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5 CONSIDERATIONSIN ASSESSING THE RISK FROM TRITIUM

The estimation of radiation dose following conventional models and methods provides a nominal measure of
radiological impact on health through the so-called "nominal risk coefficients'. These risk coefficients express the
probabilities of deleterious impacts on health from doses of different types of radiation. There are, though,
uncertainties associated with such measures that need to be discussed in evaluating any possible impact on public
health from radiation doses in general and from tritium beta radiation in particular. Such uncertainties arise in the
judged validity of the nominal risk coefficient, the appropriateness of the weighting accorded the radiation from
tritium in comparison with other radiations, and the possibility of any effects that are peculiar to tritium because of
itsincorporation in key biological molecules.

5.1 Basisfor the nominal risk coefficient

Quantitative estimates of the probability of deleterious effects on health in the long term from radiation doses less
than afew hundred mSv have been the subject of the deliberations of many expert committees over the years. An
examplein the USA isthe work of the Committee on the Biological Effects of lonizing Radiation (NRC 1990), and
internationally, the deliberations of the International Commission on Radiological Protection (ICRP 1992), and the
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR 1993). Most quantitative
estimates of risk are based on extrapolations from the observations of the health of the survivors of the atomic bomb
detonations in 1945 in Japan at Hiroshima and Nagasaki.

Although the extrapolation models and assumptions made by the various committees have differed in detail, the best
estimates are similar and are believed to be conservative though all emphasize the large uncertainties inherent in
them, the range of uncertainty including zero risk when doses are a few millisieverts. There is continuing discussion
and re-evaluation by these committees and by others, with diverse judgements being made about whether the risks
from these small doses are exaggerated or whether re-evaluation of the data from the atomic bomb survivorsin the
light of new measurements shows that the current nominal risk coefficients underestimate actual risk (see below).

Table 5.1 shows estimates of excess cancer mortality from low doses of radiation based on tabulated valuesin the
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report of BEIR V (NRC 1990; Table 4-3). The values are lifetime probability after exposure to 0.1 Sv (100 mSv) at
the age band shown. The valuesin the BEIR V report have been adjusted here by applying a dose and dose rate
reduction factor (DDRRF) of 2 to the tabulated coefficients for solid cancers, following the BEIR Committee's
suggestion (NRC 1990, page 6). The value of 2 is at the low end of the range (2-10) generally observed
experimentally so the tabulated values are believed to be conservatively high. The overall average value for a
nominal risk coefficient so obtained (4.4% per sievert or 0.044% per rem) is similar to the value recommended by
the ICRP of 5% per Sv (ICRP 1992) for cancer mortality in the general population. The values of probability in the
various age bands in the Table vary by less than a factor of two (except in the oldest two age groups) from the
weighted average. The ICRP also has assigned an additional 1% per Sv to the recommended risk coefficients to
account for hereditary effects.

There are many uncertainties associated with these nominal risk coefficients as the various bodies have noted and
discussed. The challenge has been to extrapolate from the observations of the consequences of almost instantaneous
radiation exposures to two Japanese populations in 1945 to the potential impacts to current, diverse populations from
radiation doses and dose rates at levels below which any effects have been observed. One uncertainty concerns the
extent to which the actual physical spectrum of radiations that exposed the A-bomb survivors has been correctly
estimated. For this discussion, we need to introduce the concept of relative biological effectiveness (RBE).

Age at exposure (years) || Probability of radiation-induced mortality from cancer from 100 mSv (10 rem)
5 0.0075
15 0.0072
25 0.0054
35 0.0031
45 0.0033
55 0.0035
65 0.0030
75 0.0019
85 0.0009
Average* 0.0044

Table 5.1 Estimates of excess cancer mortality for individualsin 10-year age bands from low doses of
radiation based on the estimates of BEIR V (NRC 1990). The values are lifetime probability after
exposure to 0.1 Sv (10 rem) at the age band shown. The valuesin the BEIR V report have been adjusted
by applying a dose and dose rate reduction factor (DDRRF) of 2 to the tabulated coefficients for solid
cancers, following the BEIR Committee's suggestion (NRC 1990, page 6).

* Averages are weighted for the age distribution in a stationary population having the US mortality
rates.

There are many influences on the rel ationships between the biological consequences of doses received from various
kinds of radiations. To represent the aggregate of these influences, the concept of "relative biological effectiveness’
or RBE was introduced (ICRP-ICRU 1963). The biological effectiveness of agiven radiation relative to areference
radiation is defined as the inverse ratio of the dose of the given radiation that produces the same degree of a defined
biological endpoint as a dose of the reference radiation. A physical characteristic of radiation that has been found to
be helpful in defining the RBE has been the density of ionization along the path taken in tissue by the ionizing
photon or particle - the "linear energy transfer” or LET. Other factors that affect RBE include dose, dose rate, type
of cell or tissue, and the actual biological effect observed. Figure 5.1 illustrates RBE for aradiation of high LET
relative to areference low LET radiation. From figure 5.1, the RBE is either (D4/D3) or (D2/D1) depending on the
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level of effect at which the comparison is made. The increased RBE at the lower effect level (and lower doses) here
isaresult of the curvilinear nature of the relationship of biological effect with dose of the low LET radiation.

Figure 5.1 Illustration of the relative biological effectiveness (RBE) of ahigh LET radiation. The reference radiation
islow LET. At level of effect E2, the RBE is D4/D3. At level of effect E1, itisD2/D1.

A wide range of RBES have been obtained from in vivo experiments with biota and in vitro experiments with cell
and tissue cultures. The reference radiation has traditionally been taken as 250 kVp X-rays athough higher energy

gamma-ray emitters such as 13’Cs and ®9Co have also been used experimentally. For radiation protection purposes,
different radiations have been grouped and the absorbed doses from these groups of radiations, averaged over tissues
or organs, are multiplied by "radiation weighting factors' (designated wg, (ICRP 1992)) to give the quantity

"equivalent dose". Absorbed dose and equivalent dose have the same S unit of Jkg but to distinguish the quantities
their unit has been given the special names of gray and sievert respectively. Photons of all energies (i.e., from low
energy X-raysto high energy gamma radiation) and electrons (and, hence. tritium beta particles) and muons have
been assigned a weighting factor of unity, neutrons various weighting factors depending on energy, protons a factor
of 5 and alpha particles afactor of 20. Thefirst group are radiations with relatively low LETs but the range within
the group is sufficient that RBEs different from unity are observed experimentally, higher energy gamma radiation
generaly having RBES less than unity, low energy X-rays and low energy beta particles having RBEs greater than
unity. These observations are consistent with the results of theoretical and experimental studies of the physics of
radiation energy deposition at the microscopic scale (so-called microdosimetry) that have helped to refine the

concept of LET. For example, in aspherical target with diameter 1 um, 8°Co radiation deposits 1.5 less energy than
do 250 kVp x-rays, consistent with the 0.6 RBE typically observed for 60co radiation.

Nevertheless, for protection purposes, given the variability and imprecision in the quantitative relationships between
small radiation doses and biological effects, the ICRP and others have not seen justification for assigning other than
the single weighting factor of unity for photons and electrons. The | CRP has expressed concern about the impression
of spurious precision that a finer scale of weighting factors might engender (ICRP 1992). Consistent with this view,
the ICRP, BEIR and UNSCEAR committees (loc. cit.) have taken the gamma radiation associated with the A-bombs
to be representative of the low LET band of photons to which unity weighting factor has been assigned.

Whether thisis a reasonable conclusion has been questioned (Straume 1995). The survivors were actually exposed
to unusually high-energy gamma rays. Based on the current dosimetry system, survivors of the atomic bombings of
Hiroshima and Nagasaki received gamma rays that were predominantly in the 2 to 5 MeV range. These high energy
gamma rays resulted in part from neutron capture as the bomb neutrons penetrated large distances of air.

To estimate the relative biological effectiveness of the A-bomb gamma rays, the biological effectiveness of various
low-LET radiations with different mean energies were evaluated (Straume 1995). The radiobiological effects
observed were chromosome aberrations (dicentrics) induced in vitro in human lymphocytes. The relative
effectiveness of the radiations evaluated spanned arange of ten; 0.5 for 15-MeV electrons (A-bomb gamma rays

were taken as 1), ~2 for 9Co gammarays, ~4 for 250 kVp x-rays, and ~5 for tritium beta particles. The implication
of these results is that rather than the nominal risk coefficient being representative of the middle of the range of low
LET radiations grouped with the weighting factor unity, it is more representative of the radiations at the high end of

the LET distribution. A corollary is that those lower in the distribution - 137¢cs gammarrays, tritium beta particles
etc. - should be formally accorded a higher weighting factor for estimating equivalent dose or that the nominal risk
coefficient assigned to the low LET band of radiations should be increased.

These are implications that go beyond the mandate of this committee and they are more properly addressed by the
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other expert committees, such asthe BEIR VII committee, currently in session, or the ICRP. The discussion above,
however, provides a backdrop to the discussion below on the RBE of tritium and an assessment of relative risk from
tritium compared with that estimated on the basis of conventional dosimetry and risk factors.

5.2 Relative biological effectiveness of tritium

There have been no direct observations in humans of cancer, hereditary effects, or effects in-utero arising as aresult
of radiation doses from tritium. Hence, the estimation of any such risks in humans has to depend on information
from laboratory studies of the effectiveness of tritium relative to other radiations involving animals and in-vitro
experiments with various biological endpoints or effects, supplemented by theoretical studies of the physics of
energy distribution. An example of the former is the experiment cited above with chromosome aberrations as the

endpoint - tritium appeared to be at |east twice as effective as 60co gammarays. An example of the latter isthe
microdosimetric analysis by Ellett and Braby (1972) who calculated the energy deposited from various radiationsin
tissue volumes of sizes that reflected cellular and cell nuclear dimensions. For atissue sphere of 1 um diameter the

energy deposition from tritium beta particles was 1.5 times that from 250-kV p x-rays, and 3.8 times that from 60co
gamma rays. These values vary with sphere diameter; larger diameters lead to smaller factors. Tritium beta particles,
in fact, look very much like 65 kVp x-rays from the point of view of pattern of energy deposition such as the
distribution of ionization clusters which has been shown by a variety of studies at the micrometer and nanometer
scale (most recently Moiseenko et al. 1997). The expectation is, therefore, that tritium beta particles will have an
RBE approximately equal to that for 65 kV p x-rays but with the actual RBE in any particular circumstances
reflecting the biological variables.

In reviewing the tritium radiobiological data, Straume and Carsten (1993) identified 12 published studies that
estimated the RBE for tritium as HTO for areference radiation of 180-250 kVp x-rays, and 21 studies where the

reference radiation was gamma rays from 137¢s or 89Co. The mean of the tritium RBES from the comparisons with
x-rayswas 1.8; that from the comparisons with gamma rays was 2.3. Figure 5.2 shows the RBE values observed in
the published studies that compared tritium as HTO with the x-rays. Although there was an arithmetic mean RBE
value of 1.8 with RBE values ranging from about 1 to over 3, in half the studies, the valueswereinthe 1 to 1.5
interval.

Figure 5.2. The number of published studies reporting values in the indicated intervals for the RBE of tritium as
HTO with 180-250 kVp x-rays as the reference radiation (Straume and Carsten, 1993).

Figure 5.3 shows the RBE values for HTO observed in published studies in which gamma rays were used as the
comparison radiation. Again, the RBE values range from about 1 to over 3, but, in this case, the mgjority of values
areinthe 2 to 3 interval. Given the relatively small sample sizes, the actual distributions (i.e., normal, log normal,
etc.) are uncertain. Even so, in both sets, there is a clear consistency between these direct observations and
predictions from the microdosimetric cal culations.

Figure 5.3 The number of published studies reporting values in the indicated intervals for the RBE of tritium as
HTO with 137Cs or 0Co gamma rays as the reference radiation (Straume and Carsten, 1993).
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The estimates of RBE that have most bearing on the assignment of risk from tritium when compared with that from
the designated reference radiation are those where the biological endpoints are relevant to radiological protection -
i.e., the so-called stochastic effects; cancer and hereditary effects. Such an exampleisthat of Gragtmans et al. (1984)
in which the RBE for mammary tumor incidence in Sprague-Dawley rats was measured to be 1.18 + 0.18 when 200
kVp x-rays are used as the reference radiation. In the review cited above, the mean RBE for the studies with x-rays
asthe reference radiation and with stochastic endpoints was about 1.5 with the values for carcinogenesis-related
endpoints and chronically-delivered x-rays (to match the tritium dose) being close to one.

A further factor to be considered in estimating the relative risk from low doses of a particular radiation is whether
the relative effectiveness has been estimated at the appropriate level of effect. As can be seen from Figure 5.1, the
RBE for the high LET radiation, taking the low LET radiation as reference, is higher at the lower level of effects
(D2/D1 is greater than D4/D3). Hence avalue of RBE obtained at high doses and associated with a high degree of
effect might be an underestimate of the value appropriate to low doses. Some of the studies cited above (Straume
and Carsten, 1993) arein this category. However, the increase in RBE with decreasing dose and effect is because of
the relatively greater curvilinear nature of the relationship between effects and dose for the lower LET (reference)
radiation. The nominal risk coefficient for radiation effects at low doses is based on an extrapolation of observed
effects from high doses of the reference radiation. Hence, the degree of underestimation of the RBE for the higher
LET radiation depends on the extent to which the non-linearity in relationship between effect and dose has been
taken into account in that extrapolation. In the extrapolation from the A-bomb survivor data, this non-linearity is
(partly) taken into account by applying a dose and dose rate reduction factor (DDRRF) of only afactor of 2 as noted
in Table 5.1. It follows that although very large RBEs have been observed in some studies with tritium for extremely
sensitive endpoints, these are not indicative that doses from tritium should generally be accorded a very high weight
for protection purposes; they indicate the greater curvilinear faling off in relative effectiveness of the lower LET
radiation.

