VOLUMES OF CIRCULATING WATER

Volume of water, m?

North latitude

Total (30 to 50°)

Oceans and seas (surface to a depth
of 75 m) 2.70 x 10'¢ 2.68 x 10'°
Stream channels (av.) 1.17 x 10'3 2.51 x 10'?
Atmospheric moisture (av.) 1.29 x 10** 1.72 x 10*3
Surface water in the root zone 2.50x 10'* 538 x 10'3

Total circulating water  2.74 x 101 275 x 10'8
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If the differences in vapor pressure between T, 0 and H, O are disregarded and
complete isotopic ditution with all the circulating water is assumed, the concentration
of tritium in the hydrosphere at various times can be estimated. For example, in the
year 2000, 96 megacuries of fission-product tritium will have accumulated in the
world. If this amount is diluted in the total volume of circulating water, 2.74 x 10!
m?, the resulting increase in tritium concentration will be 3.5 x 107 uc/ml. Similarly,
an average of 0.47% of the water is present as atmospheric water vapor within the first
10 km of the earth’s surface®? or in about 5.1 x 10'® m®, and the average increase in
the concentration of tritium in the air would be 8.6 X 1071% pcfem?®. These increased
concentrations of tritium would annually increase the average doses to body tissue of
standard man by 5.6 x 107 mrem from drinking water and 2.6 X 10 mrem from
inhalation and absorption of water vapor through the skin. A submersion dose of 0.1 x
107 mrem would be restricted to the skin owing to the low penetrating power of
the emitted beta particle. The average total increase in dose to the world population as
a function of time for these modes of exposure is shown in Fig. 7.1. This estimate of
the dose increase from release of fission-product tritium to the environment does not
include additional ingestion of tritium in the form of solids, although it does include
the fluids consumed in forms other than drinking water.

Libby®* indicates that half the tritium released from detonations of thermonu-
clear devices has fallen between 30 and S0° north latitude. If this area remains the
same for releases of fission-product tritium from fuel-reprocessing plants, approxi-
mately 10% of the earth’s surface will receive half the total tritium. Hence, in this
important region, which covers most of the United States and much of Europe, the
average concentrations may be about five times the world average.

Tritium is not likely to be distributed uniformly among the reservoirs cited
because only a small fraction of the total volume of water circulates annually.?®
Precipitation falling on land surfaces has only a small probability of mixing; so the
groundwater nearest the surface has the highest concentration of tritium. Therefore
water reevaporated over land areas has nearly the same concentration as the original
precipitation.?®>?¢-27 On the other hand, precipitation falling on the ocean and other
deep bodies of water is rather rapidly mixed to the thermocline, and the concentration
of tritium is markedly reduced.'® Concentrations in the various reservoirs are
expected to approach steady-state values that reflect the turnover time of the
reservoir. Because of their long turnover times, the oceans and seas will have lower
tritiwm concentrations than such reservoirs as the lower atmosphere where turnover
times are much more rapid.

If nuclear power production beyond the year 2000 is maintained at the level
predicted for that year, a steady-state quantity of 260 megacuries of fission-product
tritium will be accumulated by about 2060. This quantity will give radiation dose
levels about three times those estimated for the year 2000. Even when allowances are
made for nonuniform global distribution, it appears that the worldwide dose increase
due to tritium will be quite small in comparison with the 100 mrad/year received from
background radiation.28
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Fig. 7.1 Dose rate to body tissue of the worldwide population from tritium as a result of ingestion
of drinking water and of inhalation and skin absorption of water vapor.

LOCAL DISPERSION
AND DILUTION OF TRITIUM

The highest environmental concentration of tritium would be expected to exist in
the area immediately surrounding the point of release. It is unlikely that all nuclear
fuels will be processed at one plant, but there is an economic incentive for building
large processing plants.?® It is interesting to speculate as to whether environmental
safety considerations will limit the size of fuel-processing plants. For didactic
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purposes, we will consider the size limitations based on tritium releases for a
fuel-reprocessing plant on the Oak Ridge Reservation. We must keep in mind, however,
that in an actual case the probable releases of all radionuclides that make a substantial
contribution to the total hazard must be considered.

