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COMPOSITE FNVIRONMEATAYL, DOSE ESTI!ATES
ABSTRACT

The occupational hyglenist is not unfamiliar with the integrated exposure
assessnent concept, Many examples of accunulative polsons, carcinogens, and
other degenerative diseamse producing sgents ar: kaown, In these cases, ve have
analogous situations to radiation exposures from mixed sources, Discussion of
a health physics epproach toa specific radiation situation nay be of value in
f1llustrating certain conzcepts that may ve more widely applicd to a non-radicactive
pollution situation,

The population doses received from radionuclides released to the environs
are superimposed on those from natural radiation sources plus a minor contri-
bution from weapons testing fallout. Valid estimates of thesec doses require a
knowledge not only of external radiation levels, but also of the kinds and
quantities of radionuclides present in the atmosphere and in foods and devera-
ges, and to vhat extent these radionuclides are transmitted to man through the
food chains, g

Both the control of plant effluents and the evaluation of an environ-
mental situation arising fron the releases of such effluents require comparison
of measured or calculated valucs against appropriate standards, Water and elr
quality standards for non-radioactive contaminants are generally in terms of
concentration limits, Standurds for radiation protection, howcver, are based
on accumul.ated radiation doses cver an extended period of time,

In order to quantify the offecis of various radioauclides on the different
organs of the human body, the International Commission on Radiological Protec-
tion has adopted the ccrcent of o ".tandard men", vith assigned biological and
physical parameters. Tuc primary radletion dose standards have been translated
into secondary stendards (Muximum Permissible Body Burdens) and tertiary stand-
ards (Maximum Permissible Concentrations in air and wvater) as additional tools
for evaluation, Using thc some parameters, one con convert the intakxe of any
one radionuclide into radiation dose. The ingested amount of a radionuclide
can be estinated by multiplying the concentrations of the radf{onuclide in dev-
erages and foods by the consumption rates, The intckes of several radionuclides
cannot be combined directly, since each radionuclide results in a numoerically
different dose per unit intske for each body orgmn. The total dose reoceived
by a body organ of interest is obtaincd by adding c<he doses resulting from each
radionuclide ingested to the dose resulting froa sources external to the body.
Tnis total dose can then dbe comparcd with appropriote dose standards,

The application of tnese principles at the llanford complex has required
a major effort in the determination of the critical pathvays and the signifi-
cant dietary intakes, We believe that the future will sce more vide-gpread
use of integrated expocure csscsusnent, particularly in environmental situ-
aticn3., Such use shculd i{ncorporate these key steps: ’

1) The investigation of all potentinl exposure pathysys
2) The determination of approprlate oir, water, and food intake and
conteminant concentrations

3) The appropriate wveightinm and summation of each source contributing
to o comnon physciolopical effect,

001248b
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CO{POSITE EWVIROMMENTAL DOSE ESTIMATES

The health physicist is accustomed to considering the total xadiation
dose® received by an ind{vidual, regardlesc of source., This approach is
perhaps natural in thet the physiological insult with vhich the herlth phy-
sicist is concerned is due to a coamon physical phenomenon, the absorption
of ionizing radiation, regardless of location or chemical form of the radio-
active materinl, In many radiation exposure situations, of course, there
may be a single source, The dose evaluation problem in this case i3 rela-
tively simple. Similarly, an integrated assessment of biological risk is not
generally required of occupational hygienists for non-radioactive contomi-
nants. The reasons for the non-integrated approach include:

1) For many conteminants, especially for industrial exposures, only
one source may be significani, :

2) Exposurc linits for non-radionctive toxic materials have generally
been established in terms of concentrations in specific media,

3) iany non-radiocactive contaminants have only a temporary effect

and an {ntegrated long-term exposure consideralion may not be
meaningful,

L)  The physiological effect may vary widely vwith the source and chemi-
cal nature of the contaminant,

5) For environmental exposures, different agencies monitor the levels
in the potential sources of air, wvater, and foodstuffs,