In summary, for radiation protection purposes the nominal risk coefficient for cancer mortality has conventionally
been taken as 5% per sievert (Section 5.1). For the purposes of this report we recognize the derivation of that value
from the A-bomb survivor datathrough a DDRRF of 2, islikely to be overestimating (by a maximum of 5 times;
more likely by at least afactor of 2) the risk at low doses compared with high doses. (This s discounting there being
an actual threshold below which there are no del eterious effects.) Countering this, we recognize that there may be an
underestimation because of the very high energy of the A-bomb gammarays, possibly by afactor of 2-3 (Section
5.2). Findly, if the reference radiation remains that of 250 kV p x-rays (implicit in the above) then the relative risk
associated with doses from tritium beta particles radiation may be about 1.3 times that from the reference radiation.
The combination of these factors leads to no net overall adjustment. The nominal risk coefficient of 5% should
therefore be appropriate for dose from tritium radiation, at least in the form of HTO which is the form used in the
cited studies. For OBT, an adjustment factor of 10% per sievert would appear to be very conservative.

5.3 Special tritium effects
5.3.1 Heterogeneity of the distribution of tritiumin cells

Asnoted in Section 2.4, heterogeneity in the spatial distribution of OBT within cells and cell nuclel complicates
dosimetry. A particular level of biological effect observed in a study may be interpreted to indicate an increased
effectiveness of the tritium radiation when the dose is averaged over the irradiated tissue volume. It is difficult to
ascertain whether thisis because of a higher local concentration of tritium in cells or cell nuclel or is because of a
greater effectiveness per disintegration that occurs in an organically bound location.

There is afurther conceptual difficulty in that the quantity "equivalent dose" as defined isa"macro” quantity; that is,
its derivation from absorbed dose with particular weighting factorsis only valid for absorbed doses averaged over
tissues and organs. The nominal risk coefficient relates to doses obtained in this manner. Since dose is energy
absorbed per unit mass (i.e., Jkg), it can be estimated for any small volume of tissue - such as that of a cell nucleus.
Because of the concentration of energy deposition along ionizing particle tracks, estimation of the dose in avolume
that is close to the extent of the track can give high values of dose. For example, asingle track from alow LET
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radiation delivers adose of afew mGy to a cell nucleus.

For tritium, the absorbed dose in a cell nucleus, diameter 8 um, 270 pg mass, would be about 2.7 mGy per tritium

decay (270 mrad). A consequence of thisisthat at annual doses of the order of 1 mGy/a (100 mrem/a) thereisless
than one event in each cell each year. The radiobiological consequences of this kind of temporal and spatial
distribution of absorbed energy at the microscale, and possible implications for protection, need to be treated as
factors that may affect risk explicitly rather than attempting to fold them into some macroscale quantity similar to
equivalent dose. Below, we therefore estimate the implications of any radiological effects peculiar to OBT in terms
of the nominal risk from tissue-averaged doses of tritium as HTO.

Straume (Straume 1993) concluded that the risks from tritium that decays from an organically-bound position appear
to range from similar to those from tritium as HTO (for example for amino acids and proteins) up to afactor of two
greater for tritium decaying from a nucleotide such as thymidine. The uncertainty in these estimates arising from the
dosimetry difficulties was noted.

Tritium can certainly be concentrated in mammalian cell nuclei if particular tritium-labeled organic compounds such
asthe nucleotide, tritiated thymidine (a DNA precursor) are injected into the body (see NCRP 1979b for example).
However, alarge fraction of the broad mixture of labeled organic compounds ingested in food is broken down into
basic biological building blocks before being re-synthesized back into organic material in the body. Hence, ingestion
of OBT and its subsequent catabolism and metabolism will lead to a broad distribution of tritium in organic material
in the body, only some of which will be in nucleotides. The ratio of the risk coefficient for doses from OBT in
genera to that for doses from tritium as HTO would therefore appear to be less than two and likely within the range
from one to two.

5.3.2 Transmutation effects

When the tritium in an organic molecule disintegrates, the moleculeis, in effect, losing a hydrogen atom - which has
changed to helium - and the molecule will be changed. The NCRP (NCRP 1979b) in itsreview of OBT in genetic
material noted that mutations had been observed if specific positionsin particular nucleotides had been labeled with
tritium (e.g., the 5-position of cytosine). It concluded that such labeling would, in practice constitute such a small
fraction of organic labeling that the effects would be negligible compared with any from the radiation dose from the
tritium beta particles.

5.3.3 Tritiumin oocytes

Estimates of tritium incorporation, dose, and risk become more complicated when exposure to tritium occursin
utero or during early neonatal life. Although fetal cells divide rapidly during certain stages of development, they
also differentiate to form organs and tissues that in certain cases undergo very little or no subsequent cell division.
Thus, the incorporation of tritium into biomolecules of long-lived cells (e.g., neurons and oocytes) could result in
larger integrated doses over the lifetime of the cells. In women, the entire oocyte pool is produced by rapid cell
division during in utero development. The oocytes thus produced do not divide again until after ovulation and
fertilization in adulthood. Therefore, a pregnancy at the age of, say, 30 yearsisthe result of fertilization of a 30-
year-old oocyte. If that particular oocyte had incorporated non-exchangeable tritium into its DNA some 30 years
previoudly in utero, the oocyte would have been absorbing a radiation dose from the incorporated tritium throughout
thistime. The effective half-life would be the 12.3 year physical half-life of the tritium

One way of estimating the dose from incorporated tritium that is ingested with food (the main source of incorporated
tritium) is to conservatively assume that the OBT taken in with food is all in the form of tritiated thymidine, an
important component of DNA, and that the DNA in oocytes are subsequently labeled with this compound and that
thereis no loss of the tritium. The extent of labeling can be estimated from the results of studies with mice into
which tritiated thymidine had been injected (Baker and McLaren 1973), from an estimate (NCRP 1979b) that
labeling isfive times less when tritiated thymidine is ingested rather than injected, and by scaling body size from
mouse to human. If the food intake (at 1.6 kg/d) over the 5 months during which the oocytes are formed (from 2
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months after fertilization to 7 months; Baker 1963) has the activity concentration of 10 Bg/kg, (0.27 pCi/kg) the
value typical for the current LLNL environment, there would be an average concentration of 30 pBq per oocyte

nucleus (8 x 1022 Ci). At this concentration, the probability of even one tritium decay in any oocyte beforeitis
fertilized isvery small (See Table 5.2).

o Number (%) of oocytes experiencing tritium decays by given age
Number of tritium decays
15years 30 years
None 386,000 (99%) 15,000 (98.6%)
1 3700 (1%) 203 (1.4%)
2 18 (0.005%) <2
3 <<1 <<1

Table 5.2. The number of oocytes that will have experienced zero, one, or more tritium decaysin a 15
year-old and a 30 year-old woman. The assumptions are as given in the text. A Poisson distribution is
assumed for the probability of decays. The number of oocytes remaining after 15 yearsistaken as
390,000 and after 30 years, 15,000 (from Peters and McNatty 1980).

It follows that most oocytes will have received no dose from tritium and that those in which there have been one or
more tritium decays will have received, on average, adose of 2.7 mGy, 5.4 mGy, or 8.1 mGy (270, 540 or 810
mrad), depending on whether there was one, two or three decays (See Section 5.3.1). The actual doses in the oocytes
that experience at least one decay will be distributed according to the beta spectrum of tritium; i.e., from zero to
approximately three times the average. The dose averaged over all oocytes remaining at 30 years (a measure of the
overall risk), based on these very conservative assumptions, is approximately 40 Sv (4 mrem) (from 2.7 mGy X
1.4%).

It isimportant to note that the predominant forms of OBT expected in the vicinity of LLNL and SRS are not tritiated
thymidine nor other tritium-labeled nuclear bases. Rather, there are expected to be a broad range of tritiated organic
molecules such as proteins, carbohydrates, sugars, etc., that have incorporated tritium in plants and animals. Tritium
from these biomolecules would not be incorporated to the same extent as tritiated thymidine and, hence, there would
fewer oocytes with tritium disintegrations in the nucleus than estimated here for tritiated thymidine.

A less extreme approach to estimating the dose to oocytes from incorporated is to assume that the organic material
of the oocyte is labeled to the same extent as the rest of the body tissues and that the dose to oocytes varies with the
relative retention times of the oocyte-bound tritium and OBT in other tissues; i.e., 12.3 yearsrelative to 40 days. In
30 years, approximately 80% of the tritium will have decayed and the dose absorbed in that time would be about 90
times the dose that would have been absorbed if the long-retained OBT had been retained only with the ~40 day half
life. Since there is post-natal synthesis of RNA in oocytes (NCRP 1979b), some of the oocyte-bound tritium will be
eliminated (i.e., the effective half-life will be lessthan 12.3 years), reducing this factor of 90 times accordingly. If
we take, conservatively, that the tritium intake giving rise to the estimated current annual dose around LLNL from
OBT (approximately 0.04 uSv; see Section 4.3.2,) all occurs during the 5 months in which the oocytes are formed,
then the dose from incorporated tritium to oocytes over 30 years would be less than 90 x 0.04 uSv = 4 uSv. On the
basis of these assumptions, approximately 0.1% of the oocytes would have experienced a tritium decay (4 uSv/2.7
mSv), compared with approximately 1% as estimated above with more conservative assumptions.

For comparison, if the same environmental levels of tritium were to be present during the 30 years during which the
dose from incorporated tritium has been estimated, then the dose to the oocytes from HTO ingested in drinking
water and food through that period would bein 30 x [0.1 puSv + 0.07 uSv] = 5 uSv (0.5 mrem; from Section 4.3.1).
Accordingly, the incorporated tritium (based on the latter set of assumptions) would about double the number of
oocytes experiencing atritium decay through this period.
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The conclusion is that certainly less than 1% (and, more likely, less than 0.1%) of pregnancies occurring in women
who are exposed to food contaminated with tritium at the current levels observed around LLNL and SRL will have
arisen in an oocyte that has experienced a dose from the beta decay of tritium that was incorporated in oocytes
during oogenesis. A fertilized oocyte (a zygote) divides resulting in arapidly developing embryo and the large
number of divisions will quickly eliminate the remaining tritium in the nuclear DNA. Hence, the risk of interest is
that associated with one or two tritium decays in the oocyte nucleus before fertilization.

The nominal value for probability of severe hereditary effects (which includes autosomal dominant and X-linked
diseases plus multi-factorial diseases) chosen by the ICRPis5 x 106 per mGy (ICRP 1992). A recent ICRP
publication (ICRP 1999) concluded that this value was likely to be an overestimate but that there was sufficient
uncertainty that a change in the nominal value was not warranted. Hence, if we conservatively allow for an
enhanced effectiveness of tritium radiation relative to gamma radiation of 1.3 and of the effectiveness of tritium as
OBT relativeto tritium asHTO of 2, for adose of 2.7 mGy from a single disintegration on average, then the
probability of a severe hereditary effect if atritium disintegration does occur in a oocyte nucleusis 5 x 10°x 1.3x 2
x 2.7 = 3.5 x 10™. Hence the probability of a severe hereditary effect attributable to oocyte labeling at oogenesisin
an oocyte in which a decay actually occurs would be in the range 1.3 x 10°° (with no enhanced effectiveness

assumed for tritium) to 3.5 x 10™ (with an overall enhanced effectiveness of 1.3 x 2 = 2.6 for OBT relativeto
gamma radiation).

The overall probability for an individual must also include the probability that afertilized oocyte is one that has
actually experienced atritium decay. From above, at current levels of tritium contamination, this proportion is less
that 1% and likely less than 0.1%. Hence the overall probability of a severe hereditary effect attributable to oocyte

labeling at oogenesisisin the range (0.1% x 1.3 x 10™) to (1% x 3.5 x 10°2); that is, arange of 1.3x 108t0 3.5 x
107,

For exposuresto higher levels of tritium in foods, such as might have been experienced in the past, the effect for
increases by one or two orders of magnitude is to increase approximately proportionately, the fraction of oocytes
that actually experience a decay from incorporated tritium. (Y early exposures around LLNL were estimated to have
been an order of magnitude greater than those of recent years - see Section 4.2.3. Hence, one can conclude that the
overall probabilities as estimated in the previous paragraph would be an order of magnitude higher.)

An estimate can be made of the oocyte labeling that may have occurred after arelease such asthat from LLNL in
1970 (see Section 4.2.1) when 11 PBq (289 kCi) were released in the form of HT. Currently, airborne annual
releases from LLNL are approximately 8 TBq (200 Ci; assumed to be HTO) and the dose is estimated to be less than
1 uSv. If we assume a 1% conversion of HT to HTO for the 1970 release (which is dosimetrically conservative) then
scaling by the estimate for current values gives an estimated dose from that release of (11 PBqx 1% x 1 uSv) / (8
TBq) = 15 uSv (1.5 mrem). The corresponding value for dose from OBT in current conditions was deduced to be
0.04 nSv (see above and Section 4.3.2). Scaling this value for the 1970 release gives 15 x 0.04 uSv = 0.6 uSv (60
urem) from OBT in generad. If we take this factor of 15 as applying also to the dose from oocyte-incorporated
tritium, then certainly less than 15% (and likely less than 1.5% ) of the oocytes would be labeled and the range of
overall probability of a severe hereditary effect attributable to oocyte labeling at oogenesis would then be

approximately isin therange 2 x 10 to 5x 10°C.

All the values of probability of any severe effect from oocyte labeling are low, even with the most conservative of
the assumptions made here. It isimportant to recognize that, at the concentrations of tritium in environmental media
that are considered in this review, the extent of oocyte labeling that can occur is such that only a very small fraction
of oocytes experience even one decay and that the dose associated with such a decay averages approximately 2.7
mGy (270 mrem).

5.4 Overall uncertaintiesin estimating risks from tritium
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There are uncertainties in each step of an estimation of risk (release, transport, exposure, dose and biological effect),
, asdiscussed in Sections 2, Sections 3 and 4 and Section 5. An assessment of risk is most informative if the
knowledge of these uncertaintiesis propagated through the estimation and the estimated doses, or risks,
characterized by a mean and an overall uncertainty. Examination of the relative contributions of the various
individual uncertainties to the overall value can be helpful in indicating the major "drivers' of uncertainty - and
possibly indicating where efforts to reduce uncertainty might be most efficacious. It is aso much easier to explain
doses and risk estimates to a concerned public group if such information is made available. Examples of such dose
distributions are seen in the report of the recent dose assessment for SRS (Till et al. 1999). . A series of papers by
Hamby (1993, 1994, 1995, 1998, 1999) and Kock and Hamby (1998) discussed uncertainties specifically in
estimations of doses from tritium.