Belease to Surface Waters

Most of the fission-product tritium released during fuel processing has been
released to the environment as water.® Some of the water vapor released through
stacks precipitates locally and enters surface waterways, and even a small portion of
the tritium released as HT is deposited locally. Because of the uncertainty in our
projected tritium-production figures, we will assume as a limiting case that all
fission-product tritium will be released into surface streams.

For the Oak Ridge Reservation, the average flow of the Clinch River is 4560 cu
ft/sec or 4.1 X 10'? liters/year at the confluence with White Oak Creck. The
production of 100,000 Mw(th) of power would be accompanied by the production of
about 440,000 curies of tritium. Annual release of this quantity of tritium into the
Clinch River would produce a tritium concentration of 1.1 X 10™ yc/ml. The annual
dose to the total body from using this as the only source of drinking water would be
about 11 mrem/year and would give an exposure of 0.3 rem in 30 years. Below the
confluence of White Oak Creek, however, the Clinch River provides drinking water
only for occupational workers at the K-25 plant. Since these workers would not use
this water as their only source of fluid intake, the anticipated annual total body dose
to workers at the K-25 plant would be about 4 mrem/year,

These dose levels are well below limits recommended by various agencies for the
public®® (see Table 7.3). These recognized authorities define a genetic dose relevant to
the genetic risk imposed upon the whole population on the basis of assumptions of
“no threshold” and on a “lincar hypothesis.”?0 Specifically, the authorities
recommend that the genetic dose to the general population from all radiation sources,
other than natural background and medical sources, should not exceed 5 rems in the
interval from conception to the mean age of childbearing (30 years). Any
determination of the annual genetically significant dose requires information on the
number of individuals exposed as well as on the dose received by individual members.
No specific recommendations are made regarding a permissible, somatically significant
dose, but the limitation imposed by the genetic dose from external radiation reduces
the dose to internal organs to or below the annual levels listed in Table 7.3. The same
principle applies to internal exposure resulting from radionuclides contributing to the
gonadal dose of a population.

Release of tritiated water to seepage pits at ORNL would not be advantageous
since the holdup time for water is only about 1 year, and the decay occurring in this
time would amount to only about 5%. At other sites where the holdup time in
groundwater is considerably longer, ground disposal would be beneficial, Disposal into
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Table 7.3
ANNUAL INDIVIDUAL DOSE LEVELS FOR THE PUBLIC3®

Dose, rem
Organ or tissue NCRP* FRCY ICRP IAEA
Gonads, red bone marrow 0.5 0.5% 0.5 0.5
Total body 0.5 0.5% 0.5 0.5
Lenses of eyes 0.5 0.5 0.5
Other single organs 1.5 1.5 1.5
Skin, bone, thyroid 3 15§ 39 3

Hands, forearms, feet, ankles 7.5 7.5 7.5

*These levels are based on the National Commission for Radiation
Protection (NCRP) recommendation that the permissible dose to
members of the population at large be reduced to not more than
one-tenth of the occupational values.

1The Federal Radiation Council (FRC) does not recommend radiation
protection guides (RP'G) for individual organ doses to the population
other than gonads and whole body.

TThe FRC specifies that the RPG for gonads shall be 5 rems in 30
years for average population groups on the assumption that the majority
of individuals do not vary from the average by a factor greater than 3;
thus, the permissible annual dose to gonads and whole body for average
population groups would be 0.17 rem.

§ The FRC recommends an RPG for the thyroid of 1.5 rem/year for
individual and 0.5 rem/year to be applied to the average of suitable
samples of an exposed group in the population.

'The International Commission on Radiological Protection (ICRP)
recommends 1.5 rem/year to the thyroid of children up to 16 years of
age.

deep, permeable formations would be advantageous, provided the formation did not
supply local drinking or irrigation water.

As Blomeke® stated, release of tritium to surface waters has limited applicability.
Such releases would be restricted to sites that border rivers with average flows high
enough to provide useful ranges of dilution.