On the other hand, the occuzational hygienist tolay is certainly not
unacquainted with the integrated axposure concept, Hany examples of accumu-
lative poisons,|carcinogens, and other degenerative disease-producing agents
are knon, There has deen much discussion of the potential hazard of lead
accunulation iniour environment. The more recent "Threshold Limit Values™
publications of the American Conference of Governmeantal Industrial Hygienista(“)
point out the need for adding the effec' of components of a mixed exposure,
vhere the several components have a com-.:: physiological effect, In the

future, we would expect even greater attention to long-term latent effects
from chronic low-level exposures,

In these cases, we have analogous situations to radiatfion exposures from
mixed sources. Discussion of a health physics uapproack to a specific situation

® Throughout this paper, the authors will use the shorter term "dose", even
though the meaning muy more strictly be "dose-equivalent™, the appropriate

nmeasure of risk of biological effect, References (2) mnd (3) give explana-
tions of the relationship dbetween the terms,
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may then be of value in fllustrating certain concepts and principles that
may be more widely applied to a norn-radioactive pollution situation. We

have chorsn to discuss ernvironnental raiistion exposure because such situ-
ations are generally more difficult to rionitor and evaluate than occupational
exposures, especially for ingestion and inhalation. However, the saxe prin-

ciples and concepts epply to ecither the occupationel or the environmental
case,

The determination of radiation doses to the population in the vicinity
of a nuclear facility from radioactive weste discharges can indeed be most
complex, In part, this is due to the superimposition of any such doses on a
much larger and varying mixture of radiations from both natural sources and
occasionally weapons test fallout. For a typical Richland resident, for ex~
ample, the vhole body dose from Hanford plant releases (mostly from reactor
cooling water discharged to the Columbia River, the source of Richland drink-
ing vater) is only about Li of that froa natural radiation sources and about
the sane as the dose due to fallout., Near comamericel power reactors, on the
other hand, radiation doscs to the environmental population from the plant may

be smaller than the contribution from fallout and neglipgible by ccaparison
wvith natural sources,

Where neasureable increases in local radiation levels do occur, valid
estimates of the resulting dosecs to the population may well require a know-
ledge not only of external radiation levels but also of the specific nuclides
present in various environment media, as well as the extent to which these
are transmitted to humans through the various food chains, The need for such
knovledge arises becausc of the potential for re-concentrution of specific
radiounuclides at various steps in the food chain, factors for which may ex-
caed 1%, Our first 3 fipgures (originally prepared for testimoay by H. M.
Parker at a Congressional hearing in 1959) illustrate the potantial complexity

of the fate of some radionuclides and their passage through food chains lead-
ing to human consumption. (Figures 1-3)

The pathways of human exposure are fortunately limited, since the local
resident vill not be eating river elgac or alfalfa, lone-the-le: » & major
screcning progran may be necessary to insure that none of the many' types of
human foods or recrentional habits result in an unsusgccted pathway of radi-
ation exposure, If the potential contributions of ali potential pathways
of exposure are knowr and rclease rates are sufficiently low, the monitoring
and dose evaluastion tasks will, of course, be greatly simplified,

Standerds for Radiation Exnosures

Both the control of plant effluents end the evaluation of an environmental
situntion arising from the release of such effluents require comparison of mea.
sured or calculated values against appropriate standards, Water and air quali-
ty standards for non-rediocactive contaminants are generally in terms of concen-
tration limits. For industrial exposures to toxic maturials, we have threshold
l1imit values vhich are, in most cases, time-integrated cencentration limitc,
Stondards for radiation protection, however, are based on accumulated radiaticn
doges over an extended period of time to the whole body and specifié¢ organs of
the body. This basis is not alvays clear, since regulatory statements may be
in the form of secondery and tertiary standards, The relationship betwsen the
variou: types of standards nay be made clearer by referonce to this chart,
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originally prepared by J. K. Soldat of Battelle-Northwest, (Figure L)