5.5 Adjusted nominal risk coefficient for tritium exposures

In the above discussion of risk from tritium, an attempt has been made to avoid unduly conservative assumptions.
We recognize though, that there are broad bands of uncertainty - in both directions - about the parameters that we
have suggested. Hence, it is difficult to be sure a priori that risk estimates considered "conservative' are in fact
conservative without a closer look at the distribution of uncertainties. If the uncertainties on the individual
parameters are estimated correctly and the parameters are correctly identified and dealt with statistically, then the
resultant distribution should be arealistic estimate of the overall uncertainty. An example for cancer risk from
tritiumisillustrated in Figure 5.4 (Straume 1993). This shows the range of uncertainty in the risk coefficient that
arises when the independent distributions of the parameter values are statistically combined. The assumptionsin that
analysis differ in detail from some made here but the differences tend to be offsetting so the central value for the risk
coefficient is not substantially different from that in Table 5.3 for tritium asHTO.

The adjustments that might be appropriate to apply to the nominal risk coefficient as defined for radiation protection
purposes that have been discussed above are summarized in Table 5.3.

Nominal risk coefficient for population average 5% per Sv-adult
8% per Sv - child
Multiplying factor for DDRRF (dose and dose rate reduction factor) 04
0.1to 1range

Multiplying factor for A-bomb gamma-ray energy adjustment 2

1to5range
Multiplying factor for RBE for tritium asHTO 13

1to 2range
Multiplying factor for RBE for OBT relativeto HTO 2

1to 3range
Adjusted risk coefficient for tritium as HTO (population average) 5% per Sv
Adjusted risk coefficient for tritium as OBT (population average) 10% per Sv

Table 5.3. Adjustments to the nominal risk coefficient that account for uncertainties in the nominal risk
coefficient for application to exposures to tritium in the forms of HTO and OBT. These adjustments are
based on areference radiation of 250 kVp X-rays. Uncertainty ranges are included for some factors with
single values representing consensus opinions of the panel.
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| -

Figure 5.4 Calculated frequency distribution of excess cancer mortality risk induced by HTO in a population like
that of the U.S. (or the excess cancer deaths per million people per mGray radiation dose; Straume, 1993).

A further caveat that needs to be placed on the above nominal risk coefficients is questionable validity of applying
them quantitatively to predicting the probability of increases in cancer mortality from incremental annual doses of
the order of, or less than, those received from natural background (afew mSv or afew thousand uSv). Thereisthe
certainty that any impacts on health will be small and possibly effectively zero. The BEIR V committee (NRC 1990)
was quite explicit on thistopic: ". . . epidemiological data cannot rigorously exclude the existence of athreshold in
the millisievert dose range. Thus the possibility that there may be no risks from exposures comparable to external
natural background radiation cannot be ruled out." The complexity and variability of biological processes that can be
stimulated as well as harmed by physical stressors (such asionizing radiation) at the dose levels such that cellsin
tissues are receiving only afew ionizing events during a year rules out any realistic precise quantitative application
of a"onerulefitsal" risk coefficient obtained by extrapolation from observations of effects at much higher doses.

6 PUBLIC HEALTH ASSESSMENT

The levels of tritium contamination in the environments around both the Savannah River Site and the Lawrence
Livermore National Laboratory are low and the radiation doses to members of the public from tritium in drinking
water and food are correspondingly low. Individual annual doses are only the order of 1 uSv (see Table 6.1 below),
even taking into account possible contributions from organically bound tritium in foodstuffs. Although the
organically-bound component has not generally been explicitly measured in vegetation or food samplesthereis
sufficient information on the behavior of tritium in the environment to provide the assurance that, at the current
concentrations of tritium in environmental moisture, tritium that may have become organically-bound will not result
in substantially larger values of dose than currently estimated.

The nominal risk of cancer from annual doses around the two sites is also shown on Table 6.1. The values shown are
population averaged, or averaged over the mix of individualsin a population (males, females, and all age groups).
From the discussions in Sections 2.4 and 5.1, it follows that the nominal risk to infants will not be more than three
times greater than this averaged value. The conclusion is that for the annual doses of the order estimated, the
nominal risk islessthan one in ten million. Thisis a hypothetical value that is defined by ATSDR to represent "no
increased risk" (ATSDR 1991) . Any impact on health must be very small and certainly not detectable compared
with any impact there might be from the natural background radiation of everyday living.

SRS LLNL

Annual doses* from: |
Ingestion of drinking water 0.4 uSv (40 prem) 0.1 uSv (10 prem)
Ingestion of food 0.1 uSv (10 prem) 0.1 uSv (10 prem)
Ingestion of HTO in food 0.06 uSv (6 prem) 0.06 uSv (6 urem)
Ingestion of OBT in food 0.04 uSv (4 prem) 0.04 uSv (4 prem)
Tritium ingested with food, decaying in the body from the form of 0.07 uSv (7 prem) 0.07 uSv (7 urem)

HTO

Tritium ingested with food, decaying in the body from the form of 0.03 uSv (3 prem) 0.03 uSv (3 prem)

OBT

Nominal lifetime risk: |
I Il Il I
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From the dose received from the annual intake of tritium that decays (0.4+0.07) x 5x 102 x 10 (0.1+0.07) x 5x 102 x 10

when in the form of HTO (A) =24x 108 -085x 108

From the dose received from the annual intake of tritium that decays 0.03x 10x 102 x 10°® 0.03x 10x 102 x 10°®

when in the form of OBT (B) =0.3x 108 =0.3x 108

From the dose received from the annual intake of OBT in foods (C) (0.07-0.06) x 5x 102 x 10 || (0.07 - 0.06) x 5x 102 x 10°°

+0.03x 10 x 102 x 10°® +0.03x 10x 102 x 10°®

=0.35x 108 =0.35x 108

Total nominal risk (A) + (B) 2.7x108 1.3x 108

% contribution from OBT ingested in foods (C) / [(A) + (B)] % I 13% | 30%

Strictly, the doses committed from an annual intake since the dose is actually received over a period after the intake.

Table 6.1 Estimates of current annual doses and risks from tritium ingested in drinking water and foods
in the vicinity of the Savannah River Site and the Lawrence Livermore National Laboratory. Modeling
assumptions and data are as described in the previous sections. The estimates are based on
conservatively estimated concentrations in drinking water and in food moisture in the environment
around the SRS of 40 Bg/L and 10 Bg/L respectively (see Table 3.3), and in the drinking water and food
moisture in the environment around LLNL of 10 Bg/L (see Section 4.2.1).

7 FURTHER CONCLUSIONSAND RECOMMENDATIONS

The dose from tritium that isingested as OBT in foods obtained from environments widely contaminated with
tritium will add to the dose received from tritium ingested in the form of water in food and in drinking water.
Enough is known about the behavior of tritium in the environment that reasonable bounds can be placed on likely
levels, given the observed levels of HTO. For an environment where water is generally contaminated with tritium,
the additional dose from tritium ingested as OBT isunlikely to result in atotal dose from tritium that is more than
twice that from tritiated water alone.

The technologies currently employed in the monitoring and measurement of tritium at LLNL appear to be consistent
with practices described in the literature and widely practiced in nuclear establishments elsewhere.

For the current levels of contamination around the SRS and the LLNL site, even if ultra-conservative estimates were
to be made of the organically-bound tritium in foodstuffs, the increase in the dose so estimated using current
dosimetric models would still be very small compared with any that would have any appreciable impact on the
health of the local communities.

Ideally, this conclusion concerning the current significance would be supported by direct measurements of OBT in
representative samples of foods in the Livermore area. However, measurements of OBT are expensive and the
magnitude of current doses from tritium in general does not warrant there being precise knowledge of the amounts
of tritium as OBT compared to that asHTO in each food - a more general set of upper bounds suffices. It might be
worthwhile providing some assurance of the validity of the conclusion about the upper bounds to current levels of
OBT by undertaking some sampling of foodstuffs along the lines of studies described in the text, for measurement of

the OBT by 3He mass spectrometry. Such results would also help to validate the applicability of generic values that
can be assembled from detailed review of the published data from locations el sewhere.

One of the issues that could be resolved by 3He mass spectrometric measurement of OBT, is how much past rel eases
from LLNL may have contributed to OBT in the Livermore valley. To obtain such information would require
selection of the samplesin which the OBT turnover is sufficiently sow to provide a detectable residual from past
releases - treerings are a possibility. Interestingly, scientists at LLNL have recently used accelerator mass
spectrometry (AMS) to measure tritium in tree rings (taken from atree on the Nevada Test Site (NTS), near a
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groundwater sampling site for which sampling data go back to the mid-1970s). At the expected OBT activities
around LLNL it appearsthat AMS analytical procedures would require much larger sample volumes. Larger
samples could in principle be used for tree rings with much lower tritium levels. The results from NTS demonstrated
very good correlation between groundwater tritium (HTO) and the tree ring measurements for the same sampling
date. Perhaps this novel method could be helpful in particular locations at both LLNL and SRS; it would be
worthwhile evaluating whether it would be suitable for the validation of historical tritium releases at LLNL and SRS

Therelative biological effectiveness (RBE) of tritium in its various chemical formsis the subject of on-going
studies, both experimental and theoretical, as are the biokinetics and metabolism of tritium by humansin various
organic forms. There are different interpretations of the published results. The levels of tritium that appear to be
present around the facilities discussed in this report are low. Far more conservative assumptions or interpretationsin
tritium dosimetry and radiobiological effectiveness could have been made in this report without affecting the overall
conclusion that the tritium levels as reported do not appear to be sufficient to be having an effect on local
communities. Efforts to resolve both the metabolic and RBE questions for tritium and OBT in particular need to be
continued to provide the needed quantification should instances arise with higher levels of contamination in the
environment.

Releases in the past may not have been as well measured and reported as is the current case. |f the conclusions about
past routine releases from LLNL made in this review are correct, then the doses from those releases, although more
than an order of magnitude higher on average over the past years than the current annual releases, are till below
levels that should prompt public health concerns. A broader review of documentation that is available might clarify
some of the uncertainties noted.

Although LLNL reports identify uncertainties for many of their individual tritium measurements, they do not appear
to provide uncertainties on their dose estimates. Given the information available to them, it seems that the
uncertainties could be identified and propagated so that realistic best-estimate uncertainties would be provided for
the dose estimates. It would be preferable to have best-estimate doses with uncertainties, rather than the
"conservative" doses listed in the LLNL annual reports. It is understood that the doses to the public are low and that
the use of "conservative" single-value estimates is a common practice, partly driven by the regulatory need to
demonstrate compliance with limits. However, such an approach is not very transparent. This makes it difficult for a
reviewer or acommunity group to understand the uncertainties.

We recognize that national laboratories must be consistent with the radiation protection requirements and guidelines
established by the Department of Energy in demonstrating compliance. A parallel realistic assessment, taking into
account OBT aswell asHTO and including uncertainties in the various parameters and using more realistic models
would be helpful. We note that in the most recent annual report from LLNL (Larson et al. 2000) there is a short
assessment of OBT. Such an approach would allow national |aboratories to reflect any evolving consensus on such
matters as the appropriate radiation weighting factors or nominal risk coefficients before such evolutions are cast
into regulations.

It would be helpful if LLNL could provide inter-comparisons between CAP88-PC and measured HTO at additional
off-site locations and distances (Simpkins and Hamby, 1997). The comparisons that have been made at short
distances indicate an increasing overestimation of ambient air concentrations by CAP88-PC relative to measured

HTO values. It would be helpful to verify that similar health protective overestimates of dose occur under all
relevant conditions and locations.
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APPENDIX 1. GLOSSARY OF DEFINITIONS, ABBREVIATIONS, AND UNIT
CONVERSIONS.
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Abbreviation

Term

Definition/Conversion

Activity

The number of nuclear transformations
occurring in a given quantity of material per
unit time.

Becquerel

A unit of measure for the quantity of
radioactive material; one becquerel is that
quantity of radioactive material in which one
atom decays in one second,

Committed Dose
Equivalent

The dose equivalent to organs and tissues of
reference that will be received from an intake
of radioactive material by an individual over
the 50-year period following the intake.

Commitied Effective
Daose

The International Commission for
Radiological Protection (ICRP) term for the
sum of the products of the weighting factors
applicable to each body organ or tissue that
are irradiated and the committed dose
equivalent to the organs or tissues. The
Committed Effective Dose is used in
radiation safety because it implicitly includes
the relative carcinogenic sensitivity of the

| various tissues,

Ci

Curie

The quantity of radioactive material in which
37 billion transformations occur per second,
which is approximately the activity of 1 gram
of radium.

Dose

The amount of a substance to which a person
is exposed. For radioactive materials or
radiation, dose denotes the quantity of
radiation or energy absorbed per unit body
mass and is a generic term for absorbed dose,
dose equivalent, effective dose equivalent,
committed dose equivalent, committed
effective dose equivalent, or total effective
dose.

Gray

The international (SI) unit of absorbed
radiation dose. One Gy equals the absorpiion
of one joule of energy per kilogram of
absorber. One gray equals 100 rad.
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Risk

In risk assessment, the probability that
something will cause injury, combined with
the potential severity of that injury

Rem

A unit of radiation dose equivalent. The dose
equivalent in rem is numerically equal to the
absorbed dose in rad multiplied by a quality
factor.

Specific Activity

The total radioactivity of a given nuclide per
gram of an element. It is a measure of the
concentration of radioactivity, which may be
expressed as pCi/gram, Bg/L, etc.

SI

System International

Sv

Standard metric system; the SI prefixes used
in this report are; k 10 M 0% G 10
T 10'% P 10" E 10" m 10, n 10%
n 107, p 10"

Sievert

The ST unit of any of the quantities expressed
as dose equivalent. The dose equivalent in
sieverts equals the absorbed dose in gray
multiplied by the quality factor (1 Sv = 100
rem).

