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DECAY PROGENY INGROWTH
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DECAY PROGENY INGROWTH

B1.0 INTRODUCTION

The mathematical models incorporating radioactive decay are described in this section.
The various pathway parameters discussed in Appendix A are put to use in the formulas. The
presence of radioactive decay chains complicates this discussion, and the subsequent
calculations. But the use of decay chains is necessary because some progeny nuclides are more
significant than the parent nuclide.

To facilitate calculations with the large number of nuclides that may be found at the
Hanford Site, the hand calculations were automated using commercial spreadsheet software.
Spreadsheet calculations have been verified by hand calculations presented in the attachments to
this appendix.

Doses to humans exposed to exhumed contamination or irrigation water include both
internal and external radiation exposures. The internal dose comes from the inhalation of
resuspended dust and the ingestion of contaminated water, soil, and foodstuffs. The external
dose comes primarily from being near the contaminated soil. The sections below describe how
the human dose is computed from the parameters of Appendix A together with standard models
for estimating this dose. First, the time dependence of soil concentrations are presented.
Second, the external and inhalation doses received from contaminated soil are described. Third,
the concentrations and doses for various plant types are described. Finally, the concentrations
and doses for animal products are described. The role of radioactive decay and daughter in-
growth is discussed in each section.

B2.0 TIME DEPENDENCE OF SOIL CONCENTRATIONS

The soil concentrations are of two types. The first type of soil contamination results from
drilling a hole through the waste site and spreading the contamination in a garden. In this case
there is some initial concentration of a nuclide in the surface layer that decreases with time due
to radioactive decay and leaching from the surface layer. The second type of soil concentration
results from irrigating with contaminated water. In this case the contamination increases with
time due to the added radioactivity. However, this increase is offset by radioactive decay and
leaching from the surface layer.

In the description of progeny in-growth, it will be assumed that only the parent nuclide
along with any of its short-lived progeny shown in Table A1 is present initially. Each nuclide in
the decay chains listed in Table A2 must be treated independently. This enables the calculation
of unit dose factors for each of the principal nuclides in a decay chain. In the case of irrigation
water, it is also assumed that the decay chain progeny are not accumulating in the water prior to
irrigation. Only the parent nuclide is coming from the well and being deposited on the soil. In
addition, it is assumed that the water concentration is constant during the year of irrigation. As
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before, this enables the calculation of unit dose factors for each of the principal nuclides in a
decay chain.

The discussion below is divided into three parts. The first describes the decay of a nuclide
and progeny in-growth with time due to nuclear decay alone, i.e., without leaching or additions
from contaminated irrigation water. The second part adds decay in the presence of leaching from
the surface layer. The third includes irrigation with contaminated water. In all cases, the decay
chains shown in Table A2 are used. The longest decay chain has just four members because
decay times less than 1000 years are assumed for generation of the unit dose factors. Additional
discussion is provided to show how decay chains are incorporated into the calculations.

B2.1 DECAY WITHOUT LEACHING OR IRRIGATION DEPOSITION

The radioactive decay constants will be represented as Air, Aar, A3r, Aar, and so forth until
Anr, Which is the last member of the chain. The leaching coefficients describing removal from the
surface layer by water infiltration will be represented as A 5, A 25, A3s, Ads, and so forth. The sum
of these the radioactive and leaching constants for a given nuclide will be represented as A 1, A,
A3, A4, and so forth. In other words, A, is defined by the equation A, = A, + Ays. Radioactive
decay constants are computed by dividing the half life of the nuclide (Table A1) into the
logarithm of 2 (Ln 2 = 0.69314718). Leaching coefficients for radionuclides are listed in
Table A40.

The following demonstrates the general form of the customary decay chain formula to
describe the in-growth of the "nth" progeny from the first member of the chain. In other words,
the only member of the chain with any activity to begin with is the first nuclide. The equations
below describe the in-growth of a specific progeny nuclide, the "nth" member of the chain in the
absence of leaching and irrigation with contaminated water. These equations also describe the
activity in contaminated vegetables or animal products after they are harvested.

L =C° [HBk kHJ ( [ T ) DR, (1)
k=2

n “Akrt

c
DR, = (2)
1 kz—l PD 1,kr,n
PDl,kr,n = H (Xir - >Lkr ) (3)

(o)
i=k
Cgl is the initial soil concentration of the first member of the chain. Cg, is the

concentration of the "nth" member of the chain after the time "t" has elapsed. Cj, is assumed to
be zero initially, and to increase with time. Both concentrations have units of Ci/kg.

The term By+; is the fraction of decays of nuclide number "k" which produce nuclide
number "k+1". By k4 is also known as the branching ratio for nuclear transition from k to k+1.
Most branching ratios are simply 1.0. Non-unit branching ratios are given in Table A2.
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The term DR, contains the time dependent functions for each nuclide in the chain from
nuclide "1" down to nuclide "n". For convenience in writing the denominator, the product of
decay constant differences is defined as shown in Equation (3). Note that when n=1, PD; ; ;=1.

The decay equations are presented as Equation (4) for the first four nuclides. In a four-

step decay chain, nuclide 1 (the parent) decays to nuclide 2, which then decays to nuclide 3,
which then decays to nuclide 4.

Ca = CY Exp(-L.,T) 4
Ca2 = CY| Biz Mo ABXP(-A TV (Mar-hry) + Exp(-Aa T/ (Mir-hae)}
Css = CY| Bia Bos Maiksr { Exp(-AiTY[(a-Mid) Aa-has)]

+ Exp(-Dar T [Oetr-do0) Aar-han)] + EXp(-As TV [(Mr-Aar)hae-Asd)] |

Ca = CQI B12 B3 Bas Aaharhar { Exp(-2iy T/ [(Aar- M) Aar-hi ) (har-Arr)]
+ EXp('XZrT)/[O\'1r'7\42r)(7\«3r'7\‘2r)(7\44r'7\42r)]
+ Exp('y\l?arT)/[(}Llr'x3r)(k2r‘}\13r)(>\'4r‘>\'3r)]

+ EXp(-?x,4rT)/ [(7\,1r'7\44r)(7¥2r'7\‘4r)(7\'3r'7\44r)] }

where,
C?, = initial concentration of nuclide 1 (i.e. at T=0), in Ci/kg. The initial
concentrations of all other members of the chain are assumed to be zero.
C;1,Cs2, = concentration of nuclides 1, 2, 3, and 4 at time T, in Ci/kg.
Cs3,cs4
B12,B23, = branching ratios for nuclides 1, 2, and 3.

By

MirA2r, = radioactive decay constants for nuclides 1, 2, 3, and 4. Note that the decay

A3eshar constant is the natural logarithm of 2 divided by the half-life of the nuclide.
Note also that the decay constants in a decay chain are all different so the
differences will never be zero.

B2.2 DECAY WITH LEACHING BUT WITHOUT IRRIGATION DEPOSITION

The situation with an initial soil contamination that decreases due to irrigation and
radioactive decay is described next. When leaching from the surface layer takes place, there is
an additional removal mechanism that increases the size of the removal terms. Leaching
coefficients were discussed in Section A6.0 and are listed in Tables A38 and A40. Multiple
years of leaching and decay will be described using a two-part irrigation model. The first half of
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the year has significant leaching due to the irrigation. The second half of the year has no
leaching.

B2.2.1. Initial Soil Concentration During the Irrigation Season

The addition of leaching only changes Equations (2) and (3) by replacing the radioactive
decay constants (Ax) with the combined leaching and decay coefficients (Ax = Ayxs + Air). In
effect, the radioactive decay constant increases. The new equations for decay with leaching are
shown below as Equations (5), (6), and (7). Note that the product of radioactive decay constants
in Equation (5) is unchanged from Equation (1).

n-1 n
Csn = Cgl ( HBk,kHJ ( H Akr ) DS, )
k=1 k=2

y e ©
1 k=1 PDl,k,n
PDin= [ (% -) (7)

om0
i#k
The term C?, is the same as in Equation (1). It is the initial soil concentration of the

parent nuclide in the chain. The By x4+ terms are also the same as in Equation (1). The change in
the definition of the time-dependent function DSy, increases the exponents, so the decline in soil
concentration is faster. Note that when n=1, PD;; ;=1. Note also that the subtractions in the

PD; k. term do not eliminate the leaching factor unless they are all the same for that decay chain.
Therefore Equations (3) and (7) are normally not the same.

B2.2.2. Initial Soil Concentration at the End of the First Year

To describe the concentration of a nuclide in the soil at the end of the first year, one must
combine the equations of the previous section into the physically allowable sequences. During
the first 6 months of the year irrigation takes place. During the second 6 months of the year
irrigation ceases and the precipitation rate is assumed to match the evapo-transpiration rate, so
that the leaching factors are all zero. The second half of the year has only radioactive decay.

In the post-intrusion garden scenario, for the first member of a decay chain, the soil
concentration at the end of the year is the initial concentration multiplied by factors for decay
and leaching during the irrigation season followed by simple decay during the remainder of the
year. This is shown in Equation (8) below. The Wy, term is introduced to simplify later
equations.