Notc that as monitoring is shifted from the source (the plant
effluent) toward the person exposed, one needs to make fewer and
fewer assumptions but is faced with an increasingly difficult moni-
toring task, Standards based on permissible doses are found, for
example, in the recomme?datio?s of the International Commission on
Radiological Protection!?s2,3), an international body established
for the purpose of formulating authoritative standards for radi=-
ation protection. With the use of appropriate rhysical ard phy-
sjological parameters, maximum permissible doses to various or-

1 g2ns of the body may be translated into maximum permissible dose
: rates from external sources or meximum permissidble body burdens
for radionuclides deposited in the body. Assumptions of liquid
and air consumption permit calculations of maximum permissible
concentrations in these media, and still further assumptions and
! mathematical treatment permit calculation of maximum permissible
| release limits, Of course, sone monitoring at the source will
generally be required in any case for operational control.

; - It may be appropriate to point out here that for the chronic low-level

{ radiation doses being considered, a direct cause-effect relationship of radi-
‘ ation injury to a specific individual cannot be demonstrated. Conservatively,
we may proceed on the assumption that any radiation dose, however small, in-
volves somc degree of risk. The standards than are an attempt to select
permissible dose levels at & point where the degree of risk of any biological
effect is still acceptably low. The terr "max:mum" should therefore be inter-
preted in the sense that a small excess of accumulated dose does not repre-
sent a significently increased risk, while the term "permissilbe™ does not
imply that no risk exists at the level given. Difficulty with such semantics
has led the Federal Radiation Council, among others, to avoid the term "maxi-
mum permissible™ in favor of the term "Radiation Protection Cuides". Paren-
thetically, it should be said that A sinilar interpretation ahoul? 39 applied
to Maximum Allowable Concentrations for non-radioactive toxicants'Y/,

The basic dose standards recommended by the ICRP are generally used
directly for workers occupationally exposed to radiation, when the dose re-
ceived is largely due to external sources, The ICRP itself, howéver, has pro=-
vided both secondary (Maximum Permissible Body Burdens of internally-deposited
radionuclides) and ieritary standards (Maximum Permissible Concentrations in
air and water), In contrast, the most authoritative body in the country, the
Federal Radiation Council, has promulgated intermediate stendards(%) for non-
occupational doses in terms of total intuke of several nuclides. The Atomic
Energy Ca?mission in its regulations for its contractors €) and for federal
licensees'? provides alternative standards, eith~r integrated radiation dose
or maximum permts ible concentrations in air and water, Some stutes, Washing-
ton for examplelB » have adopted only the maximum permissible concentraticn

veiues in their regulations for state licensees for doses from {inhalation or
ingestion, : '

It is important to remember shere dealing with such standards that the
basis remains an integrated dose from all sources to specific body orgmns,
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The applicable quote from the ICRP recommendations(3) 1s:

"In any organ or tissue, the Dose Equivalent is the sum of
the Dose Equivalents contributed by both external and in-
ternal sources." (para., T1)

Similarly, the Federal Radiation Council recommendations are based on
total intake from all sources, The weakness of any standards expressed only
as concentrations, without regard to potential re-concentration in the envi-

ronment , multiple sources of inteke, or potential contributions from external
sources, should be recognized,

Methods of Calculation

In order to quantify the effects of various radionuclides on the different
organs of the human body, the Internationzl Commission on Radiological Protec-
tion (ICRP) has adopted the concept of a “"standard man"(}), with assigned bi-
ological and physical parameters, These parameters include: mass of the total
body (70 kg), mass of individuasl organs, effective dimensions and biologicel
elimation constants for each organ, water inteke rate (2.2 t/day), and air in-
halation rate (20 m?/dey). The paranmcters for water and air balance are ex-
pressed in terms of both the 8-<hour work dgy and the 16 hours not at work.