APPENDIX 2. BIOGRAPHICAL SKETCHES -- EXPERT PANEL
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HEALTH CONSULTATION

Tritium Releases and Potential Offsite Exposures

LAWRENCE LIVERMORE NATIONAL LABORATORY (U.S. DOE)
[alk/a LAWRENCE LIVERMORE NATIONAL LABORATORY (USDOE)]
LIVERMORE, ALAMEDA COUNTY, CALIFORNIA

EPA FACILITY ID: CA2890012584
AND

LAWRENCE LIVERMORE NATIONAL LABORATORY (U.S. DOE)
[a’lk/aLAWRENCE LIVERMORE NATIONAL LABORATORY (USDOE)]
LIVERMORE, ALAMEDA AND JOAQUIN COUNTIES, CALIFORNIA

EPA FACILITY ID: CA2890090002
AND

THE SAVANNAH RIVER SITE (U.S. DOE)
[a/k/a SAVANNAH RIVER SITE (USDOE))]
AIKEN, AIKEN, BARNWELL AND ALLENDALE COUNTIES, SOUTH CAROLINA
EPA FACILITY ID: SC1890008989

March 11, 2002

3 SAVANNAH RIVER SITE (SRS)

SRSisalarge Department of Energy site, currently operated by the Westinghouse Savannah River Company with
12,000 employees. The site, on the South Carolina side of the Savannah River, is approximately circular with a 16-
km radius (see Figure 3.1). Reactors, separations plants, and ancillary facilities for producing and purifying
radionuclides - primarily tritium (3H) and plutonium (23%Pu) for the Defense Department- began operation in
October 1954. Of five reactors, one was shut down in 1964, a second one was shut down in 1966 and restarted in
1984, and all reactors were shut down by 1988. One reactor was briefly restarted and shut down at the end of 1991.
Reactor power levels were relatively high from 1957 to 1986. The separations plants and ancillary facilities are till
operating.

Generation of tritium, its movement within SRS, and its transfer through the environment to persons off site are
complex processes that are described here only briefly. A detailed source of information is Murphy et al. (1993).
Tritium control technology at SRS and other facilities was described by Rhinehammer and Lamberger (1973). Much
of the tritium information has been reviewed by an independent group (Till et al. 1999). Tritium releases,
concentrations in environmental media, and radiation dose model calculations are reported annually (Arnett and
Mamatey 2000).

Figure 3.1. Savannah River Site Map

3.1 Sourcesof tritium releases at SRS
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Tritium was produced in the reactors by neutron bombardment of lithium in lithium-aluminum targets. These targets
were dissolved in the tritium separations plants and the tritium product was then purified and collected as the gas.
Some of thistritium was lost from production through release to air, release in wastewater, and retention in solids.
The airborne releases are discharged from the SRS separations plants and reactors into air through 60 m stacks that
are clustered near the center of the site.

Tritium was aso formed adventitiously in reactors from deuterium in heavy water (deuterium oxide, D,0) that was
used as coolant and neutron moderator, and as afission product in fuel. The formation from deuterium is through the

(n, y) reaction supplemented to a small extent by an (n, p) reaction on the tritium decay product, SHe (Holford and
Osborne 1979). Heavy water that escapes from reactor systems carried the tritium with it as DTO. Some tritium
accompanied the fraction of heavy water that is vaporized into the reactor blanket gas. Deuterium and tritium gases
formed by radiation-induced dissociation of coolant water were passed with the blanket gas through a recombiner
system with oxygen to form water. Some gas with DTO vapor occasionally was vented for discharge to the stack.

Some heavy water with tritium drained into sumps from leaks. Some clung to surfaces of the lithium targets,
uranium targets, and uranium fuel as they were removed periodically from the reactor and is collected in drip trays
and with wash water. Any remaining DTO was carried to the storage facilities and separations plants. The Rework
Facility through which heavy water isrecycled for purification discharged some DTO with tritium. Laboratory and
test plant facilities also may discharge tritium to air and wastewater.

Tritium formed by neutron-induced ternary fission in uranium can leak from failed fuel with other fission products
into the reactor coolant. Fission products were also carried in discharged air and wastewater from fuel storage. Most
fission products are transferred to the uranium separations plants in the targets and fuel that are dissolved there to
extract plutonium. Tritium accompanies fission products that may become airborne or are stored as high-level and
low-level radioactive waste. Spent fuel from other facilities also is stored and processed at these SRS separations
plants.

Wastewater may be discharged directly to streams that flow through the site and into the Savannah River or may be
treated by evaporation and solidification in concrete, with subsequent discharge of residual treated water. Until a
few years ago, much of the tritium-bearing wastewater was discharged into seepage basins so that a fraction of the
tritium could decay as the water moves slowly through the shallow aquifer before seeping into the local streams.
This tritium in groundwater continues to enter the streams now that the seepage basins are closed. The basins,
vegetation, and on-site surface water bodies are al'so minor sources of airborne tritium by evaporation and
evapotranspiration.

Liquid high-level radioactive wastes that contain tritium are stored in buried high-level waste tanks. These wastes,
which are reduced in volume by evaporating water (including tritium), are currently being processed to form low-
level radioactive liquid waste and high-level radioactive solids. Thislow-level liquid waste is solidified as concrete
and the high-level radioactive solids are contained in steel cylinders. Both solid wastes are stored on site. Solid
radioactive wastes stored on site at the Solid Waste Disposal Facility in near-surface repositories are sources of
tritium that migrates into groundwater and air.

3.2 Monitoring of releases of tritium

3.2.1 Air effluents from separations plants

Since 1985, airborne releases from the tritium separations plants have been measured with dual Kanne ionization
chambers. One chamber records the total beta-gamma activity, while the other chamber records beta-gamma activity
from an air stream that has been stripped of water vapor, including tritiated water (HTO). Because theionization in

the chambers is mostly from tritium, the first chamber is considered to record total tritium, and the second, total
tritium minus HTO, which SRS generally reports as tritiated hydrogen gas (HT and T,).
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Only a single Kanne chamber was used at the tritium separations plants before 1985, which did not allow any
distinction to be made between HTO and non-HTO. Gaseous or volatile fission and activation products that
accompany the airborne tritium are also measured in the Kanne chambers so that the total tritium activity may be
overstated.

The tritium released by the separations plants that process enriched uranium fuel and depleted uranium targets was
not monitored. Its activity was calculated on the basis of ternary fission yield, estimated evaporation rates, and

irradiation history. Tritium constitutes only a small fraction of the discharged radionuclides, which are mostly 8.
Of the total fission-produced tritium, 10% was assumed to be discharged as HTO to air, and the remainder
discharged with waste water (Whitney 2001).

3.2.2 Air effluents fromreactors

Airborne releases from the reactors consist of tritium plus radioactive noble gases, mostly the “IAr activation
product and several Kr and Xe fission products. The Kanne chamber record represents the upper limit of total
tritium, but cannot be used for monitoring tritium. Instead, four monitoring systems specifically for tritium were
installed in succession between 1954 and the present; the first three were each in turn replaced, apparently because
of imperfections (Lee 1998).

The first reactor stack tritium monitoring system, used in 1954 through 1957, collected water vapor on silica gel
during brief sampling periods. The collected water was recovered from the silica gel by distillation and measured by
liquid scintillation (LS) counting. From 1957 to about 1972, the second system collected water vapor continuously
by condensation for subsequent LS counting. From about 1972 to about 1986 (installation and replacement dates
varied among reactors), the third system, designated " Stack Tritium Monitor" (STM), measured radioactivity with
dual ionization chambers. The difference between total beta-gamma activity in the first chamber and total activity
minus HTO in the second chamber, which received adried air stream, was reported as HTO activity.

The current Berthold Tritium Monitor (BTM) system is atwo-channel proportional counter that records low energy
beta particles attributed to tritium in the first channel and higher-energy beta particles from other radionuclides in
the second channel. A correction factor based on the second-channel count is applied to subtract from the first-
channel count rate the low energy beta particles from the other radionuclides. Records indicate that the STM and
BTM were calibrated periodically with check sources, and occasionally with tritium gas standards. Because the
second and third systems continued to be used as the subsequent system was installed, data for comparisons were
collected. A few of these records are till available, although they are from periods after reactor shutdown (Lee
1998).

3.2.3 Liquid effluents

Liquid effluents are monitored from all facilities by collecting water samples and measuring tritium with LS
counters. Continuous samplers are used at points of discharge. Other sampling is performed in on-site streams and
wells, in the Savannah River, and at the two public water supply intakes in the lower Savannah River. Tritium
releases to groundwater are estimated from measurements performed at groundwater monitoring wells.

3.2.4 Environmental media and biota

Tritium in the environment, unlike most other radionuclides discharged at SRS, has been at readily detectable levels.
Tritium concentrations have been measured and reported annually since 1971 for nearby rain, water vapor, milk,
foodstuffs, wildlife, surface water, groundwater, and fish in the Savannah River (Arnett and Mamatey 2000).
Tritium in some of these media aso is measured by the environmental protection agencies of South Carolina
(Brownlow et al. 1999) and Georgia (GDNR 2000) on their respective sides of the river. The US EPA monitors
tritium in a surface water monitoring station in the Savannah River downstream from SRS at Allendale (USEPA
1994).
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3.3 Estimated releases and environmental concentrations
3.3.1 Tritiumin general

Airborne tritium continues to be released from the operating tritium and fuel separations facilities, and from reactor
buildingsin which tritiated heavy water is currently stored. Figure 3.2 shows the reported total airborne releases of
tritium since 1954. The values are the sum of the total tritium from the tritium separations plants and all airborne
tritium measurements and calculations at other SRS facilities. Figure 3.2 also shows the estimated HTO component
in the total release from 1985 on, which is when this information became available.

Figure 3.2. Tota airborne releases of tritium from 1954 through 1998 (represented by gray shaded bars) and directly
measured HTO from 1985 through 1998 (represented by black shaded bars) from SRS. The datafor 1954-1991 are
from Murphy et al. 1993; those for 1992-1999 are from Arnett & Mamatey 2000.

In addition to the routine releases of airborne tritium from the separations plants, the reported totals include
hundreds of inadvertent releases (Murphy et a. 1993). Each of the 11 largest incidents released between 0.2 PBq
and 20 PBq (5 kCi and 500 kCi) of tritium. The plumes of major releases were mapped by monitoring the
environmental path. The amounts released could be cal culated from such mapping; in some cases, monitoring at the
point of release or a material balance was used to cal culate amounts rel eased.

Table 3.1 shows the total reported releases to air since 1954. The calculated annual amounts from processing
enriched uranium fuel and depleted uranium are included in the Separations Plants totals (Murphy 2000).

Reported discharges, PBq (kCi)
Sour ces Air Water
1954-1991 1992-1999 1954-1991 1992-1999
Separations Plants 650 (17,500) 22 (590) 0.3(9) 2 (59)
Reactors 260 (7,000) 6 (160) 32 (870) 0.7 (20)
Other Fecilities 3.5(94) 0.11 (3) 5.6 (150) 0.11 (3)
Outdoors (Basing/Solid Waste) 15 (410) 0.05(1.49) 17 (470) 0

Table 3.1 Reported Total Tritium Discharges from SRS. The data for 1954-1991 are from Murphy et al.

1993; the data for 1992-1999 are from Arnett & Mamatey (2000). Discharges to basins had been

discontinued by 1992.

A review of available records and recalculation of the airborne tritium releases for the years 1955 to 1991 has
confirmed the annual totals shown in Figure 3.2 and Table 3.1. The review, performed as part of the SRS
Environmental Dose Reconstruction Project (Till et al. 1999), found individual deviations from the annual values
shown on Figure 3.2 but the total value between 1955 and 1991 was only a few percent higher than shown.

Information is not available in the reports by Murphy et al. (1993) and Till et al. (1999) on monitoring at other SRS
facilities for airborne tritium releases, but Table 3.1 indicates that relatively little tritium was released at facilities
other than the separations plants and the reactors. Tritium releases to air from outdoor sources at SRS were
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estimated from evaporation rates and tritium concentrations in water.

Annual direct releases and indirect seepage of tritium to streams are shown for 1995 on in Figures 3.3 and 3.4. The
direct tritium discharges have been measured. The other tritium releases are monitored and checked by modeling
tritiated groundwater flow. Vaues of total aquatic discharges, calculated from a model for groundwater flow in the
case of indirect discharges, agree with measured values of tritium concentrations in water multiplied by estimated
flow rates in the on-site streams and also in the Savannah River downstream from SRS (Arnett and Mamatey 2000).

Thetotal tritium discharge reported by SRS to the end of 1998 was 940 PBq (25.5 MCi) to air and 60 PBq (1.6
MCi) to water. Airborne discharges were more than 40 PBg (more than 1 MCi) for each year from 1957 to 1964, but
by 1998 had decreased to 3 PBq (83 kCi). Liquid releases peaked at 2 - 4 PBq (50 - 100 kCi) per year from 1961 to
1976, and had decreased to about 0.4 PBq (10 kCi) in 1994 through 1998. Of the radionuclides discharged at SRS,

tritium and 8°Kr (during earlier years) congtitute the largest activities.

Figure 3.3 Releases to Streams from SRS. The datafor 1954-1991 are from Murphy et al. 1993; those for 1992-1999
are from Arnett & Mamatey (2000).

The results of tritium analyses of air, water supplies, and foods are reported annually (Arnett and Mamatey, 2000).
Air samples have been collected at the site perimeter; water samples, at downstream water supplies; food and milk
samples, generally within 16 km of the site; and fish, from the SRS reach of the Savannah River. The minimum

detectable concentrations were reported to be approximately 2 Ba/m? (50 pCi/mq) in air, 15 Bg/kg (0.4 pCi/g) in
liquids, and 1.5 Bg/kg (0.04 pCi/g) in solids. Tritium concentrations were generally higher in previous years when
tritium releases were higher.

In 1999, the maximum concentration observed in off-site air was 6 Bq/m3 (150 pCi/m3). For other media and food
the observed concentrations ranged from undetectabl e to the maximum values reported in Table 3.2. Also shown in
the Table are the arithmetic means of all measurementsin each category. Because of the low concentrations, the
measurement uncertainties are relatively large. For some foods, the concentrations in the more distant control area
(20 - 25 km distant) are higher than those closer to the SRS.

"

A,

Figure 3.4 Seepages to Streams from the SRS. The data for 1954-1991 are from Murphy et al. 1993; those for 1992-
1999 are from Arnett & Mamatey 2000.