Csl(l)zcgl Dsll DR, :Cgl Wi,
W, = EXP(_ A Tirr) EXP(_7L T ) (®)

Ir “no

and A=A +A, and T, +T, =1y

where,
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soil concentration of the first member of the decay chain at the end of the

Call) = first year, in Ci/kg
Cgl = 1nitial soil concentration of the first member of the decay chain, in Ci/kg

Ty = irrigation period, 0.5y
T = no irrigation period, T,o=1y-Tirxr=05y

Wi = fraction of the initial soil concentration of the first member of the decay
chain that is left at the end of 1 year when the irrigation water adds no
contaminants

M = total removal constant for the first member of the chain, per year
Air = radioactive decay constant for the first member of the chain, per year
Ms = average soil leaching coefficient for the first member of the chain, per year

The first daughter of nuclide "1" is produced during the irrigation period and then decays
during the rest of the year. It also is produced from the decay of the parent nuclide that is present
at the end of the irrigation season. This is shown in Equation (9). The term B contains the
branching ratio and product of decay constants found in Equations (1) and (5). It is not the
branching ratio shown in Equation (4). The W), term is introduced to simplify later equations.

Co(l) = CQI B12'(DS12 DRy, + DSy DRyp) = Cgl B2 Wi, )

The concentration of the third and fourth nuclides in the chain at the end of the first year is
calculated using Equations (10). Longer chains are computed in a similar fashion. Note that all
possible decay paths must be considered. This leads to as many terms as there are members in
the decay chain.

Ca(l)= Cgl B3 (DS13 DR33 + DSy2 DRy + DSy DRy3)

= CQI B3 Wis
(10)
Cu(l)= Cgl Bi4 (DS14 DR44 + DSy3 DR34 + DS2 DRy + DSy DRy4)

= Cgl Bis Wiy
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B2.2.3. Initial Soil Concentration after Several Years

To describe the concentration of a nuclide in the soil after several years, the decay factors
are multiplied by the soil concentration at the start of each year. This is demonstrated for the
first member of the decay chain in Equation (11). The concentration is at the end of N years
when the amount at the start of the first year was CY;. Each year the concentration decreases by

the factor Wy;.
Cs1(N):Cs1(N'1)W11 :Cg1 Wﬁl (11)

For the 2™ member of the decay chain, there are two sources. The first source is the 1
member of the decay chain. The 1* member’s activity is multiplied by B;,Wi,. The second
source is the presence of the 2™ member in the soil after the first year. The activity of the 2™
member is multiplied by W»,, which is similar to Wy; except that the decay factors use the decay
and leaching parameters for the 2™ nuclide. The X-notation is introduced in Equation (12) to
simplify the calculation. The exponent (N-1) does not refer to the exponentiation process, but
rather is another index. When N=1 the X, term is 1.

Cq (N)= Cq (N - 1) W, +Cy (N - 1)B12 W), =C By, X7y (12)
Xgl _ Wﬁl - Wzl\zI _ NZ_:IWJT W21\21-1-K
Wi =W, &

For the 3" member of the decay chain, there are three sources. The first source is the 1
member of the decay chain. The 1* member’s activity is multiplied by B;3Wi3. The second
source is the presence of the 2™ member in the soil after the first year. The activity of the 2™
member is multiplied by B,3W»3. The third source is the presence of the 3™ member in the soil
after the first year. The activity of the 3" member is multiplied by W33. The X-notation is used
in Equation (13) to simplify the calculation. The exponents of X are indices rather than
exponentiation. When N=1 the X3 term is 1 but the X3 term is 0.

Cq (N)= Cq (N - 1)W33 +Cy (N - 1)B23 Wy +Cy (N - 1)B13 W5 (13)
Cgq (N):C(s)l Bys (W13 Xg_l + W, Wy XESZ)
W) - WX
Xg-l _ Wi 33
Wi — Wi,
. W[ wh W2
Xf;f _ 1 2 33

+ +
(Wi - Wy, Wy - Was) (W - Wy Wy - Wag) o (Wi - Wi (Way - W)

For the 4™ member of the decay chain, there are four sources corresponding to the four
members of the decay chain. The X-notation is used in Equation (14) to simplify the calculation.
This notation also indicates the technique for modeling longer decay chains. When N=1 the X4
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term is 1 but the X34, X124, and X234 terms are all 0. When N=2 the X34 and X4 terms are 1
but the X234 term 1s 0.

Cu (N): Cu (N - 1)W44 +Cg (N - 1)B34 Wi +Cy, (N - 1)]324 Wy, + Cs1(N - 1)]314 Wi, (14)
Cy (N): Cgl By, (W14 XE(I + W3 Wiy ng‘z + W, Wy Xg—f + Wy, Wy Wy, Xg—zﬂ)

s wh W)
(Wll - W22 )(Wll - W33 )(Wll - W44 ) (W22 - Wll )(WZZ - W33 )(WZZ b W44)
W) W)

+ +
(W33 - Wll )(W33 - W22 )(W33 - W44) (W44 - Wll )(W44 - W22 )(W44 - W33 )

B2.2.4. Initial Soil Concentration Cumulative Dose

The doses that result from continuous intakes, or exposures, during the years of interest
can be calculated from the above equations for soil concentration assuming the instantaneous
dose rate (i.e. dose per day) is proportional to the soil concentration. The dose during one year is
the time-integral of the soil concentration times a conversion factor. This time integral of the
soil concentration during the irrigation period is shown in Equations (15) and (16). Note that
Equation (7), which defines PD, x 5, 1s not changed by the integration. Also note that the
integrated soil concentration term (IDS) is unitless.

n-1 n

J. Cadt=t Cgl ( HBk,k+1j( [1 Xkr)IDSH (15)
k=1 k=2

IDS,, = Zleim (16)

o1 At PDin

A similar function results from the time integral of DR over the latter half of the year. The
total dose that accumulates during the first year is shown in the equations below (17). The year
must be divided into the irrigation and non-irrigation parts to complete the integration.

Hsl(l):CFl Cgl (IDSH T, + DS,, IDR,, Tn0)=CF1 C(s)l T,
_ - . - - 17
— CFI C(S)l [ (1 EXp( }\’1 TIIT )]Tin + EXp(' )\‘1 Tirr {1 EXp( }\’II‘THO )JTHO:| ( )

Ay Ty A, T

1r “no
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The cumulative dose after N years is the sum of the doses received in the previous (N-1)
years plus the dose that accumulates during the Nth year. For the 1% isotope in the decay chain,
it is the sum of N terms, as shown in Equation (18). The Y term is introduced to simplify later
equations. Note that the upper index of the Y term is not an exponent, unlike the upper index of
the Wy, term.

H,()W:'=H (l)ﬂ—H )y (18)
sl 11 - sl - sl 1

1 1_\Nvll

M=

Ho(N)= Y, (K) =

K=1

~
I

For decay fractions that are close to 1, a small decay approximation has been derived to
improve numeric accuracy. This approximation is shown below.

For W=¢"¢ and £<0.001

NI w2 2
W W L E(N-1)+ S N 3N 1)
1-W 2 12
3 4
~E (NP —2NZ 4+ N+ 2 (6N* —15N® +10N2 - 1)
24 720
where N=N, + N, and N* =N7 +N,N, + N3
N{(+1 _N2K+l

in general, N* =
N, =N,

For the 2™ member of the decay chain the cumulative dose has two components. The first
is the contribution from the 1% member of the decay chain each year. The second comes from
the 2™ member of the decay chain as it accumulates after the first year. These are shown in
Equation (19). The Y term simplifies later equations. It also illustrates the technique for
modeling longer decay chains. Equation (19) is largely the same as Equation (12) except that
W™ has been replaced with (1-W")/(1-W). Note that when N=1, the Y term is 1 while the Y12
term is zero. This indicates that all the dose calculated from the 2" member during the first year
comes directly from the 1% member of the decay chain. Not until the second year does the 2™
member become a separate source of dose.
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N N
Hg (N): ZHsz (I)Wllf_l + ZCFz C(s)l B, XE’Z T,,
K=l

K=2
Hs2 (N) = CF2 Cgl B12 (YIN-Ile + leYII;-zTZz) (19)
1-w[\ 1- W)
yN2 1-Wy 1-Wy, _YlN'1 —YzN'1
12 - -
Wll - W22 Wll - W22

For the 3™ member of the decay chain the cumulative dose has three components. The
first is the contribution from the 1% member of the decay chain each year. The second and third
come from the 2™ and 3™ members of the decay chain as they accumulate after the first year.
These are shown in Equation (20). The Y term illustrates the technique for modeling longer
decay chains. Equation (20) is largely the same as Equation (13) except that W™ has been
replaced with (1-W™)/(1-W). Note that the Y123 term is zero until N=3.

N N
Hg (N) = ZH53 (1) Wlli-l + ZCF3C21]313 [W12XE_2T23 + (W13X}<3-2 + W12W23X{<2-33 )T33]
K=l

K=2
Hg (N) =CF, C(s)l Bj; [YIN-ITB + W12Y1§_2T23 + (W13Y11§]_2 + W12W23Y1§§3 )I‘33] (20)
[1—W§J [1—W§§j
Yg’z _ 1-Wy, 1-W;; _ YIN'1 - Y3N'1
Wi — Wy, Wy — Wy,
YD = LA Y, Y;

+ +
(Wll - W22 )(Wll - W33 ) (W22 - Wll )(WZZ - W33 ) (W33 - Wll )(W33 - W22 )

For the 4™ member of the decay chain the cumulative dose has four components. The first
is the contribution from the 1* member of the decay chain each year. The others are from the
2" 3" and 4™ members of the decay chain as they accumulate after the first year. These are
shown in Equation (21). The Y term illustrates the technique for modeling longer decay chains.
Equation (21) is largely the same as Equation (14) except that W™ has been replaced with
(1-WN)/(1-W). Note that the Y234 term is zero until N=4.
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N N
Hg, (N): ZHs4 (1)W11?-1 + z CF4(:21]314 [W12X5-1T24 + (W13X{(3-1 + \7\712\)\723)({<2-32 )T34 (21)
K=1 K=2

+ (VVMXE{1 + W13W34X1K3_42 + W12W24XF2'42 + W12W23W34X{<2_334 )T44]

Hy (N) =CF, Cgl By, [YlN_l T, + leYllg_z Ty + (VVBYEEL2 + W, Wy, Ylgf )T34

+ (W14Y1]:1]-2 + W3 Wy, Ylglf + W, Wy Ylgf + W, Wy Wsy le];j )T44]

Y}N-l . e 2N-l
(Wll -Wy, )(Wll - Wy, )(Wll - W44) (sz - Wy )(sz - W, )(sz - W44)
Y Y
+ +
(W33 -Wi )(W33 -Wy, )(W33 -Wy ) (W44 -Wh )(W44 - Wy, )(W44 - Wi )

N-4 _
Yig =

B2.3 DECAY WITH LEACHING AND IRRIGATION DEPOSITION

The sources of contaminated irrigation water are either groundwater or Columbia River
water. The instantaneous rate of addition of contamination to the soil is given by the equation
below. The conversion factor shown in the equations changes centimeters of water applied to the
soil to liters applied per square meter.