Discharge Through Stacks

An alternative to the release of tritiated water to surface streams is the evaporation
of water and discharge through stacks.®! Much greater environmental dispersion is
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provided for atmospheric releases than for releases to surface waters because the flow
lines are not so severely restricted, the velocities are much greater, and the dispersion
coefficients are greater. Obviously, however, the dispersal is not uniform, and the air
concentrations are highest near the point of release. Because of the variability in wind
direction, speed, and the stability conditions of the atmosphere, accurate predictions
of air and ground concentrations are difficult to make from a single set of conditions.
An excellent review of meteorological factors requiring consideration in releases of
radioactivity from stacks is given in Meteorology and Atomic Energy—1968.>% This
reference also provides appropriate equations, nomographs, and graphical tabular dis-
plays of information {or application to particular situations. Photographs and diagrams
are used to enhance the effectiveness of descriptive presentations.

Atmospheric dispersion and downwind concentrations of gaseous effluents for
discharge at the Oak Ridge Reservation were made by Blanco and his associates®® with
techniques and data developed by Culkowski®* and Hilsmeier.> Estimates of ground
concentrations were made for a source strength of 1 curie/sec frora stack heights of 50
and 100 m based on meteorological data from the Tower Shielding Facility. The
calculations were performed by integrating the Gaussian plume formula over crosswind
directions and distributing the resultant concentration uniformly over the arc
considered. The variables in the expression—wind speed and direction, frequency of
occurrence, vertical diffusion coefficient, and stack height—were obtained from
historical data. The concentrations resulting from continuous release through a 100-m
stack are shown in Fig. 7.2,

From Fig. 7.2 the critical exposure zones appear to be the Y-12 plant, where
occupational workers would be exposed, and the southwestern half of the city of Oak
Ridge, where nonoccupational populations would be exposed. At the Y-12 plant, a
steady-state ground-level air concentration of about 4 X 1077 uc/em® would result
from the continuous releasc of 1 curie/sec through a 100-m stack. At the rate of
release of tritivm from the processing of fuel for 100,000 Mw(th) production, 1.4 X
107 curie/sec, the resulting concentration would be about 6 X 107 uefem?®. If the
stack release occurred as HTO, the average annual dose to the total body through
inhalation and skin absorption of HTO for a 40-hr exposure per week would be about
4 mrem/year.

At the edge of the city of Oak Ridge, the steady-state ground-level air
concentration would reach 1.1 x 107 ucfem?. The exposure in this area would be
effective 168 hr a week, and the average annual total body dose through inhalation
and skin absorption of HTO would be about 7 mrem/year.

These ecstimates do not consider the effect of washout or deposition on the
deflection of the cloud. Cowser and his associates®® have considered these phenomena
and concluded that the ground-level air concentrations would not be reduced
significantly by washout. Deposition of HTO is difficult to assess because of the
complications arising from the reevaporation of water from the land surface. Thus the
land sucface can act as either a source or a sink, depending on the direction and
magnitude of water movement,
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Fig. 7.2 Average annual air concentrations? at ground surface (uc/ cm3) for source height
of 100 m and source strength of 1 curie/sec.
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Releases in the form of HT would present a less serious problem because of the
decreased likelihood of retention of the tritium in the body. Locally this would
provide some benefit because the tritium would have moved some distance before
appreciable oxidation to HTO had occurred.

SUMMARY

A cursory look at the potential environmental hazards that are likely to be caused
by increasing releases of tritium resulting from the growth of a nuclear power
economy based on light-water reactors suggests that the general increase in the
worldwide concentration of tritium is not likely to result in a significant increase in
hazards. Local environmental contamination problems may be significant, but they
appear to be of a lower order of magnitude®?>>% than those arising from the release of
85Kr. The magnitude of the local contamination problem will depend on the nature,
mode, and gquantity of the releases, as well as on local environmental conditions.
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SUMMARY
AND CONCLUSIONS