This time separation i{s made to distinguish occupational from non-occupational
exposure to radionuclides, and is necessary because different limits may apply
to each type of exposure, and because intake rates of water and air are dif-
ferent during the two time periods,

Radiation dose standards are then assigned to the "standard man", who is
deemed to represent all adult individuals or groups of individuals exposed to
radiation, The actual standards for annual dose are about an order of magni-
tude below those showing detectable effects for most acute exposures, and
about two orders of magnitude below those radiation doses considered lethal
to humans,

Relationships between the primary dose standards, secondary stardards
(Maximum Permissible Body Burdens), and tertiary standards {Maximud Permis=
sible Concentrations) are showm in Figure 5. (Figure 3) '

The first equation relates the Maximum Permissible Body Burden
(q) to a permissible dose rate (R). Tne second and third equations
relate the Maximum Permissible Concentrations in air and water (MPC,
and MPC,) to the Maximun Permissible Body Burden. The two latter
equations have an exponential term which represents a combination
of biological removal and radioactive decay, These equations 1o
not apply to the GI tract because the passage of food through the
trect is ossumed to behave as a step function rather than as an ex-
ponential function,

ObhZ100

These equations provide a basis for dcme conversion factors which relate
the dose received by an organ to the intake of any radionuclide. Any syner=-
gistic effects or variution in physiological behavior with chemical form are

usuully Ignored at the low levels to which environmental populations are nor-
mally exposed. (Figure 6)

Figure 6 shows the methods used to calculate such factorn for
scveral organs of the body,
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The dose increments received by an organ from each deposited radionuclide ere
simply added to determine the totel dose,

~ An additional radiation dose that must be considered is that received
from sources external to the body., The dose contribution from these sources
is obtained from measurements of ambient radiation levels and estimates of
exposure times, The total dose to a specific organ of the body is then deter-
mined by adding the dose contribution from internally deposited radionuclides
to the dose resulting from external sources, This total dose can then be com-
pared with the maximum permissible dose.for the particular organ.

It is not feasible to determine actual radiation doses received by peo-
ple in the environs of a nuclear facility by sufficlently large-scale routine
personal dosimeter, bloassay , or whole body counting programs. These doses
must therefore be calculated. An integral part of the dose calculation scheme
therefore is the determination of appropriate radionuclide intakes, The data
for this determination can be obtained from a comprehensive environmental sur-
veillance wrogram in conjunction with estimates of dietary and living habits
of the environmental population., A comprehensive environmental surveillance
program sliould provide data on radionuclide concentrations in foods and bev-
erages (in the diets of the population groups of interest), on ambient radi-
ation levels, and'on radionuclide concentrations in the atmosphere. Knowledge
of locel food and beverage per capita consumption rates may be obtained from
routine dictary studies conducted by various governmental agencies and from
local estimetes, Ideally, all dietary data should be of local origin, How-
ever, & complete collection of local data is difficult to obtain, and one
must rely on published dietary data which are often only applicable in a
general seuse to one's own local situation,

After the rEdionuclide concentrations in beverages and foods and the
appropriate diethry habits are determined, radionuclide intaxcs can be com-
puted by multiplying the concentretion by the consumption rate of the parti-
cular beverage or food, The intake of each radionuclide cannot be comdbined
directly, since each radionuclide results in a numerically different dose
per unit intake for each body orpan, As mentioned earlier, the intake of
each radionuclide must be converted to units of dose in order to form a com-

bination which represents the total organ dose,

—

Hanford Environmental Program

The application of these principles at the Hanford complex has required

- a major effort in the determination of critical exposure pathways and signi-

lbhe100

ficant dietary intakes, To repeat, the five steps in the .dose calculation
process are: 1) obtaining dietary data, 2) determining radionuclide con-
centrations, 3) deterr'ning radionuclide intakes, U4) calculating radi-
ation dose and 5) comparing vith dose standards, -

The acquisition of dietary data required a major initial effort end a
smaller continuing effort to optimize the data. The dietary intekes cur-

rently used for the population in the Hanford environs are shown in Figure
7. (Figure 7)