ID,=Cy I(10L m?cm™) / Ty

Where
ID, = instantaneous activity deposition rate during the irrigation of areas growing plant
type p, in curies per square meter per year (Ciy"' m™).
Cyw = irrigation water concentration, in curies per liter (Ci/L). This concentration is
assumed to be constant (no decay) during the 6 month application period.
I = irrigation water applied to plants during the irrigation period. For the maximum

individual cases, this value is 82.3 cm. For the population dose, this value was
lowered to 63.5 cm due to less irrigation in areas farther down the Columbia River
(WHC-SD-WM-EE-004).

Tir = irrigation period in years. The value 0.5 yr is used since the irrigation is assumed

to take place 6 months per year (April through September).

The instantaneous rate of increase in the soil concentration is computed from
Equation (22).
DY, =ID,/(pd) (22)
Where

ID(s)l = instantaneous rate of increase in the soil concentration during the irrigation season,
in curies per kilogram per year.
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ID, = instantaneous activity deposition rate during the irrigation of soils growing plant
type p, in curies per square meter per year (Ciy” m?).

p = bulk density of the surface soil, in grams per cubic centimeter. The value normally
used in Hanford Site PA work is 1.5 g/cc.

d = thickness of soil from which nuclides migrate, in centimeters. This is assumed to
be 15 cm (5.9 inches).

The instantaneous deposition rate is twice the average deposition rate for the year because
the deposition only occurs during the irrigation season. Additional formulas for soil
concentration are presented in the sections that follow.

B2.3.1. Irrigated Soil Concentration During the Irrigation Season

Using contaminated irrigation water, the concentration of radioactivity in the surface layer
of soil increases with time. The equations to represent this turn out to be the time integral of
Equations (5), (6), and (7). This activity accumulation is shown in Equations (23) and (24),
below. Equation (7), which defines PD; x,, is not affected by the integration. The term ID?, is

the rate at which the concentration of the parent nuclide increases due to irrigation deposition.
Note the addition of the irrigation time (t) to the equation to make the DI decay term a unitless
fraction representing accumulation in the soil of contaminants that decay or are leached from the
surface layer. At the end of the irrigation period, t=Ti;. The DI term is mathematically identical
to the IDS term shown in Equation (16).

n-1 n
CsnZt(IDgl)(gBm)(gkh)Dlm (23)

n _ —}th
DI, =271 € (24)
i1 At PDixn

Equations (1), (2), and (3) apply to soil with no leaching at all. Whatever water falls on
the soil evaporates without forcing contamination through the surface layer into deeper layers.
The key to represent this ordinary decay is the term DR;,. Equations (5), (6), and (7) apply to
soil with some leaching taking place. This might be due to excess natural precipitation or
irrigation with uncontaminated water. The key to represent this decay with leaching is the term
DSy, Equations (23) and (24) apply to soil being irrigated with contaminated water. Leaching
from the surface layer is also occurring. The key to represent this combination of decay,
leaching, and accumulation is the term DI;,. These key terms will be used in the next section to
describe the soil concentration after many years of irrigation with contaminated water.

One exception to the above is for tritium in the irrigation water applied to the soil. An
equilibrium approach is used. The tritium concentration in the soil moisture is assumed to equal
the trittum concentration in the applied irrigation water, adjusted for natural precipitation. This
is calculated using the formula below. Note the absence of time dependence. The tritium
concentration is constant during the irrigation season.
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Cyi13 = 8.94 Figg Cy 113 V/(I+P)

Where
Csn3 = concentration of tritium in the surface soil during the irrigation season, in curies per
kilogram.
8.94 = factor to convert the hydrogen weight fraction into a water fraction. It comes from

the ratio of molecular weights for hydrogen (2.0159 g/gmole) and water
(18.0153 g/gmole).

Fys = fraction of hydrogen in garden soil, 0.0149 g hydrogen per gram of soil (from
Table A34).

Cwms = concentration of tritium in the irrigation water, in pCi/L.

I = total irrigation water applied to the soil during the irrigation season, 82.3 cm/y
(63.5 cm/y for the population).

P = total natural precipitation water reaching the soil during the irrigation period,
5.77 cm/y (PNNL-13859).

The ratio I/(I+P) incorporates the dilution of contaminated irrigation water with natural
precipitation. This soil concentration is constant during the irrigation season, but decreases
exponentially during the non-irrigation season due to continuing precipitation and evaporation.

B2.3.2. Irrigated Soil Concentration at the End of the First Year

In the irrigation scenarios, for the first member of the chain, the concentration at the end of
the year is the product of the accumulated activity at the end of the irrigation season and the
decay factor resulting from decay without irrigation or leaching for the remainder of the year.
This is shown in Equation (25). Note the similarity between Equations (12) and (25). This will
be seen again in the next few equations.

Csl(l):Tirr IDgl DI}, DR,

1-Exp(- 1, T, (25)
DI}, DR, = Xp( : lrr) EXP(‘ Xerno)
7\'1 Tirr
where,
_soil concentration of the first member of the decay chain at the end of the
CaD) = first year, in Ci/k
year, in Ci/kg
D0 = instantaneous soil deposition rate from irrigation for the first member of the
sl —

decay chain, in Ci/kg per year

Ty = irrigation period, 0.5y

The = no irrigation period, Tpo=1y-Tir=05y
Wi = fraction of the initial soil concentration of the first member of the decay
chain that is left at the end of 1 year when the irrigation water adds no
contaminants
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A1 = total removal constant for the first member of the chain, per year
Air = radioactive decay constant for the first member of the chain, per year
Ms = average soil leaching coefficient for the first member of the chain, per year

The first daughter of nuclide "1" is produced during the irrigation period and then decays
during the rest of the year. It also is produced from the decay of the parent nuclide that is present
at the end of the irrigation season. This is shown in Equation (26). Note that the assumed
amount of the daughter in the irrigation water is always zero. The term B, contains the
branching ratio and product of decay constants found in Equations (1) and (23).

Ca(1) = Tir IDY] Bz (DI12 DRy, + DIy DRy) (26)

The concentration of the third and fourth nuclides in the chain at the end of the first year is
calculated using Equation (27). Longer chains are computed in a similar fashion. Note that all
possible decay paths must be considered. This leads to as many terms as there are members in
the decay chain, as shown below.

Cs3(1) = Tirr ID& Bi3:(DI;3 DR33 + DIj2 DRy3 + DIy DRy3)
(27)
Caa(1) = Tirr IDgl Bi4 (DI14 DR44 + D13 DR34 + DIj2 DRog + DIy DRy4)

In practice, it is better to calculate the decay factors for each nuclide, since these are
unitless fractions whose value is near 1.0 for nuclides with long half lives. The calculation of

media concentrations and dose can be carried out ignoring decay. A decay factor can then be
added.

B2.3.3. Irrigated Soil Concentration after Several Years

After the first year of irrigation, there is residual contamination, which must be taken into
account when computing the total activity at the end of the year under consideration. The
activity after N years is the sum of the activity after (N-1) years decaying for 1 year, plus the
activity that normally accumulates during the year. The added activity is independent of the
amount of residual contamination. The residual contamination from prior years irrigation is
modeled as an initial soil concentration, described in Section B2.2.

For the 1¥ member of the decay chain (the parent nuclide) after several years of irrigation,
the total soil concentration is the sum of N years of deposition each adjusted for decay. This is
demonstrated in Equation (28). The concentration is at the end of N years when the amount
added every year is Cs;. Each year the concentration added in any year decreases by the factor
Wii. The Y-notation is used in Equation (28) to simplify the calculation. These are the same
W’s and Y’s that were used in Equation (18). The exponent (N-1) does not refer to the
exponentiation process, but rather is another index. When N=1 the Y; term is 1.
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- K-1 1_W11;I
Csl(N)=ZCs1 (1)W11 :Csl(l)
K=l 1-Wy,

= Csl(l)YlN-l (28)

For the 2™ member of the decay chain, there are two sources for the residual
contamination. The first source is the activity of the 1** member of the decay chain at the end of
(N-1) years. The 1*" member’s activity is multiplied by B;2W,. The second source is the
presence of the 2" member in the soil after the first year. The activity of the 2" member of the
decay chain after (N-1) years is multiplied by W»,. The W’s and Y’s are the same as used in
Equation (19).