Concentration;
Exposur e Route Ba/kg wet weight (pCi/g wet weight)
Mean of all samples measured Maximum observed
Drinking Water 37(1.0) 60 (1.6)
Greens 5.2(0.14) 8(0.22)
Fruit 7.7 (0.21) 44 (1.2)
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Beef 4.3(0.12) 5.3 (0.14)
Milk 45 (0.12) 25 (0.67)
Fish 12.5 (0.34) 90 (2.4)

Table 3.2 Tritium concentrations in selected media measured in 1999 (Arnett and Mamatey, 2000).

The tritium concentrations measured in these environmental samples have been compared with concentrations
predicted with the aid of transport models from release rates or concentrations in other environmental samples.
Annual average concentrations of airborne water vapor have been reported to be within a factor of two of the values
predicted from tritium release rates (Simpkins and Hamby 1997). Agreement by this margin was considered
reasonable, given the approximations and averaging in the model. The ratio of tritium concentrationsin moisturein
vegetation relative to moisture in air averaged 0.54 + 0.10 from 1982 to 1990 but ranged widely (Hamby and Bauer
1994). Tritium concentrations in fish tissue samples appeared to be consistent with the observed concentrationsin
river water (Arnett and Mamatey 2000).

3.3.2 Releases and environmental concentrations of OBT

The activity of tritium as OBT in releases, environmental media and foods is not addressed in SRS reports of
airborne and liquid releases. Therefore, one can only attempt to infer whether (1) the recorded tritium releases
include OBT or (2) OBT was discharged in amounts above and beyond the recorded annual tritium releases. The
extent to which OBT has been included in the reported release values is less important than is the extent to which
OBT isreleased as unmeasured tritium. Thisis because the modeling of tritium releasesas HTO is likely to be
reasonably conservative for OBT. In addition, OBT in the environment necessarily hasto be considered following
releasesas HTO and HT. It isimportant to establish whether there could have been activities of tritium as OBT
released that were substantially larger than reported tritium releases.

Any OBT in airborne releases from tritium processing in the separations plants would be included in reported tritium
releases. The earlier ionization chamber measurements in the stacks measured all forms of airborne tritium. After the
dual chambers were installed, any OBT was included in the record as part of the HT component, i.e., the non-HTO-
category.

A special study of gaseous tritium forms in various tritium processing activities defined OBT as the fraction
oxidized to HTO and measured after HTO and HT had been removed. Less than 1% was OBT in six cases out of
seven. Only for the process associated with by-product helium purification was the gaseous form mostly OBT
(Milham and Boni 1976). Several sources of carbon, such as graphite crucibles, pump oil, and carbon dioxide in the
process system, were suggested as the constituents of the organic molecules. Tritium released from this process
constitutes only a small fraction of the total airborne tritium release.

At the reactors, only the record from the current monitor, the BTM, includes OBT as part of total airborne tritium.
The three earlier tritium monitoring systems did not measure OBT. Hence, tritium released to air as OBT before the
BTM wasinstalled (1985 to 1988) would not be included in the reported releases. The SRS Dose Reconstruction
Project (Till et al. 1999) cites two documents (Longtin et al. 1973; Jacober et al. 1973) for the statement that "nearly
all the tritium released from reactors' was HTO. These documents provide excellent descriptions of tritium control
at SRS but give no data to support the statement. Another document (Miller and Patterson 1956) is also cited (Till et
al. 1999) as stating that "tritium losses from the reactor area were estimated to be 100% oxide), but the reference
could not be reviewed. Milham and Boni (1976) infer, from the large mass of heavy water in each reactor, that the
released tritium should be in the form of HTO.

Airborne tritium releases from the Heavy Water Rework facility were monitored with silicagel columns and
dehumidifiers that would not have measured OBT (Murphy 2000). Hence any tritium discharged as OBT would
have been unreported. The calculated total tritium release at the uranium processing plants would have included
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OBT. In the calculations of tritium releases to air from basins and solid waste disposal sites, the model was that of
HTO vaporization and OBT was not considered.

For monitoring tritium in liquid effluents and streams at SRS, water samples are counted directly (without distilling
them). Hence total tritium, including OBT, is measured by L S counting. Savannah River water, by contrast, is
distilled before counting so that only HTO is measured in the distillate (WSRC 2000). We interpret the consistency
of the annual tritium discharges reported on the basis of Savannah River samples with those estimated on the basis
of concentrations in the sampled on-site streams and the streams' flow rates to indicate that OBT in Savannah River
water isasmall fraction of HTO.

The SRS environmental surveillance program does not consider OBT in food and air samples. The airborne tritium
sampler collects water vapor on silicagel. Tritium in foodstuffs, vegetation, and fish is measured with an LS counter
in water extracted by distilling or freeze-drying. Special environmental studies provide information on OBT in the
SRS environment but not on OBT in releases from SRS. Any observed OBT may be present as a result of
conversion of HTO to OBT or HT to OBT (viaHTO) in soil, plants, and animals (see Section 2.1), or the OBT may
be from other sources.

Special studies of OBT at SRS have been reported in deer, trees, vegetation, soil, and fish (Murphy et al. 1993).
Normally, the OBT was obtained from a dried sample by ashing the sample and collecting the water vapor that was
produced. Tritium was measured with an LS counter and reported relative to the amount of water recovered from the
sample during ashing, or, in one case, relative to the dried weight of the sample.

Tritium analyses of seven organs in 52 deer collected on site at SRS in 1966 yielded specific activity ratios of
OBT/HTO with averages near 1.0 in six organs and of 0.6 in fat (Evans 1969). The OBT concentrationsin the
cellulose of tree rings for the periods 1950 - 1970 (Sanders 1976) and 1954 -1992 (Kalin et al. 1995) were measured
to observe the changing pattern of environmental tritium levels with time. The former studied loblolly pine trees at
various distances on site from the tritium production facility; the latter analyzed a sweetgum tree with roots at a
groundwater seep line. The tritium concentrations in the tree rings appear to have responded to tritium in both
groundwater and air. Tritium in pine litter and the soil beneath had OBT/HT O specific activity ratios generally
between 1 and 4; the uptake pattern suggested atmospheric HTO as source of tritium in pine needles; conversion to
OBT in pine needles; and transfer of this OBT to soil (Sweet and Murphy 1984; Murphy 2000). During 1991, in five
locations in Four Mile Creek, the OBT/HT O specific activity ratios were between 12 and 0.9 in grass and |eaves,
and between 2 and 0.6 in the fish. On average, both HTO and OBT concentrations in the bass were slightly below
those in the water, while grass and leaves by the stream had the lowest concentrations (Eaton and Murphy 1992).

In summary, recent monitoring has shown that OBT isaminor component of the total tritium release. It is not
known if earlier discharges from the reactors contained significant quantities of OBT in addition to the reported total
releases of airborne HTO. It isalso unknown if OBT continues to be discharged from various minor sources at SRS.
Tritium in liquid effluents has been measured as total tritium and will have included any OBT.

Further efforts may provide some of the information that is now missing. Additional document searches may yield at
least an upper limit on the fraction of OBT - or of total tritium including OBT - that was released from reactors as
airborne effluent. Comparison of effluent monitoring by BTM with datafrom earlier tritium air effluent monitoring
systems that are till operating in parallel with the BTM could provide such information for reactors. Such
comparison measurements appear to be available only for periods after the reactors were shut down. Direct
measurements of the OBT fraction in effluent air and water at least could determine the current fraction of tritium
discharged as OBT at this time. Routine monitoring of OBT in milk, foods, and air could provide a measure of the
OBT intake by persons off site that is currently ignored by monitoring only for HTO.

3.4 Estimated radiation doses

3.4.1 Doses from intakes of tritiated water
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Tritium currently isamajor contributor to the dose of the maximally exposed persons off site. Estimated doses
reflect the considerable dilution of both airborne and waterborne rel eases because of the large distances between the
stacks and the SRS boundary and of the dilution by Savannah River water.

The estimated annual radiation doses since 1954 to the maximally exposed person off site from airborne tritium as
HTO are shown in Figure 3.5 (Arnett and Mamatey 2000). They reached an effective dose equivalent of 18.7 uSv
(1.87 mrem ) in 1958 and decreased to less than 0.2 uSv (0.02 mrem ) in 1999. The annual radiation doses from
tritium from waterborne effluents reaching public water supplies reached a maximum of 3.3 uSv (0.33 mrem) in
1965 (at Port Wentworth); the dose was 0.6 uSv (0.06 mrem) in 1999. The estimated annual waterborne radiation
doses since 1954 to the maximally exposed person off site (just downstream of SRS) are shown in Figure 3.6.

h‘.\-‘._

Figure 3.5. Annual Dose to the maximally exposed individual from airborne tritium released from the Savannah
River Site 1954-1999. The data for 1954-1991 are from Murphy et al. (1993); those for 1992-1999 are from Arnett
& Mamatey (2000). [microsievert, sic]

The estimated radiation doses from airborne releases of HTO to persons off site have been calculated for the
combined effect of inhalation, absorption through the skin, and ingestion of food and water.

The dispersion of airborne tritium from all SRS sourcesis calculated for various distancesin 16 directions with a
dispersion model that is based on atmospheric conditions compiled over afive year period. The tritium is assumed to
pass into the ecosystem as part of the water cycle. Radiation doses to persons are then calculated from tritium
concentrations in intake media, intake rates, dose conversion factors and other generic or site-specific parameters.
The highest annual dose value beyond the fence line is assigned to the maximally exposed person. Doses due to
inadvertent tritium releases are usually calculated separately and are included in the dose from routine rel eases
during that year.

Figure 3.6. Annual Dose the maximally exposed individual from waterborne tritium released from the Savannah

River Site 1954-1999. The data for 1954-1991 are from Murphy et a. 1993; those for 1992-1999 are from Arnett &
Mamatey 2000 (microsievert; sic).

There have been a series of evaluations of the validity of, and uncertainties in, the values of the more important
parameters applied in the models for calculating these radiation doses. Three such evaluations - comparison of
tritiated moisture at ground level calculated from airborne rel eases with measured concentrations, comparison of
measured tritium concentrations in airborne moisture and in vegetation, and comparison of tritium in fish tissue
water and in river water - have been noted above (Section 3.3.1).

A fourth evaluation has been conducted to see if annual doses estimated on the basis of the same year's annual
average of the atmospheric dispersion parameters would be substantially different from those estimated on the basis
of the 5-year running average of the dispersion parameters (Kock and Hamby 1998). The parameters involved were
the wind direction, wind speed, and atmospheric stability class for each of 16 directional sectors. The resulting
radiation doses to the maximally exposed person were between 0.8 and 1.2 of the reported annual doses based on the
1987 - 1991 five-year composite set of parameters.
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The influence of the statistical distributions of selected model parameters on the estimates of dose to the maximally
exposed off-site adult from tritiated water in ground-level air has also been evaluated by Hamby (1992).
Distributions (such as normal, log-normal, or Gaussian) were selected for each transfer, intake, and dose parameter.
The median of the distribution of estimated annual dose was only 6% less than the reported point estimates. The

dose distribution was lognormal, with 5t and 951" percentiles that were approximately 4.4 times lower and higher,
respectively, than the median (Hamby 1993; Hamby 2000.) In this study, the major contributors to the dose
distribution were the distributions assigned to dosimetric parameters.

Radiation doses from tritium in surface streams and in groundwater have been calculated for maximally exposed
persons off site at three locations. Two locations are Beaufort-Jasper in South Carolina and Port Wentworth in
Georgia, where public supplies provide drinking water. The third location is the Savannah River just below SRS,
where fish may be caught for consumption and water intake is possible although no water supply as such exists. The
estimated annual doses were consistently of similar magnitude (Murphy et al. 1993). Doses for the third location,
which generally are slightly higher than those at the other two, were shown in Figure 3.6 above.

Dosesto individuals at different ages have also been estimated (K ock and Hamby 1998). Doses to infants were

found to be higher than reported for the conventional maximally exposed adult at SRS. The main tritium exposure
pathway for infants was considered to be milk consumption, which was 54% of the estimated dose. For adults, the
two main pathways were estimated to be vegetable consumption (44%) and inhalation plus skin absorption (41%).

Doses to maximally exposed individuals have been estimated by SRS staff from the concentrations of tritium
measured routinely in air, drinking water, fish and terrestrial foods environmental media as a check on the values of
doses calculated from releases. They report the dose estimated for the maximally exposed persons from drinking
water and from eating fish but do not report dose estimates based on the low concentrations measured in air and
terrestrial foods.

3.4.2 Doses from intakes of organically bound tritium

Since there is no direct monitoring of OBT in environmental media and foods that may have been contaminated by
tritium from SRS, estimates of doses to individual members of the public from OBT intakes can only be made
following the relations outlined in Section 2.4. These dose estimates are based on computer-modeled concentrations.

If we assume that these components constitute the total intake of food that has been contaminated by tritium in the
local environment and that they are representative of their food groups, then the doses from the measured
concentrations of tritium in Table 3.2 may be estimated from the relations devel oped in Section 2.4 and tabul ated
consumption rates (1) for the food types represented by these samples (Health Canada 1994). Table 3.3 provides
these estimates. The values for moisture content (m), water equivalent factor (f), and the ratio of specific activities
(R) are as suggested in Section 2.4.

The tabulated foods total 0.9 kg/d. Although these food types are likely to be those subject to contamination by
tritium in the local environment, an alternative estimation of the OBT dose is to take the mean concentration of
tritium in the moisture in these foods and estimate the doses from HTO and OBT for atotal daily food intake of 1.6
kg (see Table 2.2)

The unweighted average concentration of tritium in the food moisture in the measured samples listed in Table 3.2 is
approximately 9 Bag/kg (0.24 nCi/kg), corresponding to atritium specific activity of 81 Bg/kg hydrogen (2.2
nCi/kg). If we assume that all the tritium in the moisture in areference daily food intake of 1.6 kg has this specific
activity and that the specific activity of the tritium in the organic material is 1.2 timesthis- i.e., 98 Bg/kg (2.6
nCi/kg) then, with atotal hydrogen daily intake of 0.14 kg and 85% moisture in the food, the annual dose from food
would be 0.1 uSv (10 urem), with 36% coming from the OBT intake.