In the preceding chapters an attempt has been made to summarize some of the
important properties of tritium and to use these properties in predicting the impact of
diverse releases of tritium on local and worldwide populations. Such applications
cannot be made with a high degree of precision because of several factors. First, an
extremely large number of combinations of environmental conditions can exist, which
limits calculations to consideration of a few specific cases, usnally to mean conditions,
modal conditions, and perhaps a few extreme conditions. In addition, the behavior of
tritium in the environment is not completely understood. Of course, as a first
approximation, IITO behaves like ordinary water, but this behavior is not always the
case. Fluxes of HTO do not have to be proportional to fluxes of ordinary water. In
fact, fluxes can be in opposite directions. For example, there could be a downward
flux of tritiated water into the ocean depths or into the groundwater at the same time
that a net evaporation of water was occurring.

Despite the inadequacies of some of the present information on the behavior of
tritium, we can draw some general conclusions. In a nuclear power economy based on
fission reactors, tritium poses no severe worldwide population exposure problems.
However, tritium will continue to pose handling problems and local problems of
environmental contamination. Estimates of projected releases of activity from
fuel-processing plants suggest that tritium will not be as critical a factor in limiting the
size of plants as will 8°Kr. This does not mean that tritium should be released
promiscuously from such a plant, protective action is always warranted when such
action can result in a significant reduction of personnel or population exposure at a
reasonable cost.
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SUMMARY AND CONCLUSIONS

Adequate approximations can be made for the capacity of a given local
environment for accepting tritium, and estimates can be made for a number of
conditions or, better yet, for a time-averaged condition that has been actually
observed. More precise knowledge of rainout factors, deposition velocities, and
washout coefficients will improve the estimates of local environmental contamination.
Although we might reasonably assume that dry deposition over land areas will be small
compared with removal of tritium during rainfall, the significance that bodies of
surface water have as sinks for the removal of tritium that reaches their surfaces
through dry deposition would be of considerable interest.

~ Estimates of the capacities of surface waters for tritium acceptance can be made

with less error because the paths of movement are more restricted and changes in
transport characteristics are more amenable to quantitative measurement. Movement
of tritium can be assumed to be the same as the movement of water in such a system.
However, movement of tritiated water in the ground is a bit more complex. The paths
of movement are not so readily observed as in surface waters, and the paths and rates
of movement may change considerably with changes in the moisture of the ground.
Furthermore, any specific reactions of tritium with the soil particles will be
accentuated as the ratio of soil to water increases; that is, as the moisture content
decreases. Specific interactions are thought to occur, but they have not been very well
documented to date.

In my opinion, a much more serious gap of information exists in the knowledge of
the behavior of fission-product tritium within a light-water power reactor. On the basis
of present information, some fission-product tritium can apparently diffuse out of
oxide fuels clad with aluminum or stainless steel. Diffusion out of metal fuels or out of
fuels clad with zirconium seems to be much less. Obviously, if the fission-product
tritium diffuses out of the fuel element while it is still in the reactor, release at the
reactor site will be increased. However, the quantities of water used for cooling appear
to be adequate for dilution of tritium from this source as well as of tritium produced
by activation of lithium, boron, and deuterium in the coolant system. In the situation
where the tritium diffuses out of the fuel element, the tritium remaining in the fuel
element to be released at the fuel-reprocessing plant would be reduced. Conversely, if
little fission-product tritium escapes from the fuel during reactor operation, the
tritiumn-release problem is limited to the fuel-reprocessing plant site. Much more
operating data would be beneficial, especially data on the tritium concentrations of
various aqueous and gaseous streams at fuel-teprocessing plants. The fission yield of
tritium also nceds to be determined more accurately under a wide varicty of
conditions prevailing in a nuclear power industry; e.g., as a function of the energy spec-
trum of the neutron flux, the type of fuel used, and the enrichment of the fuel.

Technologically tritium can be enriched, either as the gas or as the oxide.
Enrichment may be essential in a power economy based on fusion reactors because of
the extremely large quantities of tritium that will be needed. Although the costs may
be rather high, the losses of tritium will have to be limited. Various methods will have
to be evaluated, both on the basis of technological feasibility and on the basis of
€Conomics.
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