Cs2

(N)z Cq (1)+ Cq (N - 1) Wy, +Cy (N - 1)B12 Wi,
N N
Cq (N)= chz (I)Wzlé_l + chl(I)BnleXle_z (29)
K K=2
(

=l
Cq N)= Cq (l)YzN-1 + Csl(l)BIZWIZYII;-Z

N-1 _ 1- WZI; and YN—Z _ YIN-I - YZN-I
2 - 12—
1- W22 Wll - W22

For the 3™ member of the decay chain, there are three sources of residual contamination.
The first source is the activity of the 1* member of the decay chain at the end of (N-1) years of
irrigation. The 1° member’s activity is multiplied by B;3W3 and B13W1,W,3. The second
source is the presence of the 2™ and 3™ members of the decay chain at the end of (N-1) years.
The activity of the 2" member is multiplied by Bo3Was. The activity of the 3™ member is
multiplied by W33. The Y-notation used in Equation (30) is the same as used in Equation (20).
The exponents of Y are indices rather than exponentiation. When N=1 the Y3 term is 1 but the
Y23 term is 0. This indicates that during the first year, all the activity of the 3" member comes
directly from the 1*' member of the chain.

N N N
Cs3(N): ZCS3 (1) W3I§_l + chz(l) ]323\7&/235(2%2 + zcsl(l)BB(WBXg-z + W12W23X{(2-33)

K=1 K=2 K=2

Cs (N) =Cg (1) Y3N_1 +Cp (1) B23W23Y21\31_2 + Csl(l) Bj; (W13Y1I§_2 + W12W23Y1§§3 ) (30)
3N_1 — ﬂ and Yllgj'z - M
1- W, Wi — W3
Y}N—l Y2N—1 Y}N—l

Ygf = + +
(W1 - Wop Wiy - Was) - (W - Wi N Wy - Was) (Was - Wiy (Wi - W)

For the 4™ member of the decay chain, there are four sources of residual activity
corresponding to the four members of the decay chain. These are shown in Equation (31). The
Y term illustrates the technique for modeling longer decay chains. It is the same Y shown in
Equation (21).
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N N N
Cs4(N) = ZCS4 (I)Wﬁ_l + cha (1)]334\)\]34)(54_2 + chz (l)B24 <W24X2K4_2 + W23W34X2K3f )
K=1 K=2 K=2
N
+ chl(l)Bm(WmXﬁ-z + W13W34X{(3;13 + W12Wz4X{(2_43 + W12W23W34X{(2_32) (3 1)
K=2

Cyu (N) =Cy (I)YA?I 1+ Cs (I)B34W34Y311_2 +Cq (1)B24 (W24Y21:It_2 + W23W34Y21\3I;13)
+ 1314(\7‘]14‘{11:11_2 + W13W34Y11;]z_13 + W12W24Y11§;13 + W12W23W34Y1§§j)

N4 YlN 1 Y2N—1
v
e (Wll - W22 )(Wll - W33 )(Wll - W44) (W22 - Wl 1 )(W22 - W33 )(W22 - W44)
Y3N-1 Yi\l-l

- +
(W3 - Wy (Wi - Wy (Wi - Wiy ) (Way - Wiy Wiy - W Wiy - Wis)

B2.3.4. Irrigated Soil Concentration Cumulative Dose

Dose calculations involving several years irrigation with contaminated water are calculated
as the sum of an initial soil concentration case and an irrigation case. The dose from irrigation
water used during the year of interest is the same every year. This dose has a component that
depends on the soil concentration. The other components are direct intakes of irrigation water
and shoreline sediment exposures.

The dose from the irrigated soil can be calculated from the above equations for irrigated
soil concentration assuming the instantaneous dose rate (i.e. dose per day) is proportional to the
soil concentration. The dose during one year is the time-integral of the soil concentration times a
conversion factor. This time integral of the soil concentration during the irrigation period is
shown in the equations below. Note that Equation (7), which defines PD x ,, is not changed by
the integration. Also note that the integrated soil concentration term (IDI) is unitless.

n-1 n
J‘Csndt: t2 IDgl ( lgBk,kHj (k:l_g}\‘kr)[DIln (32)

n _ -kt
IDIIH — Z % (33)
k=1 (M t) PD1x.n

The total dose that accumulates during the first year is shown in the equations (34). The
year must be divided into the irrigation and non-irrigation portions to complete the integration.

Hsl(l) = CFlTierI(s)l (IDIll Tirr + DIll IDl{ll Tno) (34)

— CFlT DIS] {[ 7\‘1Tirr -1+ EXp(- XlTirr )JT + [1 - EXp(- }“lTirr )][1 B EXp(- Xerno )]Tno]

irr

()\’1 Tirr )2 " }\'l Tirr A T

Ir *no
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H,, (1) CF TlrrIDO BlZ(IDllz T, + (DIIZ IDR,, + DIy, IDRlz)Tno)
Hg (1) CF TlrrIDO B13(ID113 T + (DIB IDR;; + DI}, IDR »; + DIy IDR13)Tno)
H,(1)=CF,T, D! B,,(IDI,, T,, + (DI,, IDR, + DI, IDR,, + DI, IDR,, + DI, IDR,)T,,)

The cumulative dose after N years is the sum of the doses received in the previous (N-1)
years plus the dose that accumulates during the Nth year. The dose in the Nth year is the dose
from irrigation (the same every year) plus the dose from the soil contamination that is present
after (N-a) years of irrigation. For the first member of the decay chain, the cumulative total dose
at the end of N years is shown in Equation (35). C;i(1) is the soil concentration at the end of the
first year of irrigation as defined in Equation (25). Tj; is the same as defined in Equation (17).
The Z term is introduced to simplify later equations. The Z terms are sums of the Y terms.

X LS 1 WKI
b 8)= 3 11, 00+ 3cm €, OWET, [N, 0 Scr ( ! ]Tl
K=l J=2 1-W,
_ N
09, )+ Cﬂ(l)j[N_l Wi JTH SNH()+CF G027, ()
1-W, 1-W,,

For decay fractions that are close to 1, a small decay approximation has been derived to
improve numeric accuracy. This approximation is shown below.

For W=¢"¢ and £<0.001

L Wi -wh
(N, - N, J1-w) = (N_1)+£(N2 —3N+2)
1-W 2 6

2 3
~E (NP —4N? 45N -2)+ - (3N* —15N® + 25N —15N +2)
24 360

where N=N, + N, and N* =N7 + NN, + N3
N{(Jrl _N2K+1

in general, N* =
N, -N,

For the second member of the decay chain, the cumulative total dose at the end of N years
is shown in Equation (36). Cg(1) is the soil concentration of the 2" member at the end of the
first year of irrigation as defined in Equation (26). T, is the same as defined in Equation (17).
Ty, 1s similar to T, except that the decay and leaching parameters belong to the 2" member of
the chain.
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N
Hsz(N): Z[Hsz(l)“‘ CF, Csl(l)YlK_zBIZTIZ +CF, (Csz(l)YzK_z + Cs1(1)]312leY1]§_3 )Tzz]
K=1

H,,(N)= N Hy(1)+ CE, [C, (1) Z)7B T, + (Co () 207 + () B, WLz ] (36)
( 1 j<N_1—Wﬁ _[ 1 :]N_l—mg
7N = =W, 1-W, 1= Wy 1-Wy, :Z}\I'z—zl;'z
Wll o W22 Wll - sz

For the third member of the decay chain, the cumulative total dose at the end of N years is
shown in Equation (37). Cs3(1) is the soil concentration of the 3 member at the end of the first
year of irrigation as defined in Equation (27). T); is the same as defined in Equation (17).

Hs3( ) Z{ (1)+CF Cs1()Y1K_2 B3 Ty, (37)

+CF; Csz YK 24 Csl(l)BIZ Wi, Yllé-B )B23 T,;
+CF,; [Cs3 l)YsK +Cy (I)B23 Wos Y21§_3 + Csl(l)Bls (W13 Y1§_3 + W, Wy Yll§§4 )]Tss}

Hg (N):NH53 (1)+CF3 {Csl(l)z}\]_z By; Tis +(C52 (1)212\1-2 + Csl(l)BIZ Wi, Zg%)st T,;
+ [Cs3 (I)ng +Cy (I)st W3 212\13_3 + Csl(l)BB (W13 ZE_S + W, Wy le\;; )]T33}
ZN? z5? VAN

AN + +
" (Wll - W22 )(Wll - W33 ) (W22 - Wll )(W22 - W33) (W33 - Wll )(W33 - W22)

For the fourth member of the decay chain, the cumulative total dose at the end of N years
is shown in Equation (38). Cg(1) is the soil concentration of the 4™ member at the end of the
first year of irrigation as defined in Equation (27). T4 is the same as defined in Equation (17).
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N
Hyy(N)= Y {H,, (1) + CF, €, (1) /2 By, T, (38)
K=1

+CF, (C (1) Y2 +C,(1)B,, Wy, Y1§_3)B24 Ty,
+CF, [C53 (1) Y52 +Co(1)Byy Way Y557 +C, (1) By (le Y572+ Wi, Wy Y5 )]1334 Ty
+CEF, [Cs4 ()Y, +C(1) By Wy Y52 +C (1) Byy (W24 Yo + Wy Wiy Yz%f)““
+ Csl(l)B14(Wl4 Y57+ Wis Wy Yi53H + Wiy Woy Y550+ W, Wy Wiy Y535 )]T44}

H,,(N)= N H,,(1)+ CF, {Csl(l) 21 B,y Ty + (Cs2 (12572 +C,(1)By, Wy, Zg_3)Bz4 Ty,
+ [Cs3 (1)Z3 +Cy, (1) By, Way Z55° +C,(1) By (W13 2357 + Wy, W3 2355 )]B34 Ty,
+ [Cs4 (1)Z57 +C (1) By Wyy Z55° +C,(1) By, (W24 2357 + Wy Wiy le\]3f)+
+ Csl(l) 14<W14 ZE{S + W3 Wy, ng + W, Wy, ng + W, W Wy Z11\;354 )]T44}

ZN 2 ZN—2
Vi = ’
(Wll W22 )(Wll W33 )(Wll W44) (W22 - 11)(W22 - W33 )(W22 - W44)
z¥? z\?