H H M ean values of annual dose* H
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Assumed FromHTO From OBT T Total annual dose from
Diet parameters intake intake otal maximum values

component I PR | dyto dogT D D
kg/d nSv nSv nSv nSv
Drinking water || 1 1|1 15 360 0 360 590
Vegetables|| 0.9 |0.55]/1.5//0.25 9 2 11 16
Fruit| 0.9 ||0.55(| 1.2/ 0.19 9 2 11 64
Meat || 0.65| 0.8 ||0.8] 0.14 4 4 8 9
Dairy products|| 0.9 ([0.75((1.2{| 0.28 9 2 11 58
Fish|{0.65( 0.8 || 1 || 0.04 4 4 8 53
Total from food 35 14 49 200
Total from food and water 393 14 407 790

Table 3.3. Estimated doses from the measured concentrations of tritium in Table 3.2 based on the
relations developed in Section 2.4 and tabulated consumption rates (1) (Health Canada 1994) for the
various food types represented by the measured samples. The values for moisture content (m), water
equivaent factor (f), and the ratio of specific activities (R) are as suggested in Section 2.4. The right-
hand column shows the estimated doses if the highest observed values are selected for each item.

* For clarity, doses are expressed only in Sl unitsin this Table. 10 nSv = 1 urem.

Given the overestimation in the last paragraph for the level of contamination actually observed, we conclude that the
annual dose from food will have been less than 0.1 uSv with less than half of this coming from OBT ingested in the
food. The annua dose from drinking water with the tritium levels reported would be about 0.4 uSv. Even if the
extreme assumptions are made by taking the highest observed concentrations in measured items, the annual dose
would have been less than 1 uSv (0.1 mrem).

Next Section Table of Contents
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March 11, 2002

1INTRODUCTION

1.1 Statement of the Problem

The Agency for Toxic Substances and Disease Registry (ATSDR) is responsible for conducting public health
assessments of communities adjacent to hazardous waste sites. As part of this public health assessment process,
ATSDR directly queries area residents and community groups to determine if they have any specific health concerns
that may be related to the hazardous waste site. During the health assessment at the Department of Energy's
Lawrence Livermore National Laboratory (LLNL), community members expressed specific concerns related to the
environmental monitoring and dose evaluation of tritium.

Their concerns are that existing tritium monitoring procedures are primarily for tritium in the form of water (HTO)
and do not measure the tritium in an organic form (i.e., as organically-bound trititum or OBT) that may be present in
the environment and in foods. Radiation doses from this form of tritium may therefore be missed. Thereisalso the
concern that the biological effect of radiation doses from OBT may be underestimated. Specifically, these
community members have requested that ATSDR conduct or recommend to other regulatory agencies the direct
sampling of OBT in the LLNL environment.

The community concerns about OBT evaluation arise from the known longer retention time of tritium as OBT in the
body compared with that as tritiated water (HTO) (Hill and Johnson, 1993; Diabate and Strack, 1993) and the
current uncertainty in the relative effectiveness of a given radiation dose from tritium in the organic form compared
with the same value of dose from tritium in the water form (Straume and Carsten, 1993). The concern is that current
risk factors underestimate the risk from OBT. These factors, combined with the paucity of direct measurements of
OBT in the environments surrounding DOE facilities that are undergoing ATSDR public health assessment, require
ATSDR to address how environmental tritium exposures are eval uated.

The seemingly simple community request for direct OBT monitoring at LLNL also presents several areas of
uncertainty. Specifically, ATSDR believes the following questions must be answered before environmental OBT
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measurements will provide useful information for evaluating tritium doses:

1. Do the potential total tritium exposures, including OBT, present doses of public health concern that require
the collection and analysis of additional environmental OBT data?

2. If such data are warranted, what environmental media should be sampled, how would such sampling be
integrated with ongoing tritium monitoring, and what methods should be used to measure what are likely to be
very low concentrations of environmental OBT?

ATSDR convened a panel of expertsin the fields of tritium analysis and dosimetry to evaluate site specific tritium
monitoring and evaluation programs and determine whether adequate data and dose evaluation models currently
exist for assessing the public health implications of tritium exposure and uptake at those sites. The DOE sites chosen
for these evaluations are the LLNL because of the community concern about tritium exposures and the Savannah
River Site (SRS) because it was the primary DOE tritium production site with commensurately large environmental
releases and monitoring efforts to document tritium transport and fate in the environment.

ATSDR also decided to include areview of the SRS sitein the overall problem. Although ATSDR is not currently
developing the SRS public health assessment, this review of tritium monitoring and evaluation would be relevant to
the planned SRS assessments. Also, the significantly greater magnitude of tritium releases at SRS magnifies the
potential for any health effects from such releases and should make environmental OBT easier to detect.
Additionally, past studies of the environmental fate and transport of tritium at SRS may provide useful information
for assessing the importance of OBT in environments contaminated with tritium.

This report is the collective effort of the five panel members. Following this statement of the overall problemisa
brief explanation of how the expert panel was selected and how it has defined and addressed the overall problem.
The next section of the report presents reviews of the important issues and uncertainties related to tritium analysis
and dosimetry including the chemical forms of tritium, OBT in the environment and foodstuffs, and dose conversion
coefficientsfor HTO and OBT. After this introductory review of tritium issues, specific information on the
monitoring programs, estimated releases, environmental concentrations, and estimated doses at SRSand LLNL are
presented. The calculations of tritium doses at each site include estimates based on currently accepted dosimetry
models and explicitly include doses from OBT.

The subsequent sections discuss the uncertainties in the estimation of risk from tritium in its various forms and lead
to an estimation of the risk to public health from current levels of tritium in the respective local environments,
including that from OBT. The final section presents the conclusions and recommendations related to tritium dose
and health risk assessment at LLNL and SRS. The overall goal of this report isto identify the specific steps of the
tritium assessment process, the data and models needed, and the uncertainties associated with each step. It is hoped
that thiswill help to identify whether improvements in tritium monitoring are needed, evaluate whether procedures
for assessing the doses and risks from environmental tritium assessment are appropriate, and will help ensure that
the site-specific environmental tritium programs are protective of public health.

1.2 Expert Panel Process

A brief ATSDR review of tritium analytical procedures and published values of environmental tritium at LLNL
indicated that direct sampling of OBT using current monitoring and dosimetry procedures would very likely be
inconclusive with respect to both OBT activities and the resulting doses. Consequently ATSDR determined that a
technical review of the site-specific tritium monitoring programs and potential magnitude of OBT activities and dose
evaluation procedures was the most appropriate response to the LLNL community concerns.

Upon determination that a technical review of tritium monitoring and dosimetry by an expert panel was an
appropriate response to the community concerns, ATSDR developed the following topics to focus the panel review:

1. Review of LLNL and SRS tritium sampling programs for measuring environmental tritium with specific
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emphasis on quantification of organically bound vs. inorganic tritium and potential human uptake;

2. Assessment of ATSDR procedures for evaluating the health effects of tritium exposure with emphasis on
utilizing the most appropriate value of relative biological effectiveness;

3. Evaluation of probability-based calculations vs. conservative point values in assessing dose and health effects
from tritium exposure.

Using the subject area of these topics, panel members were selected based on their qualifications and experiencein
the following specific areas of expertise:

Radiochemistry of Tritium

Sampling and analysis of tritium or hydrogen in environmental media

Human uptake of environmental radiological contaminants

Partitioning of organic hydrogen compounds in humans and animal models

Dosimetry of organically- bound tritium, health effects of tritium (or other low energy beta emitters)
Uncertainty analysis

ouhlhwnNE

Site community members were provided an opportunity to review and comment on the topic areas and specific areas
of expertise listed above prior to the selection of the final expert panel. The panel members, SRS and LLNL,
ATSDR, and community representatives met on October 31 and November 1, 2000 to discuss the problem and
outline the proposed report. This document represents the collected reviews and conclusions of the panel members
to the overall problem of environmental tritium health assessment with special emphasis on the uncertainty of OBT
measurement and dosimetry. Additionally, this report includes recommendations for ATSDR to pursue in evaluating
potential environmental tritium exposures.

1.3 Background

Most tritium (T) released from LLNL and SRSis generdly in the elemental form (tritiated hydrogen gas- HT or T,
- referred to here as HT) or the oxide form (tritiated water - HTO, DTO or T,0 - referred to here as HTO). Some
tritium may also be released in various organic chemical forms, mostly as tritiated methane gas (CH,_, T, ), but other

more complex tritiated organic compounds might be present. In the organic compounds tritium may be bound to
oxygen, nitrogen, sulphur or carbon atoms. When bound to any of the first three the tritium is exchangeable with
hydrogen in water to varying extent, depending on the molecular structure. The tritium bound to carbon is non-
exchangeable (and is sometimes explicitly called non-exchangeable tritium, NET) and is only freed by
decomposition of the organic compound. In thisreport, the NET is the form of tritium that we refer to as organically
bound tritium, or OBT.

In the environment, the chemical form of the released tritium may change. Tritium released as HT may be converted
to HTO with subsequent transformation to OBT, some released as HTO may become bound as OBT in biota, and
some released as OBT may be taken up by biota or converted to HTO. In water, the OBT may be included in any
organic compound containing tritium such as microorganisms, pump oil, cleaning agents etc. People may therefore
be exposed directly to the tritium in its released form and in food and water in formsto which it has been converted
in the environment. Figure 1 illustrates the various source and exposure chemical forms.

Tritium can enter the body in any of these chemical forms. Elemental tritium can be inhaled and HTO can be
inhaled, ingested, or absorbed through the skin. OBT in gaseous form (e.g., CH4T) can be inhaled and other OBT

can be ingested as a constituent of food. Some of the inhaled HT may be converted to HTO or OBT in the body and
some of the tritium taken in asHTO and as OBT may be converted to the other form in the body. Hence, the dose
from an exposure to tritium in any particular form will be a composite of doses from tritium in the body in avariety
of chemical forms (see Figure 1).

To assess the doses from tritium rel eased from various facilities, estimates of the doses delivered in the body by
tritium in its various forms are needed (D1, Dy, @1d Dog in Figure 1). The dose from inhaled HT is several
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orders of magnitude less than that from the same amount of tritium inhaled or ingested as HTO. Generally, for
conservatism in assessments, any released tritium is often assumed to be in the form of HTO and often only the
doses from intake of tritium as HTO are considered. For more realistic assessments though, estimates of the relative
emissionsin the HTO and OBT forms are needed as well as the extent to which OBT might be present in food. Total
doses from tritium releases may be underestimated if they are based on measurements of tritium released only in the
HT and HTO forms or on measurements of HTO in the environment (which do not include the OBT components),
or if dosimetric models consider tritium only asHTO.

The questions faced in this review, therefore, concern the extent to which existing measurements provide sufficient
information for the estimation of the total doses from all forms of tritium that might have been (1) released, (2)
distributed and possibly changed chemically in the environment and ingested with food and drinking water, and (3)
formed by conversion in the body.

The following section (Section 2) summarizes current understanding of the behavior of the various forms of tritium
in the environment and in humans, and the dosimetry of the various chemical forms of tritium. The emphasisis on
the formation, behavior and dosimetry of OBT. This section provides background for the following two sections
(Sections 3 and 4) in which we review the published information on the emissions and environmental monitoring of
tritium released from the Savannah River Site and the Lawrence Livermore National Laboratory, and estimate doses
to the public from HTO and OBT.

Figure 1: Chemical forms of tritium responsible for exposures and doses. The shading indicates the tritium
components that are generally estimated or measured. The dose effectiveness of HT is much lessthan HTO or OBT
and the current dosimetric assumption is to consider that all inorganic tritium is present as HTO. This report
specifically addresses the potential magnitude of the dose from OBT (D ;).

The estimations of radiation doses follows conventional models and methods and from these one can assess a
measure of radiological impact on health through the so-called "nominal risk coefficients’. These risk coefficients
relate the risks of a deleterious impact on health to particular types of radiation dose. The appropriate risk
coefficients for use in assessments of dose from tritium in various forms are discussed in Section 5. There are,
though, uncertainties associated with such a measure that need to be discussed in evaluating any possible impact on
public health from radiation dosesin general and tritium in particular. Such uncertainties arise in the judged validity
of the nominal risk coefficient, the appropriateness of the weighting accorded the radiation from tritiumin
comparison with other radiations, and the possibility of any effects that are peculiar to tritium because of its
incorporation in key biological molecules. These are discussed also in Section 5.

The public health implications of the doses resulting from releases of tritium at SRS and LLNL are discussed in
Section 6 and the overall conclusions and recommendations are presented in Section 7.

Throughout the text the term "dose" generally means effective dose, or committed effective dose if the dose is that
from tritium (ICRP 1992). The effective dose is the dosimetric quantity that reflects the weighting assigned to the
absorbed dose to take into account the physical characteristics of the radiation involved and its rel ative effectiveness
in causing deleterious biological effects. The committed effective dose is the dose that is eventually received from a
radionuclide - in this case, tritium - until it is eliminated from the body after intake. An exception is presented in the
discussion of risk in Section 5. The effective dose as currently defined is sometimes referred to as the effective dose
equivaent or EDE. These quantities are discussed in more detail in Section 5.
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2 CONSIDERATIONSIN DETERMINING THE DOSE FROM ORGANICALLY BOUND
TRITIUM RESULTING FROM TRITIUM RELEASED TO THE ENVIRONMENT IN
VARIOUSCHEMICAL FORMS

2.1 OBT formation in the environment

Information on the physical and biological behavior of tritium in the environment was reviewed by NCRP in 1979
(NCRP 1979a). Thisreport provides a useful compilation of currently available information pertaining to el emental
(HT) and oxide (HTO) forms of tritium. The current understanding of the processes affecting tritium movement in
the local environment and, in particular on the processes that result in the formation of OBT from HTO and from HT
released to the environment have been described by Davis et al. (1997). The following paragraphs summarize the
main points from that report.