These data were obtained from a numbsr of sourcer, including
published dietary surveys conducted by various government agencies,
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a large body of data from local diet questionnaires obtained in
conjunction with whole-body counting programs, and special mal’l
end personal interview gsurveys of consumers of local fish and
geme, Diets are listed for both a "maximum individual” and a
"typicul Richland resident". These hypothetical population
segments were sclected as control groups for comparison with
the appropriate AEC standards, Attempts have been cortinued
to identify the types of individuals living in the Han .4 en-
virons that receive the greeatest radiation dose. Exp.. .nce
accwaulated from the environmental surveillance program indi-
cetes such individuals ere undoubtedly persons that frequently
eat both fish caught locally in the Columbia River and food-
stuffs grown on faerms irrigatec with Columbia River water, The
vast majority of people who live in Richland obtain their food
from local commerciel stores (rather than directly from farms)
and consume little or no fish caught from the Columbia River,
The principsl sources of radionuclides ingested by these peo-
Ple are drinking water obtained from the Columpia River and
worldwide fallout.

The second step of the dose calculation process, determining radionuclide
concentrations, requires a major, continuinpg effort, In a recent year, for
example, the environmental dose evalustion program at Hanford included some
700 water samples, 300 air sumples, 500 milk samples, 100 samples of garden
produce, and 1500 samples of fish, game birds, ond sea food, Approximately
500 external radiation measurements were also used in thils program. These
gstatistics do not include many other measurements made solely for trend evalu-
ation or detection of unusuel releases, A summary of radionuclide conceatra-

tions in foods end beverages during 1966 for the two population groups of in-
terest is shown in Fipure 8, (Fipvre 8)

When data obtained from thecse two steps are combined, radionuclide intakes
and the resulting doses can be calculated, After the external dose contribu-

tion is added a dose composition such as shown in Fipure 9 can be determined,
{Figure 9)
) \
The doses calculated for the four org-us shown raonged between
1 and 10% of the appropriste limit, The ruviative contribution of
the various sources to the total for each organ are apparent,

The situation presented here is of cource unique to the llanford site, as
are most exposure situations, whether to radioactive or non-radicactive na~
teriels, . Only lianford, amonm U, S. nuclear facilities, routinely conducts
such a tro:.d radiation dosc estimation program, althoush similar efforts have
been made intermittently elscvhere(9d +« For most installations, the impact
on cnvironnental rediction levels is so slight that such a comprehensive
progrem i3 not warranted for routine operations., Ve believe, however that

these mchtods can be applied to any exposure situation iavolving more than
one mode of exrosure,

We further believe that the future will sec more wide-spread use of
intesrated exposure gssessment, particularly in environmental situations,

P
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To be successful, such use must incorporate these key steps:

1) The investigation of all potential exvosure pathweys

2) Tne determination of appropriate air, water, and food intakes
and contaminant concentrations

3) The appropriate welpghting and summation of each source con-
tributing to a common physiological effect
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TYPICAL

MAX IMUM R ICHLAND
IND IVIDUAL RESIDENT
BEVERAGE OR LITERS/YR LITERS/YR

FOOD

O 250 500 750 1000 O 250 500 750 1000

water NN AN
mie B R

KG/YR KG/YR
0 25 5 7510 0 25 5 75 100

MEAT

cHIcken J——— | E—
eces WM |
cotumsia RiIver FisH ]

SEAFOOD — -
RESHAEAY moeEs ] e
VEGETABLES ‘

OTHER VEGETABLES 2 0 o
OTIER VEGET T e ——

MAXIMUM CHILD TYP, RICHLAND CHILD
LITERS]YR TTTERSIVYR

0 250 500 750 1000 0 250 500 750 1000

waTeR -

MILK BN
KG/YR KG/YR

ERESH LEAFY % 50 75 100 0 25 5 75 100

VEGETABLES

FIGURE T
Dietary Assumptions for the Adult and Child
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RELATIVE SOURCE CONTRIBUTION (HANFORD ENVIRONS) - 1966

MAXTMUM INDIVIDUAL TYPICAL RICHLAND RESIDENT

BONE

TOTAL
BODY

Gl
TRACT

THYROID
(INFANT)

®ALL OTHER FOODS

FIGURE 9
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