(W33 WIIXW33 W22 )(W33 W44) (W44 Wll)(W44 W22 )(W44 W33)
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B3.0 EXTERNAL AND INHALATION DOSE

The inhalation dose that is received by exposure to airborne water during showering or a
sauna or under ambient conditions is simply the product of the volume of water inhaled during
the year, the water concentration, and the inhalation dose factor as shown in Equation (42). No
consideration of radioactive decay or progeny in-growth is needed, because the water
concentration is assumed to be constant during the year, and no progeny are allowed to
accumulate in the water.

How = Quwb Cw Dinh Tinn (42)
Where
Hyy = inhalation dose from airborne moisture during one year, in mrem.

Qwb = quantity of contaminated water inhaled by the person while in the shower or sauna,
in L/y. Values are given in Table A28.

Cw = concentration of a nuclide in the contaminated water, in pCi/L.
Dinn = inhalation dose factor for a nuclide, in mrem per pCi inhaled. Values are given in
Table A22.

Tinn = inhalation exposure time of the individual, 1 y.

The external and inhalation dose due to exposure to contaminated soil are accumulated
over the course of a year for all exposure scenarios except the waste intruder (driller). The
amount accumulated per day depends on the soil concentration on that day. The external dose
rate and the inhalation dose rate are proportional to the soil concentration. The total accumulated
over the year is proportional to the time integral of the soil concentration. The external dose and
inhalation doses are shown in equation (43). To obtain the total dose from the parent nuclide it is
necessary to include the contributions from each progeny nuclide. Hence the sum over nuclides
in a decay chain. Note that radioactive decay is not considered for the well drilling scenario
because the exposure time is so brief (5 days) compared to the half lives of the nuclides selected
for analysis.

n ly

Ho= | P d Ci D dT

i=l o

(43)
n ly
Hus = I My Csi Dimi dT
i=l o
Where
Hys = external dose accumulated during the year from one radionuclide and its progeny

due to radioactivity in the soil, mrem
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Hps = inhalation dose accumulated during the year from one radionuclide and its progeny
due to radioactivity in the soil, mrem

I = index over the decay chain. I=1 refers to the first member, or parent nuclide; [=2
refers to the second member of the decay chain; [=3 refers to the third member; =4
refers to the fourth member.

p = bulk density of the surface soil, in grams per cubic centimeter. The value normally
used in Hanford Site PA work is 1.5 g/cc.

d = thickness of soil from which nuclides migrate, in centimeters. This is assumed to
be 15 cm (5.9 inches).

Csi = time-dependent soil concentration of the ith nuclide during the year, in Ci/kg. It is
affected by radioactive decay and leaching from the surface layer of soil.

Dexti = external dose rate factor for exposure to radiation from nuclide "I" in contaminated
soil, in mrem/h per Ci/m”. Values are given in Table A25.

Mg, = mass of soil inhaled annually by the individual, in mg/y. Values are discussed in
Section A3.2.1.

Dinni = inhalation dose factor for nuclide "I", in mrem per pCi inhaled. Values are given in
Table A22.

The only term in the integrals with any time dependence is the soil concentration. Thus
the accumulated dose at time T is the time integral of the activity equations. These integrations
are simply the integral of each exponential. Each of the exponential terms in the decay
Equations (2) and (6), namely, Exp(-AT), are replaced with the time integral shown in
Equation (44). Note that the integral of the DS term in Equation (16) is the same as the DI term
in Equation (24).

T
Time Integral = j Exp(- At)dt = % [1 - Exp(- AT)] (44)
0

If the product AT is less than 0.0002, a loss of numeric accuracy is experienced. To
overcome this, the integral in Equation (31) is replaced with the equivalent polynomial to
improve the numeric precision of the calculation. The polynomial used is shown in
Equation (32).

[1 - Exp(-AT))/h = T-[1 - AT/2 + (AT)*/6 - (L T)*/24] (45)

Notice that if the product AT is very small, the time integral approaches the decay period.
For this reason, the time integral of the decay equation is sometimes referred to as an effective
time period. In effect, it is a particular time period adjusted for radioactive decay. To
consistently work with unitless decay periods, all time integrals are divided by the integration
period. Thus the integration period must be made a factor in the calculation.
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For the irrigated farm scenario, the concentration of nuclides in the soil increases with time
due to the activity accumulating in the soil as shown in Equations (23) and (24). The soil
concentration follows the time integral formula of Equations (44) and (45). The accumulated
intake or dose at time T is the time integral of the Equation (24). In other words, each
exponential term in the decay Equation (6), namely, Exp(-AT) is replaced with its second
integral, shown in Equation (46).

Second Integral = [AT - 1 + Exp(-AT)]/A? (46)

If the product AT is less than 0.001, a loss of numeric accuracy is experienced. To
overcome this, the integral in Equation (46) is replaced with the equivalent polynomial to
improve the numeric precision of the calculation. The polynomial used is shown in
Equation (47).

[AT - 1+ Exp(-AT)J/A% = T*[1 - AT/3 + (AT)¥/12 - (AT)*/60]/2 (47)

Notice that if the product AT is very small, the time integral in Equations (46) and (47)
approaches the decay period squared. Again, to only work with unitless decay factors, the
second integral is divided by the integration period squared. This time must then be made a
factor in the dose equation.

Using the two-part irrigation model, the dose accumulated during the first 6 months
depends only on the DS or DI integration. The dose during the second 6 months (without
irrigation) depends only on the DR integration. This idea is summarized in the equations below.
Equation (48) shows the time integral of Equations (8), (9), and (10) for an initial soil
contamination (e.g. the post-intrusion garden), while Equation (49) shows the time integral of
Equations (25), (26), and (27) for irrigation with contaminated water. Constant factors have
been omitted to simplify the equations. In both equations the first integral represents the dose
from the nth member of the decay chain during the first 6 months. During the first 6 months the
only source of this nuclide is the decay of the parent nuclide. After 6 months of decay and in-
growth, each member of the decay chain will be present in the soil. Thus the second time
integral on the right has contributions from decay of the parent as well as decay of the other
members of the chain.

Initial Soil Contamination: (from Equation 8)

irr

ly n Tho
[ Yiu() dT= [ DS,,(T) dT+Y DSiu(Tir) [ DRu(T) dT
0 k=1 0

0

(48)

ly

[ Y0.(D) dT=T,, DS, (Ti)+ Tnozn‘,Dslk(Tm) IDR 10 (T o)
0 k=1
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Irrigation with Contaminated Water: (from Equation 25)

ly

[ c, ar- j DI, (T) dT+ZD11k(Tm)j DR, (T) dT

(49)

—_
~«

O

C, dT="T,, IDLy (Tu)+ Too > DIt (Tir) IDRir (Tao)
k=1

The above equations show the decay factors that represent each integral. Additional terms
needed in later calculations are defined below. Note that the integration period becomes a factor
in the equation because the decay factors are designed to be unitless quantities between 0 and 1.

T i T no
[ DS(T) dT=T,, IDS(Tx) | DR(T) dT=T,, IDR(T,,)
0 0

Tirr
[ DIT) dT=T;, ID(T;)  Tw=1y-Ti
0 (50)
T veg T beer

[ DR(T) dT=T, IDR(T\o) [ DR(T) dT=T et IDR(T peer)
0 0

note that

Tir = irrigation period in years. The value of 0.5 yr is assumed based on current
practices near the Hanford Site.

Th = interval during which no irrigation takes place, Ty, = 1y - Tix
Tyee = consumption period for garden produce, assumed to be 90 days

Theer = consumption period for beef after slaughter, assumed to be 120 days.
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B4.0 INGESTION DOSE

Human ingestion dose comes from the pathways discussed earlier, such as contaminated
drinking water, trace intakes of soil, vegetables grown on contaminated soil, and animal
products. Each of these is discussed below. The basic dose calculation is the product of three
factors, (1) the quantity consumed, (2) the radionuclide concentration in what is consumed, and
(3) the ingestion dose factor. The addition of radioactive decay and progeny in-growth is
discussed with each pathway.

B4.1 SOIL AND WATER INGESTION

The ingestion dose from drinking water is shown in Equation (51). The drinking water has
no progeny. The concentration of each nuclide in a chain is treated separately.

Hew = Qwe CW Ding Ting (5 1)

H.w = ingestion dose from drinking water, in mrem.

Qwe = quantity of contaminated drinking water ingested by the person, in L/y. See
Table A5 for values.

Cw = concentration of a nuclide in the contaminated water, in pCi/L.
Di,, = ingestion dose factor for a nuclide, in mrem per pCi ingested. Values are given in
Table A21.
Ting = ingestion exposure time of the individual, 1 y.

The ingestion dose from the intake of trace amounts of soil is shown in Equation (52). The
soil concentration does include leaching, decay and progeny in-growth. Because the soil is
consumed in small amounts during the year, the total dose is represented as the time integral of
the daily intake. As before, the time integral must accommodate the change in infiltration rates
during the year, just as was done for the inhalation and external doses using Equations (48) and
(49).

n ly
Hes = Z J- Mse Csi Ding,i dT (52)
i=l ¢
where
Hes = ingestion dose accumulated during the year from one radionuclide and its progeny
due to radioactivity in the soil, mrem
I = index over the decay chain. I=1 refers to the first member, or parent nuclide; [=2

refers to the second member of the decay chain; [=3 refers to the third member; =4
refers to the fourth member.
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M. = mass of soil ingested annually by the individual, in mg/y.