HTO dispersed in the environment can be incorporated into organic compounds to form OBT. This may occur by
exchange of tritium with labile hydrogen atoms attached to oxygen, nitrogen or sulphur compounds to produce
exchangeable OBT, which isin equilibrium with HTO and behaves in the same manner. Tritium can also enter into
stable bonds with carbon compounds through various metabolic processes, primarily photosynthesis. Thisresultsin
the formation of non-exchangeable OBT, which has a much longer retention time in plants and animals than HTO.
Plants with a high organic content may have alarge fraction of their total tritium content in the form of OBT. OBT
isformed only in the green parts of plants, but can be translocated to edible fruits. OBT concentrations are reduced
by slow conversion back to HTO and, if the exposure to tritium is not a continuing one, by plant growth and decay.

HT dispersed into the atmosphere can diffuse into the soil and can be converted to HTO by an enzyme-mediated
reaction, the rate of which depends on the porosity, water content and microbial activity of the soil (Dunstall et al.
1985, Taeschner et al. 1988). The converted HT is subsequently transported as HTO.

Tritium released to fresh water systems is transported by the receiving waters with its concentration determined by
dilution, dispersion and evaporation. Many aquatic organisms are totally immersed in water and all have high water
exchange rates. Uptake of HTO is therefore very quick and concentrations in tissue become equal to water
concentrations within minutes or hours (Blaylock et al. 1986). Aquatic plants form OBT and HTO through
photosynthesis but production rates and concentrations are lower for OBT than for HTO. Fish and invertebrates also
convert HTO to OBT and can incorporate OBT taken up through ingestion. Tritium concentrations in organisms
ingesting OBT are higher than those resulting from intake of the same amount of tritium asHTO.

Dynamic models of environmental tritium transfer have recently been tested in an international comparison (SPRI
1996). The conclusion from the study was that although the conceptual model of tritium behavior in the environment
was generally agreed, the significance of some transport processes was still a matter of debate and those processes
that are accepted as important are often modeled using different approaches. This can cause substantial differences
in model predictions. For example, little is known about uptake of HTO and formation of OBT in the absence of
light. Other processes that contributed substantially to variation in results included deposition of HTO from air to
plants and soil, OBT production in dairy and beef cattle and HTO transport through the soil.

Existing studies indicate that OBT can be expected in foods produced in environments contaminated with tritium
that has been released as HTO or HT. The processes that result in the formation of OBT in the environment are
broadly understood but there can be large uncertainties in estimates of the levels of OBT based on models, certainly
for brief exposuresto HTO or HT. The results of measurements that have been made in various studies elsewhere
can provide some indication of the proportion of tritium that might be present in foodstuffs in the form of OBT close
to the SRS and LLNL facilities. These results are discussed in the next section.

2.2 OBT in foodstuffs contaminated with tritium

Tritium occursin foodstuffsin three forms:. (1) as free water, (2) bound to oxygen, nitrogen, and sulfur atoms, and
(3) bound to carbon atoms. As noted in Section 1.3, the second form is exchangeable with hydrogen in water to
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varying extent, depending on the molecular structure. The third form, tritium bound to carbon, is non-exchangeable
and is only freed by decomposition of the organic compound. Brown (1988) points out that the exchangeable tritium
will be in equilibrium with the agueous component of the system and should be considered part of the aqueous
component. It will tend to equilibrate with local atmospheric moisture. The third form, which is OBT in this report,
will initially have the same specific activity as the tritium in the water since net isotopic fractionation in the
biochemical reactionsinvolved is slight. However the difference in metabolic pathways and turnover times of HTO
and OBT in foods will result in the ratio differing from unity.

The concern is whether circumstances can arise in which the OBT/HTO ratio is so high that estimates of doses from
ingested foods that consider only the tritium in the form of HTO significantly underestimate the actual dose. Given
the quantitative uncertainties associated with the behavior of tritium in its various chemical formsin the
environment, direct measurements of tritium in foods may be needed for confidence in the assessment of the levels
of OBT.

Tritium is also taken into animals, which may be consumed by humans, viainhalation, ingestion of food and water,
and percutaneously (Robertson 1973, van den Hoek et a. 1979). L osses occur through respiration, sweating,
excretion and (in the case of cows) milking. HTO diffuses freely and rapidly across all cell membranes and
equilibrates with body fluids within minutes. A small fraction of HTO taken into the body is converted to non-
exchangeable OBT. Some of the OBT ingested with food is broken down to HTO during digestion and assimilation.
OBT can be localized in the body in arelatively small number of cells and at relatively high concentrations. The
constant synthesis of organic compounds in dairy cows results in the continuous formation of OBT, which is
excreted in milk, urine and feces at arate only slightly slower than that of HTO. OBT isretained longer in blood and
hence in meat.

Brown (1988) provides a comprehensive list of 71 reports and papers that bear on OBT. Particularly important were
those reporting the series of measurements by Koenig et al. (1987) and by Hisamatsu et al. (1987) who directly
measured OBT and HTO in the ranges of food items. Brown's conclusion was that ratio of specific activities of
OBT/HTO in foodstuffs was generally greater than unity but the mean ratio in adiet would be unlikely to exceed 2.
Much greater ratios were observed in some studies but these studies were either carried out when HTO and HT
levelsin the environment were fluctuating widely as a result of thermonuclear weapons tests in the atmosphere (e.g.,
Bogen et al. 1979) or there seemed to be problems in the analyses. In the former, the persistence of OBT in the
environment from the preceding decade when environmental levels were generally high led to the observation of
high ratios in the next decade. It was also apparent that meat would not attain a specific activity ratio for the two
forms greater than that of the food fed to the animals, based on the results of experimental feeding.

More recent surveys of OBT/HTO specific activity ratios in foods have strengthened these conclusions. The most
extensive has been that of Brown (1995). He measured 77 food items obtained from three areas with different
average concentrations of tritium in atmospheric moisture and precipitation and obtained from supermarketsin one

of the areas. Average atmospheric concentrations ranged from <0.1 Bq/m3 to 40 Bg/m3 (<3 pCi/m3 to 1000

pCi/m3) and precipitation from 5 Bg/L to 3000 Bg/L (0.1 nCi/L to 100 nCi/L)@. (Aswill be seen, the low end of
these ranges encompasses the ambient concentrations observed in the Livermore Valley.) The organic material and

the water in all samples were separately measured by 3He mass spectrometry and the water samples were also
measured by LS counting.

Table 2.1 shows the average values obtained in the various foodstuffs sampled. The overall average value for the
ratio of the specific activitiesof OBT to HTO (OBT/HTO) was 1.25 + 0.75. Thiswas similar to values reported by
others (Koenig et al. 1987, Hisamatsu et al. 1987). The range of values was 0.4 to 4.3; the ratios for vegetables
tended to be higher than 1.5, while those for meats tended to be lower than 0.8. The variability of the ratio precluded
specific values being assigned to particular foods or locations. The high value of 2.8 (for eggs) was attributed to a
particularly low value of HTO concentration.

Further measurements of OBT and HTO, reported by Kim, et al. (2000), have specific activity ratiosin various
foods including, rice (0.88; range = 0.58-1.44), chinese cabbage (1.34; range = 0.58-2.61), radish, 1.01 (range =
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0.52-3.03), and green onions 1.02 (range = 0.45- 2.00). We conclude that a reasonable default value for the ratio of
the OBT/HT O specific activities, in foodstuffs would be somewhere between 1 and 2 (say 1.2) with arange from
0.5 to 3. Note that the actual ratio of OBT/HT O specific activitiesin any given food will generally be less than this
ratio because of the high moisture content in foods (grains are an exception) and the lower proportion of hydrogen in
organic materials (except fat) than in water.

Average Values: Bg/L water equivalent
Item Areal Area 2 Area?2 Area3
(super market) (local produce)

Vegetables
OBT 8.2 114 157.6 3,245
HTO 4.9 9.9 97.9 2,136
OBT/HTO 1.67 1.34 1.66 1.70
Fruits
OBT 6.1 172.7 3,839
HTO 6.7 151.0 2,870
OBT/HTO 0.99 1.16 1.34
Meats
OBT 52 8.1 18.0
HTO 4.3 15.0 37.8
OBT/HTO 1.19 0.52 0.56
Milk
OBT 9.2 67.6
HTO 2.2 45.3
OBT/HTO 4.23 1.49
Eqggs
OBT 9.0 253
HTO 34 63.9
OBT/HTO 2.80 0.40

Table 2.1 Results of a study in Canada by Brown, 1995, which measured OBT and HTO in foods
produced in three areas that had different levels of environmental contamination by tritium and in foods
from supermarkets in one of those areas. The water equivalent = [dry weight] x [water equivalent
factor]. The water equivalent factor of dry material was taken as{ (% protein x 0.07) + (% fat x 0.12) +
(% carbohydrate x 0.062)}/100 x {18/2}.

2.3 Relative daily intakesof HTO and OBT in foodstuffs from an environment contaminated with tritium.

Most measurements of tritium in environmental media and in foods have been of tritium in the form of water. As
will be seen later, thisis the case for the environments around SRS and LLNL. Hence, although there may be afew
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samplesin which OBT has been measured, it will be helpful for this discussion to estimate what the intake of tritium
in the form of OBT in foods might be if there are only estimates of the concentration of tritium, in the form of water,
in some foodstuffs and in some drinking water supplies.

The last section discussed the values that have been observed for the ratio of the OBT/HT O specific activitiesin
food grown in, or exposed to a tritium-contaminated environment. Default values of this ratio and default food
ingestion rates are the links to estimating the intake of OBT in food when there are only estimates of the
concentration of tritium in water.

If the measured concentration of tritium in afood is C, in Bg/kg wet weight and the daily intake of thefood isl, in
kg/d, then the daily intake of measured tritium with that food is| x C Bg/d. If we assume that only HTO has been
measured in this food, then the concentration of tritium as HTO in the water will be C/m Bg/kg where misthe
fraction of the food that is water.

In any food, the proportions of hydrogen in proteins, fats and carbohydrates differ from that in water, so, for any
food, a"water equivalent factor”, f, can be estimated for the organic component. Thisis the mass of water that
would have the same mass of hydrogen as the organic material of the food.

In the previous section, typical ratios for the ratio of specific activities as OBT and as HTO were suggested. If such a
value is designated R, then the concentration of tritium in the mass of water equivalent to the organic material will
be R x (C/m) Bg/kg. The concentration in the organic component itself will be f x R x (C/m) Bg/kg.

The intake of tritium as OBT would then be: (1-m) x f x R x | x (C/m) Bg/d.

In summary, if A(HTO) isthe activity intake rate of tritium taken in with an intake of | kg/d of food and A(OBT) is
the activity intake rate as OBT in the same food, then:

A(HTO) =1 x C Bg/d... (D)
A(OBT) = (1-m) X f X R X | X (C/M) BG..rvrveveereren. )

Brown (1995) provides values of m and f for a variety of foods, the latter estimated from the fractional hydrogen
content of protein (7%), fat (12%) and carbohydrate (6.2%) and the composition of the respective food items.

Values of the daily intakes of food [I] and of the daily intake of hydrogen may be estimated for individuals of
various ages from data given in ICRP (1975) and a more recent report from Health Canada (1994). For example, the
intakes of food and of drinking water (including drinking water-based beverages) by an adult are given as 1.6 kg/d
and 1.5 kg/d respectively. Also, the daily intakes of hydrogen in food and fluids are given as 0.350 and 0.245 kg/d
for adult males and adult females respectively, an average of ~ 0.3 kg/d. Hence, since thisintake rate of drinking
water will account for 0.17 kg/d of hydrogen intake, in the 1.6 kg/d of food intake there is 0.14 kg/d of hydrogen or
about 8.3% of the food intake. We can aso make the simplifying approximation that the hydrogen intake in food is
proportional with the food intake of individuals at various ages. By interpolation from the two above references, the
variations of food and hydrogen intake with age for the age groups, corresponding to those selected by the ICRP for
dosimetric purposes (ICRP 1996), are as shown in Table 2.2.

The above formulae and the values in Table 2.2 provide sufficient information to estimate an individual's intake of
tritium asHTO and as OBT in food, based on some sampling of moisture in the environment and foods. If amore
detailed analysisis warranted, the more detailed diet in Health Canada (1995) or locally specific food consumption
could be used.

Intake (kg/d) Age

3 months 1 year 5years 10 years 15years Adult
I | | | | I | | |
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Food Total 0.8 1 1.6 18 19 1.6
Hydrogen 0.07 0.08 0.13 0.15 0.16 0.14

Water* Total 0.75 0.8 0.85 1 13 15
Hydrogen 0.08 0.09 0.1 0.11 0.15 0.17

Table 2.2 Estimated daily intakes of food and of hydrogen. Values were obtained by interpolation from
ICRP (1975) and Health Canada (1994).
* Water intake is drinking water plus made-up beverages.

2.4 Doses from intakes of tritium asHTO and OBT

The behavior of tritium inhaled, ingested or taken in percutaneously as HTO has been well studied in humans and
the dosimetry is straightforward. Most of the tritium is retained in the body with a half-timein the range 5 to 15 days
with the average being about 10 days (Pinson and Langham 1957, Butler and Leroy 1965, Osborne 1966). Hamby
(1999) analyzed the results of reported biokinetic studies with HTO in humans and concluded that the distribution of
estimates of dose per unit activity intake of tritium as HTO, based on a single compartment model, was
characterized by a geometric standard deviation of 1.4.

A small fraction of the tritium that enters the body as HTO becomes bound in organic compounds through
biochemical and metabolic processes and is retained for much longer. Observed retention curves can be fitted with
one or more exponential components with half-times of tens of daysto several hundred days. A single half-time of
40 days is often chosen to represent this longer component. The important parameter, however, is the fraction (about
30%) of organically-bound hydrogen in the body that can be replaced by tritium from HTO; this puts a bound of
about 10% on the relative dose from tritium as OBT that isformed from HTO (Osborne 1972). A recent study by
Trivedi et a. (1997), exploiting data from people who had been exposed to HTO, definitively verified this long-
standing general conclusion that the contribution to dose from tritium as OBT was less than 10% of that from HTO
when the intake was tritium in HTO.

The situation is more complicated when some of the tritium that istaken inis already in the form of OBT. A variety
of studies have provided data from which estimates of the doses from tritium in the OBT form can be compared with
those from tritium in the form of HTO when tritium is taken in both forms. Table 2.3 illustrates some of the
estimates from studies with animals.

Sourceof Tritium % increasein dosefrom OBT Reference
tritium contaminated environment 40 to 50 Evans 1969
(air, water, food)
OBT
inall normal diet 100 Commerford 1984
in fresh plants 16 t0 35 Myers and Johnson 1991
in dried plants 40 to 100 Pietrzak-Fliset al. 1978
in dried milk 50to 120 Kirchmann et a. 1977
astritiated proteinsin foods 400 Commerford et al. 1983

Table 2.3 Percentage increase in dose from tritium as OBT above that from tritium in the form of water
(HTO), estimated from studies with mammalian animals exposed to tritium for long times.

Evans (1969) has shown that, in deer exposed to atritium environment over the long-term, organically bound tritium
in various organs was appreciable. Evans calculated that the upper-limit to the increase in dose for humans exposed
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to tritium as aresult of the organic binding was about 40% to 50% over that assumed by the then current methods
that considered only the dose from water.

Thisis similar to the conclusion of Thompson and Ballou (1956) that organically-bound tritium in rats exposed to
HTO for half of ayear was equal to about 20% -30% of the activity in body water. Laskey et a. (1973) determined
that if only tritiated water were consumed, the specific activity of OBT in rats would be about 25% of the water-
gpecific activity. Koranda and Martin (1973) found that the total tritium in kangaroo rats exposed chronically to
environmental tritium was, on average about 50% greater than the tritium in body water. These studies all tended to
show that the organically bound tritium in the bodies of animals exposed long-term to environments contaminated
with tritium would reach 20% to 50% of the activity present asHTO.

These types of study have been reviewed extensively by Myers and Johnson (1991), Hill and Johnson (1993),
Diabate and Strack (1993) and, most recently, by Richardson et al. (1998). It is apparent that long-term exposures to
HTO-contaminated environments in which tritium will be present in foodstuffs as both HTO and OBT may result in
doses from tritium in the form of OBT that are a substantial fraction of the dose from the tritiated water itself. The
relative magnitudes of the doses will depend on the specific activities of the tritium in the food items, daily intakes,
oxidation rates, gut absorption rates, and retention and transfer rates in the tissue components. For specific tritiated
organics (such as proteinsin Table 2.3), the dose associated with OBT can be several times that associated with
HTO. Ingestion of tritiated nucleic acid precursors (e.g., thymidine) can result in doses from OBT 5 - 9 times greater
than that from tritium taken in as HTO (Balonov et al. 1984).

There have been only afew studies directly with humans who have been exposed to tritium as OBT in diet.
Richardson et al. (1998) in their review of studies by Bogen et al. (1979), Belloni et a. (1983) and Hisamatsu et al.
(1989) showed that they indicated that increases in dose could be 12% -106% over that from tritium as HTO, though
amore likely range (based on an indication that one study may have had problems with contamination) was 12% -
32%.

A variety of dosimetric models have been developed to reflect the observed behavior of tritium takeninas HTO and
as OBT. The simplest (Crawford-Brown 1984) is avariant of one for HTO intake that had an HTO compartment
linked to a second OBT compartment. Crawford-Brown added a direct input of OBT into the OBT compartment
from which there is bi-exponentia clearance that varies with age (see Figure 2.1). Fifty percent of the intake of OBT
isassumed to be incorporated as OBT; the other 50% isinitially oxidized to HTO. A recent review by Richardson et
al. (1998) of the literature on the metabolism and dosimetry of OBT-containing foods concluded that the 50%
incorporation of ingested OBT was at the high end of the values observed, which were generally in the range of 9%
to 45%.

Figure 2.1 Model of the behavior of tritium ingested as HTO and OBT (Crawford-Brown, 1984)

Other models have additional compartments. Examples are NCRP (1979a), which has three compartments in total,
including two for OBT; Killough (1981), five total with two OBT and two bone compartments; Etnier et a., (1984),
four total with three tissue solids compartments that handle carbohydrates and fats differently; Belloni et al. (1985),
three total with direct input into two OBT compartments; and Saito (1992), three total with direct input into only one
of two OBT compartments. There are various values for the transfer parameters between compartments in the
various models. None of the modelsis physiologically based so they are all limited in their validity beyond the data
to which they have been fitted. The simplest (Crawford-Brown, 1984), although having only one OBT compartment,
serves to indicate the key dosimetric conseguences when intakes of both HTO and OBT occur.

The values chosen by Crawford-Brown for the parameters, K, - K, were based on biological half-times of 1,000, 33,
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100, and 10 days, respectively, for adults. The radioactive decay constant, A, has little effect since the half-life of
tritium is so much greater than the biological half-times. The values of f (0.90) and f; (0.10) indicate the amount of

tritium released from organically bound sites with relatively short and long half-times, respectively. Age
dependency is assumed for individuals younger than 21 years, after which all adults are assumed to possess the same
retention characteristics.

The quantity that isimportant for dosimetry is the integrated activity of tritium in the body - the becquerel-days. The
pattern of intake in timeis not important for determining the total dose; only the dose rate. The effective doseis a

simple multiple®:(4) of this quantity (1.25 pSvBa1d! or 4.63 remCi~1d™Y). Theintegrated activity can be estimated
for both forms of tritium when the intake is either asHTO or as OBT or is a mixture of the two. Figure 2.3 shows
the variation of the integrated activity for various intake mixtures against age of individual.

For an intake of 1 Bq tritium as HTO, the integrated activity is 14.4 Bqd, corresponding to a dose of 18 pSv (67 rem
for al Ci intake). With this model, the integrated activity (and, hence, dose) for an intake of tritium as OBT is 2.7
times greater for an adult than the value for an intake as HTO. For an infant, the dose is 2.5 times greater. The actual
dose that isdelivered by HTO after an intake of OBT is the same as that delivered after an intake of the same
activity of HTO (since, in thismodel, all the tritium goes through this HTO compartment). The dose delivered by
tritium in the form of OBT after the same intake of OBT is 1.7 times that from tritium in the form of HTO. This
distinction isimportant for any consideration of the possible difference in effectiveness of the tritium in these two
forms (see Section 5). Table 2.4 provides a summary of these relative doses for the different chemical forms of
tritium.

Figure 2.3. Variation of the integrated activity with age of individual from 1 Bq tritium taken in as a mixture of HTO
and OBT with the percentages as OBT as shown on the lines. The model is that of Crawford-Brown (1984). The
ratios of dose from 100% OBT intake to dose from 100% HTO intake are shown for infants and for adults.

From these estimates of dose from given intakes of HTO and OBT, we can estimate the dosimetric consegquences of
ingestion of food from tritium-contaminated environments. In Section 2.3, the daily intakes, A, of tritium in the two
forms, HTO and OBT, if the food has C Bg/kg wet weight and intake rate | kg/d were given by

A(HTO) =1 x CBg/d... Y ¢ 3
A(OBT) = (1-m).f.R.I. (C/m) Bq/d ...................... (2
o _ Relative dose from intake as:
Form of tritium and component considered
HTO OBT

Dose from tritium as HTO in the body 1 (reference) 1
Dose from tritium as OBT in the body 0.035 1.7
Dose from total tritium in the body 1.035 2.7

Table 2.4. Contributions of tritium in the forms of HTO and OBT to integrated activity (and, hence,
dose) after intakes of unit activity of tritium asHTO or as OBT. The contributions are expressed
relative to that from tritium as HTO after an HTO intake. The estimates are based on the Crawford-
Brown compartment model (Crawford-Brown, 1984)
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If we take the dose per unit intake of tritium as HTO to be E,+4 pSv/Bq (18 pSv/Bq for an adult in the model
above), and the dose per unit intake of tritium as OBT to be Ey5 1 pSv/Bg, then the dose, D, from a day's intake will
be given by the sum of the doses, d; and dyg, from the tritium intake in the form of HTO and OBT
respectively;

D = dyyro + dogr PSV
D =1xCx.Ey1q + (1-m).f.RI.(C/M). X Eqgy PSV
=1 X Cx{ Eyyo + ((T-m)/m) x f x RX Eqg7} PSV

By way of example, for afood such as milk, the moisture content can be taken as 0.9, the water equivalent factor as
0.75 (Brown, 1995). If unit rate of ingestion (I = 1 kg/d) and unit concentration in the milk (C = 1 Bg/kg) are
considered, then, with R =1.2, and values for E,+ and Eyz as given by the Crawford-Brown model (18 and 47

pSv/Bq respectively):

D =18+4.7 pSv
= 23 pSv from adaily intake of 1 kg of milk at 1 Bg/kg.
(85 mrem for intake of 1 kg of milk at 1 mCi/kg).

Hence, in this example, when OBT istaken into account, the dose isincreased by 26% above that resulting from the
intake of just the tritium in the food as water. Note, however, that, in the model explored here, 37% of the dose from
OBT that istaken in isactually delivered by tritiumasHTO ( 1/ 2.7 in above Table). Therefore, in the example, of
the 4.7 pSv from the OBT intake, 1.7 pSv would be from HTO in the body; 3 pSv from OBT in the body. With

rounded values, the dose delivered by HTO in this example (Dy 1 in Figure 1) would be 18 + 1.7 = 20 pSv and the
dose delivered by OBT (D gy in Figure 1) would be = 3 pSv (=74 mrem and =11 mrem for intake of 1 mCi in
milk).

Clearly, for different foods that have different moisture contents and proportions of fat, carbohydrates and protein,
the relative doses from the two forms of tritium will be different. For example, with the tritium-related parameters as
above (e.g., R=1.2), for meat (with m = 0.65, f = 0.8) the dose would be increased by 135%, and for vegetables
(withm=0.9, f = 0.55) the dose would be increased by 19%. Note, though, as pointed out in Section 2.2, the R-
values for meat and vegetables are typically less than 0.8 and in the range 1.5-2 respectively. With these values of R,
the OBT-associated increase in dose from tritium would be 90% and 30% respectively.

In the model, the ratio of the values of the integrated activities does not change much with age. It follows that these
relative increases in dose when OBT is taken into account will not vary much either.

The above has been considering the dose from OBT in amacroscopic way. That is, distributions of OBT within cells
and tissues have not been considered; the energy deposition has been averaged over the soft tissues of the body.
Since risks from radiation are couched in the same terms with doses being averaged over tissues the macroscopic
approach is generally justified. However, for tritium, because of the short range of the tritium betain tissue
(maximum 6 um, mean 0.69 um) the distribution within tissues, and possibly within cells, may need to be
considered.

For example, a study involving the collection and analysis of 52 deer from the Savannah River Plant site showed
that the distribution of OBT in the bodies was not uniform (Evans 1969). Concentrations of OBT varied by factors
of aimost two between muscle and fat, and there also appeared to be inter-animal variations of the same order of
magnitude. Another study, involving mice maintained on tritiated drinking water for up to 600 days, found that the
average tritium content (and thus dose rate) of epididymis and ovary were only about half of that observed for the
blood plasma (Carsten 1979; Carsten and Cronkite 1976).
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A general correction factor for estimated doses delivered by tritium in the form of OBT to account for variation in
labeling between tissues does not seem warranted. However, the distribution of OBT within cells themselves
deserves further comment. Experimentally, it is difficult to distinguish whether a given level of biological effect
from OBT, relative to that from some other radiation, is aresult of a concentration of the tritiumin acell or cell
nucleus, rather than being uniformly distributed, or is aresult of an inherent greater effectiveness of the tritium
decaying from a particular organic molecule. If the dose is underestimated, the effectiveness of the tritium radiation
appears to be higher - and vice versa. Because of this complication, this effect, which is peculiar to tritium and other
biologically active radionuclides with short-range radiations, is included in the more general discussion of risk in
Section 5.3.

We conclude, therefore, that for foods obtained from environments that have been contaminated with tritium, the
dose from OBT that isingested in the food may increase the dose attributed to tritium by not more than about a
factor of two, and in most cases by a factor much less than this.

The current internationally recommended values for the doses from tritium taken in asHTO or OBT are based on
modeling assumptions that are similar, though not identical, to those discussed above. The recommended model
(ICRP 1994, ICRP 1996b) for HTO has two components of retention in the whole body with fractions and halftimes
for adult clearance of 0.97 (10 d) and 0.03 (40 d). The recommended model for OBT has two components of
retention in the whole body with fractions and halftimes for adult clearance of 0.50 (10 d) and 0.50 (40 d). The
effective doses for ingestion of HTO and OBT by infants (3 months old), 1, 5, 10, and 15 years and adults are given
in Table 2.5.

These coefficients are taken as being identical for al body organs and tissues. The dose conversion factors are
highest in infants, which are between 2.9 and 3.6 times larger than for adults when tritium istaken inas HTO and as
OBT respectively. The ratio of the coefficients does not change appreciably with age (see the fourth column). For
tritium in the elemental form (HT) and as tritiated methane, the recommended (ICRP 1996a) are four and two orders
of magnitude less than for tritium as HTO.

Dose Conversion Coefficient pSv/Bq (rem/Ci) _ o
Age . . Ratio of coefficients

HTO intake OBT intake

3 months 64 (240) 120 (440) 1.9

1year 48 (180) 120 (440) 25

5years 31(120) 73 (270) 24

10 years 23 (80) 57 (210) 25

15 years 18 (67) 42 (160) 2.3

Adult 18 (67) 42 (160) 2.3

Table 2.5 Dose Conversion Coefficients for tritium taken inas HTO and OBT (ICRP 1994, 1996b).

Asin the Crawford-Brown model considered above, the ICRP dose conversion coefficient given here for OBT lacks
afirm physiological base. Nevertheless, we have concluded that these nominal values that are in international use
are reasonable values to use in this assessment. The modeling review above provides insight into the variation in the
form of tritium from which the doses are delivered.

2 Metric, or SI, unitsare used in the report with the older unitsin parenthesis (e.g., Ci, rem). "Soft" rounding is used commensurate with the
precision of the values of the quantities.
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3 Taki ng the soft tissue mass as 63 kg; average energy imparted per tritium disintegration as 5.69 keV; radiation weighting factor as 1; and a
physical conversion factor of 1.38 x 101! kg.Gy.s.kev1.dL.

4 The sl prefixes are used in this report to help readability:
k10% M 105 G 10% T 10%% P10%5; E 108
m103; p 106 n 1079, p 1012

Next Section Table of Contents
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