Csi = time-dependent soil concentration of the ith nuclide during the year, in Ci/kg. Itis
affected by radioactive decay and leaching from the surface layer of soil.
Dingi = ingestion dose factor for nuclide "I", in mrem per pCi ingested. Values are given in
Table A21.

B4.2 GARDEN PRODUCE

The ingestion dose from garden produce grown in contaminated soil is the product of the
quantity of vegetables eaten, the concentration of radioactivity in the vegetables, and the
ingestion dose factor. The ingestion dose factors are given in Table A21. Quantities eaten are
given in Table A5. The calculation of radionuclide concentrations in living plants uses three
main routes, (1) root uptake, (2) resuspension to leaves (also called "rain splash"), and (3) direct
deposition of irrigation water on foliage. Each of these will be considered separately below. The
three uptake routes are then combined to obtain the total ingestion dose from the garden produce.

The equations presented below apply to both garden produce and cattle feed in the sense
that the quantity eaten and the ingestion dose factor can be removed to give the nuclide
concentration in the cattle feed. These concentrations are needed to calculate dose from
ingestion of contaminated animal products.

The garden produce intakes are based on the two situations. The first applies to leafy
vegetables. It is assumed that leafy vegetables are produced more-or-less continuously during
the growing season. They are consumed shortly after being collected. Thus the continuous
model uses a time integral to represent the accumulated dose from leafy vegetables during the
growing season. It is further assumed that leafy vegetables are not raised after the growing
season has ended. Any leafy vegetables consumed after the growing seasons ends are assumed
to have been imported from uncontaminated areas. The 25% of a person's diet that comes from
contaminated sources is then assumed to be 50% during the irrigation period and 0% during the
remainder of the year.

The second garden produce model applies to the other types of garden produce. These
foods are assumed to be grown and harvested twice during the growing season. The plant
concentration depends on the soil concentration at the time of harvest. For an initial soil
contamination (e.g. post-intrusion garden or prior irrigation) this time is taken to be midway
through the irrigation season. For the irrigation scenarios harvest is assumed to occur at the end
of the irrigation season. Because these foods may be stored and eaten over a period of time,
radioactive decay during the storage and consumption periods needs to be taken into account.
The amount of radioactive contamination eaten during the consumption period is the time
integral of the ordinary decay Equations (1), (2), and (3). The average consumption period for
non-leafy vegetables is taken to be 90 days. Some products do not keep well, and have shorter
consumption periods. Others keep very well and have longer consumption periods. The value
selected for the tank waste PA (90 days) simplifies the calculations in that all non-leafy
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vegetables have the same period. Note that for long half life nuclides the actual value has no
effect on the final doses.

Root uptake is calculated using concentration ratios. These ratios are listed in Table A37.
The ingestion dose from garden produce due to root uptake into the various types of vegetation is
described with Equation (53). The first equation shows the continuous model for leafy
vegetables. Note that the integral is over half the year so the assumed annual intake from garden
must be adjusted upward to compensate. Hence the ratio (1 y)/(T;iy). The second equation shows
the harvest model for the other vegetables. In both equations the sum over radionuclides in a
decay chain is needed to obtain the total dose from the parent nuclide.

n 1 Tirr
Hcpr (leafy)zzl I Rp Bpi vaCsi Ding,i dT

i=1 ir

(53)
Hepr(OtherS):z Rp Bpi va Csi IDRi(Tveg) Ding,i Ting

i=1

Where
He,r = ingestion dose from plant type p due to root uptake, in mrem.

p = type of plant. There are 4 types of garden produce. The first equation covers leafy
vegetables (p=1). The second equation covers other vegetables, fruit, and grain
(p=2,3.,4).

R, = dry to wet ratio for plant type p. See Table A36 for values.

Bp,i = soil to plant concentration ratio, as Ci/kg dry weight of vegetables to Ci/kg of soil.
See Table A37 for values.

Q.p = quantity of plant type p eaten by the person, in kg/y. See Table AS for values.

Csi = soil concentration of the ith nuclide, in Ci/kg. It is affected by radioactive decay
and leaching from the surface layer of soil during the irrigation season. In the
second equation it is the soil concentration at the time of harvest.

Ty = irrigation period in years. The value of 0.5 yr is assumed based on current
practices near the Hanford Site.

IDR; = decay factor that accounts for radioactive decay of the ith nuclide during the
consumption of garden produce

Tyee = consumption period for garden produce, assumed to be 90 days
Tine = ingestion exposure time of the individual, 1 y.

Dingi = ingestion dose factor for nuclide "I'", in mrem per pCi ingested. Values are given in
Table A21.

The resuspension of dust by wind, or water drops splashing soil onto the foliage leads to
some contamination of the edible portion of the plant. The ingestion dose from this source of
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contamination is calculated using Equation (54). The first equation shows the continuous model
for leafy vegetables. Note that the integral is over half the year so the assumed annual intake
from garden must be adjusted upward to compensate. Hence the ratio (1 y)/(Tix). The second
equation shows the harvest model for the other vegetables. Note the sum over radionuclides in a
decay chain to obtain the total dose from the parent nuclide.

Where
Hepf

Ja

IDR;

Tveg

Hepf(leafy Z va Csi Ding,i dT

7}/ Jl»rr Ffp Ftp Tw
* Tin Y,
(54)

- Fg Fy Tw
Hcpf (OtherS) = Ra Vi pr—tp va CsiIDRi(Tvcg) Ding,i Ting
i=1 P

ingestion dose from plant type p due to resuspension of contaminated soil onto
plant surfaces (rain splash), in mrem.

type of plant. There are 4 types of garden produce. The first equation covers leafy
vegetables (p=1). The second equation covers other vegetables, fruit, and grain
(p=2,3,4).

average soil deposition rate on plant surfaces due to rain splash, 2.7x10™* kg/m* per

day. See Section A5.2 for further discussion.

interception fraction for plant type p. The fraction of what falls to the earth that
lands on the plant. Computed as shown in Section A5.2. Values are listed in
Table A39.

translocation factor, i.e. the fraction of what deposits on the foliage that ends up in
the edible portions of the plant. Values are listed in Table A39.

effective exposure period for foliar deposition, in days. The values are computed
using a foliage weathering time of 14 days. Values are shown in Table B1.

harvest yield of crop type p, in kg/m” (wet weight). Also called the standing
biomass. Values are listed in Table A39.

quantity of plant type p eaten by the person during the year, in kg/y. See Table A5
for values.

time-dependent soil concentration of the ith nuclide, in Ci/kg. It is affected by
radioactive decay and leaching from the surface layer of soil during the irrigation
season. In the second equation it is the soil concentration at the time of harvest.

irrigation period in years. The value of 0.5 yr is assumed based on current
practices near the Hanford Site.

decay factor that accounts for radioactive decay of the ith nuclide during the
consumption of garden produce

consumption period for garden produce, assumed to be 90 days



HNF-SD-WM-TI-707 Rev 3 Page B-29

Tine = ingestion exposure time of the individual, 1 y.

Dingi = ingestion dose factor for nuclide "I", in mrem per pCi ingested. Values are given in
Table A21.

One effect of wind, rain, and irrigation is to remove deposited contamination from plant
surfaces. This effect is included using a weathering term shown in Equation (55). Values for the
effective growing period are only slightly affected by the radioactive half life of the isotope for
the long half lives shown in Table A1. Therefore, the decay effects were not considered (A,=0).
Values for Ty, are given in Table B1 for the growing periods shown in Table A39.

Ty = { 1= Expl-(hw + A)TET }/ O + 1) (55)

Ty = effective exposure period for foliar deposition, in days. Values are shown in
Table B1.

Aw = weathering removal coefficient, 0.0495105 per day, or 18.0713 per year, which
corresponds to a 14 day half time.

A = radioactive decay constant, namely, the natural logarithm of 2 divided by the
radioactive decay half life in days. Values are listed in Table A1.

1f = exposure time of the plant type p to the airborne contamination depositing on the
p foliage, in days (also called growing period). Values are shown in Table A39.

Table B1. Effective Exposure Times for Foliar Deposition

Growing Period Tw
30 days 15.6 days
45 days 18.0 days
90 days 20.0 days

The effective exposure times are computed assuming radioactive decay is negligible
for the nuclides of Table Al.

The previous two avenues by which contamination reaches the edible portions of the
plants apply only to activity, which is present in the soil. This section discusses direct deposition

of contaminants in irrigation water onto the foliage. The ingestion dose due to radioactivity in
the edible portion of the plants due to direct deposition on foliage is given in equation (56).

0.25
Hepd (leafY):IDp Y— va Ding Ting

(56)
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2 0.25 F,, Ty
Hepa (others) = > 1D, ———"=" Q.. IDR(Twe) Dingi Tig

i=1 p

Where

Hepa = ingestion dose from plant type p due to deposition of a nuclide in contaminated
irrigation water onto plant surfaces, in mrem.

p = type of plant. There are 4 types of garden produce. The first equation covers leafy
vegetables (p=1). The second equation covers other vegetables, fruit, and grain
(p=2.,3.4).

ID, = instantaneous activity deposition rate due to irrigation of soils growing plant type p,
in Ci/yr/m*. Only the parent nuclide is present. Any progeny nuclides are assumed
to be absent.

0.25 = interception fraction for contaminants in irrigation water. The fraction of what falls
to the earth that lands on the plant.

Fyp = translocation factor, i.e. the fraction of what deposits on the foliage that ends up in
the edible portions of the plant. Values are listed in Table A39.

Ty = effective exposure period for foliar deposition, in days. The values are computed
using a foliage weathering time of 14 days. Values are shown in Table B1.

Y, = harvest yield of crop type p, in kg/m® (wet weight). Also called the standing
biomass. Values are listed in Table A39.

Qyp = quantity of plant type p eaten by the person during the year, in kg/y. See Table A5
for values.

IDR; = decay factor that accounts for radioactive decay during the consumption of garden
produce

Tyee = consumption period for garden produce, assumed to be 90 days
Tine = ingestion exposure time of the individual, 1 y.

Dingi = ingestion dose factor for the ith nuclide, in mrem per pCi ingested. Values are
given in Table A21.

The ingestion dose from garden produce due to direct deposition depends on the rate at
which water is applied. In the previous two pathways, root uptake and rain splash, the
determining factor is the total amount of water (and thus activity) applied to the soil. A summary
of the essential calculation and the decay corrections is presented in Table B2.
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Table B2. Summary of Ingestion Dose from Garden Produce

Essential Dose Calculation for an Initial Soil Contamination

Root Uptake: Rp Bp Cs va Ding Ting

Correction for Radioactive Decay and Progeny In-growth

Leafy Vegetables: IDS(Tixr)
Other Vegetables,
Fruit, and Grain: DS(Ty) IDR(Tyeg)

Essential Dose Calculation for Irrigation with Contaminated Water

Root Uptake: R, By Cs Qyp Ding Ting
Rain Splash: Jd Ffp (Ftp TW /Yp) CS va Ding Ting
Direct Deposition: ID;, (0.25) (Fip Tw /Y p) Qup Ding Ting

Correction for Radioactive Decay and Progeny In-growth

Root Uptake & Splash: IDI(Tjy)

Leafy Vegetables: ) .

Direct Deposition: no decay
Other Vegetables, Root Uptake & Splash: DI(Ti): IDR(Tye,)
Fruit, and Grain: Direct Deposition: IDR(Tyeg)

Notes: Leafy vegetables are consumed continuously during growing season (T;,) only. Other produce is harvested and
consumed over a period of time (T,). The decay factors are unitless fractions shown in Equation (50). Progeny in-
growth is computed using the method shown in Section B2.

Explanation of Symbols Used in Table B2.
B, = soil to plant concentration ratio, as Ci/kg dry weight of vegetables to Ci/kg of soil.

See Table A37 for values.
Cs = soil concentration of a nuclide, in Ci/kg. It is affected by radioactive decay and
leaching from the surface layer of soil during the irrigation season.
Dins = ingestion dose factor for a nuclide, in mrem per pCi ingested. Values are given in
Table A21.

Fg, = interception fraction for plant type p. The fraction of what falls to the earth that
lands on the plant. Computed as shown in Section A5.2. Values are listed in
Table A39.
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Fyp = translocation factor, i.e. the fraction of what deposits on the foliage that ends up in
the edible portions of the plant. Values are listed in Table A39.

ID, = instantaneous activity deposition rate due to irrigation of soils growing plant type p,
in Ci/yr/m’.
Jo = average soil deposition rate on plant surfaces due to rain splash, 2.7x10™ kg/m” per
day. See Section A5.2 for further discussion.

p = type of plant. There are 4 types of garden produce. The first equation covers leafy
vegetables (p=1). The second equation covers other vegetables, fruit, and grain
(p=2,3.,4).

Q.p = quantity of plant type p eaten by the person during the year, in kg/y. See Table A5
for values.

R, = dry to wet ratio for plant type p. See Table A36 for values.

Ty, = time at which harvest occurs. For initial soil contaminations, harvest is assumed to
occur halfway through the growing season, T,=T;,/2. For irrigation with
contaminated water, the harvest occurs at the end of the irrigation season to
maximize the soil contamination.

Ting = ingestion exposure time of the individual, 1 y.

Ty = irrigation period in years. The value of 0.5 yr is assumed based on current
practices near the Hanford Site.

Tyee = consumption period for garden produce, assumed to be 90 days

Ty = effective exposure period for foliar deposition, in days. The values are computed
using a foliage weathering time of 14 days. Values are shown in Table B1.

Y, = harvest yield of crop type p, in kg/m® (wet weight). Also called the standing
biomass. Values are listed in Table A39.

The equilibrium model used for tritium in the post-intrusion residential garden is
summarized in Section 3.2. The radioactive decay and leaching terms are shown in Table B2.
Tritium in irrigation water leads to an equilibrium situation in which the concentration of trittum
in the water is reproduced throughout the plant. Since the equilibrium is established rather
quickly, the decay corrections are simpler than for other nuclides. The calculation of dose from
tritium 1in irrigation water is shown in Equation (57) below.

I Cuus
HepH (leafY): ( 894 FHp) va Ding,H3 Ting
(57)
_ I Cuyus
HepH(Others)_W(g'gé" FHp) va IDR(Tveg) Ding,l—l3 Ting

Where

Hen = ingestion dose from plant type p due to tritium (H-3) in the irrigation water, in
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mrem.

p = type of plant. There are 4 types of garden produce. The first equation covers leafy
vegetables (p=1). The second equation covers other vegetables, fruit, and grain
(p=2,3.,4).

I = total irrigation water applied to the soil during the irrigation season, 82.3 cm/y
(63.5 cm/y for populations).

Cwms = concentration of tritium in the irrigation water, in pCi/L.

P = total natural precipitation water applied to the soil during the irrigation period, 5.77
cm/y (PNNL-13859).

Fu, = fraction of hydrogen in plant type p. Values are listed in Table A34. The factor of
8.94 converts the hydrogen fraction to an effective water fraction that includes
organically bound hydrogen.

Q.p = quantity of plant type p eaten by the person during the year, in kg/y. See Table A5
for values.

IDR = decay factor that accounts for radioactive decay during the consumption of garden
produce

Tyee = consumption period for garden produce, assumed to be 90 days
Tine = ingestion exposure time of the individual, 1 y.

Ding3 = 1ingestion dose factor for trittum, in mrem per pCi ingested. Value is given in
Table A21.

B4.3 ANIMAL PRODUCTS EATEN

The simplest animal product to evaluate is fish. The dose from fish consumption is shown
in Equation (58). It is the product of the quantity of fish consumed during the year, the
concentration in the fish, and the ingestion dose factor. The fish harvested is consumed over the
next few days, so there is no need to correct for radioactive decay and progeny in-growth.

Her= Qfe Cw B¢ Ding Ting (58)
where
Hes = ingestion dose from contaminated fish, in mrem.

Qf. = quantity of contaminated fish consumed by the person during the year, in kg/y. See
Table A5 for values.

Cw = concentration of a nuclide in the contaminated water, in pCi/L.

B¢ = bioaccumulation factor in fish from Table A33, in L/kg. It is the ratio of the
contamination in the edible parts of the fish to the concentration in the water.

Ting = ingestion exposure time of the individual, 1 y

Di,, = ingestion dose factor for a nuclide, in mrem per pCi ingested. Values are given in
Table A21.
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The ingestion dose from foods obtained from land animals is computed using equilibrium
transfer factors shown in Table A33. These relate the total radioactive material ingested by the
animal each day to the concentration in the animal product consumed by a person. The total diet
of the animal must be taken into account. The animal may drink contaminated water, ingest
contaminated soil, graze on contaminated grass and be fed stored material that is also
contaminated. Each of these will be presented in turn. The total ingestion dose from animal
products is the sum of these.

Just as with garden produce there is a continuous production model and a harvest model in
which the animal is slaughtered for later consumption. The beef cattle model illustrates the
latter, while the milk cow illustrates the former. The chicken (meat) and egg are treated as
continuous because these are produced at regular intervals during the year and then consumed
shortly thereafter.

The ingestion dose from contaminated water consumed by the animal is shown in
Equation (59). Because the progeny nuclides are not allowed to form in the water supply, the
dose from each nuclide in a chain will be calculated separately. When the beef cattle is
slaughtered (i.e. harvested), there is a large quantity of beef available. This food is then
consumed over a period of time during which radioactive decay and progeny in-growth occurs.
The quantity of contaminated beef consumed during the year is from Table AS. These values
have already been adjusted for the fraction of the year that contaminated beef is consumed.
Hence, the factor (Ting/Toeer) 1s included.

T beet
i Tin
Heqw(beef):z I Q. Cw Fq Qy [ gJ Ding.i DR; dT

i=1 0 T beer
Heqw (OtherS) = qu Cw Fq Qaq Ding Ting (59)
where
Heqw = ingestion dose from animal product q due to contaminated drinking water, in

mrem.

q = index for animal products. There are 4 types of animal products, beef, milk,
poultry, and eggs.

Qwq = quantity of contaminated drinking water ingested by the animal associated with
animal product q each day, in L/d. See Table A32 for values.

Cw = concentration of the parent nuclide in a decay chain in the contaminated water, in
pCi/L. The progeny nuclide concentrations are assumed to be zero in the water.

Fq = equilibrium transfer factor for animal product q for the ith nuclide in a decay chain,
in d/kg (or d/L for milk). Values are given in Table A33. Fj is the transfer factor
of the first nuclide.

Qaq = quantity of animal product q consumed by the person during the year, in kg/y (or
L/y for milk). See Table A5 for values.
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Theer = consumption period for beef cattle, assumed to be 120 days
Ting = ingestion exposure time of the individual, 1 y

Dingi = ingestion dose factor for the ith nuclide in a decay chain, in mrem per pCi ingested.
Values are given in Table A21. Dy, is the ingestion dose factor of the first nuclide
in the chain.

The other contributors to the overall contamination of an animal product are summarized
in Table B3. For the case of an initial soil contamination, the two components are vegetable
foods consumed by the animal and the soil ingestion shown in Table A32. The animal foods are
contaminated by root uptake and rain splash. There are three main kinds of food: fresh fodder
(grass), stored hay (grass that is harvested and stored), and stored feed (grain that is harvested
and stored). For the case of irrigation with contaminated water, additional components are direct
deposition on the animal foods, and direct ingestion of the irrigation water.

Table B3. Summary of Ingestion Dose from Animal Products

Essential Dose Calculation for an Initial Soil Contamination.
The activity intake rates are computed using the formulas below.
These are converted to annual dose equivalent by means of the factor,

Fq Qaq Ding Ting.
Trace Soil Ingestion: Cs Qgq
Fodder -- Root Uptake: R, By Cs Qpq
Fodder -- Rain Splash: JaFp (Fip Tw /Yp) Cs Qpq

Correction for Radioactive Decay and Progeny In-growth -- Beef

Soil Ingestion

and Fresh Grass: DS(Th)- IDR(Toeer)
Stored Hay (grass)
and Stored Grain: DS(Th)'DR(Ts) IDR(Theer)

Correction for Radioactive Decay and Progeny In-growth -- Milk, Poultry, Eggs

Soil Ingestion

and Fresh Grass: [Tire" IDS(Tisr) + ToDS(Tisr) IDR(Tho)]/ Ting

Stored Hay (grass)
and Stored Grain: DS(Th)-DR(Ts) IDR(Tan)
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Essential Dose Calculation for Irrigation with Contaminated Water.
The activity intake rates are computed using the formulas below.
These are converted to annual dose equivalent by means of the factor,

Fq Qaq Ding Ting.
Trace Soil Ingestion: Cs Qqq
Fodder -- Root Uptake: R, B, Cs Qpq
Fodder -- Rain Splash: R*V4Fg, (Fyp Ty /Y}) Cs Qpq
Fodder -- Direct Deposition: ID,, (0.25) (Fip Tw /Yp) Qpq
Drinking Water Ingestion: Cw Quq

Correction for Radioactive Decay and Progeny In-growth -- Beef
Trace Soil Ingestion: DI(Tirr) IDR(Thpeer)
Root & Splash: DI(Tix) IDR(Theer)

Fresh Grass: _ .
Direct Deposition: TDR(Thpeer)
Root & Splash: DI(T;;):DR(T) IDR(Thee
Stored Hay and Grain: ) P o (Tiw) DR(T) (Tocer)
Direct Deposition: DR(T)- IDR(Tpeer)
Drinking Water: IDR(Theef)
Correction for Radioactive Decay and Progeny In-growth -- Milk, Poultry, Eggs
Trace Soil Ingestion: [Tie IDI(Tirr) + Tro'DI(Tier) IDR(Tio)]/ Ting
Root Uptake & Rain Splash:
Fresh Grass: [ Tier IDI(Tirr) + Tro"DI(Tir) IDR(T10) ]/ Ting
Direct Deposition: no decay
. Root & Splash: DI(Ti) DR(Ts)- IDR(T,p)
Stored Hay and Grain: ) .
Direct Deposition: DR(Ts): IDR(T,y)
Drinking Water: no decay

Notes: Beef is harvested and consumed over a period of time. Milk, poultry, and eggs are consumed continuously
during the year. The decay factors are unitless fractions shown in Equation (50). Progeny in-growth is computed using
the method shown in Section B2.

Explanation of Symbols Used in Table B3.

B, = soil to plant concentration ratio, as Ci/kg dry weight of vegetables to Ci/kg of soil.
See Table A37 for values.

Cs = soil concentration of a nuclide, in Ci/kg. It is affected by radioactive decay and
leaching from the surface layer of soil during the irrigation season.

Cw = concentration of a nuclide in the contaminated water, in pCi/L. Any progeny
nuclide concentrations are assumed to be zero.

Dins = ingestion dose factor for a nuclide, in mrem per pCi ingested. Values are given in
Table A21.
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Fq

Fy
ID,

Ja

equilibrium transfer factor for animal product q for a nuclide, in d/kg (or d/L for
milk). Values are given in Table A33.

interception fraction for plant type p. The fraction of what falls to the earth that
lands on the plant. Computed as shown in Section A5.2. Values are listed in
Table A39.

translocation factor, i.e. the fraction of what deposits on the foliage that ends up in
the edible portions of the plant. Values are listed in Table A39.

instantaneous activity deposition rate due to irrigation of soils growing plant type p,
in Ci/yr/m®,

average soil deposition rate on plant surfaces due to rain splash, 2.7x10™* kg/m? per
day. See Section A5.2 for further discussion.

index for animal fodder. There are 3 types of animal fodder, fresh grass, stored
hay, and stored grain.

index for animal products. There are 4 types of animal products, beef, milk,
poultry, and eggs.

quantity of animal product q eaten by the person during the year, in kg/y (or L/y for
milk). See Table A5 for values.

quantity of fodder type p eaten by the animal during the year, in kg/y. See
Table A32 for values.

quantity of contaminated soil ingested by the animal associated with animal
product q each day, in kg/d. See Table A32 for values.

quantity of contaminated drinking water ingested by the animal associated with
animal product q each day, in L/d. See Table A32 for values.

dry to wet ratio for plant type p. See Table A36 for values.

time period over which stored hay and grain are consumed by the milk cow and
chickens. Assumed to be the same as Tyeg, 90 d.

consumption period for beef cattle, assumed to be 120 days.

time at which harvest occurs. For initial soil contaminations, harvest is assumed to
occur halfway through the growing season, T=Ti,/2. For irrigation with
contaminated water, the harvest occurs at the end of the irrigation season to
maximize the soil contamination.

ingestion exposure time of the individual, 1 y.

irrigation period in years. The value of 0.5 yr is assumed based on current
practices near the Hanford Site. Ty, = ly - Ty

storage time for the stored feed (hay and grain), 90 d.

effective exposure period for foliar deposition, in days. The values are computed
using a foliage weathering time of 14 days. Values are shown in Table B1.
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Y, = harvest yield of crop type p, in kg/m” (wet weight). Also called the standing
biomass. Values are listed in Table A39.

The one special case nuclide is tritium in contaminated irrigation water. Tritium present in
an initial soil contamination is handled using the same method as any other nuclide. The
equilibrium transfer factors shown in Table A33 are used. Tritium in irrigation water leads to an
equilibrium situation in which the concentration of tritium in the water is reproduced throughout
the animal product. Since the equilibrium is established rather quickly, the decay corrections are
simpler than for other nuclides. The calculation of dose from tritium in irrigation water is shown
in Table B4 below. Note that the trittum model assumes that loss of tritium by evaporation of
water from soil or plants is not important.

Table B4. Ingestion Dose from Animal Products from Tritium

Essential Dose Calculation for Irrigation with Contaminated Water.
The activity intake rates are computed using the formulas below.
These are converted to annual dose equivalent by means of the factor,

Cw,13 Fq Qag Ding 13 Ting.
Trace Soil Ingestion: 8.94 Fys I/(I+P) Qgq
Fodder -- Root Uptake: 8.94 Fyp I/(I+P) Qpq
Drinking Water Ingestion: Quwq
Correction for Radioactive Decay and Progeny In-growth -- Beef
Trace Soil Ingestion: IDR(Tpeer)
Fresh Grass: IDR(Tpeer)
Stored Hay and Grain: DR(Ts) IDR(Theef)
Drinking Water: IDR(Tpeer)
Correction for Radioactive Decay and Progeny In-growth -- Milk, Poultry, Eggs
Trace Soil Ingestion: [Tirr + Tro'IDR(T10))/ Ting
Fresh Grass: [Tier + Too'IDR(T10)]/ Ting
Stored Hay and Grain: DR(Ts) IDR(Tay)
Drinking Water: no decay

Notes: Beef is harvested and consumed over a period of time. Milk, poultry, and eggs are consumed continuously
during the year. The decay factors are unitless fractions shown in Equation (50). Progeny in-growth is computed using
the method shown in Section B2.

Explanation of Symbols Used in Table B4.

Cwms = concentration of trittum (H-3) in the irrigation water, in pCi/L.
Dingnz = ingestion dose factor for tritium, in mrem per pCi ingested. Value is given in
Table A3.

F, = equilibrium transfer factor for animal product q for tritium, in d/kg (or d/L for
milk). Value is given in Table A33.
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FHS

Qaq
qu
QSCI

QWCI

Tbeef
Ting
Tirr

fraction of hydrogen in garden soil. The value used is listed in Table A34. The
factor of 8.94 converts the hydrogen fraction to an effective water fraction that
includes organically bound hydrogen.

fraction of hydrogen in plant type p. Values are listed in Table A34. The factor of
8.94 converts the hydrogen fraction to an effective water fraction that includes
organically bound hydrogen.

total irrigation water applied to the soil during the irrigation season, 82.3 cm/y
(63.5 for populations).

index for animal fodder. There are 3 types of animal fodder, fresh grass, stored
hay, and stored grain.

total natural precipitation water reaching the surface soil during the irrigation
period, 5.77 cm/y (PNNL-13859).

index for animal products. There are 4 types of animal products, beef, milk,
poultry, and eggs.

quantity of animal product q eaten by the person during the year, in kg/y (or L/y for
milk). See Table A5 for values.

quantity of fodder type p eaten by the animal during the year, in kg/y. See
Table A32 for values.

quantity of contaminated soil ingested by the animal associated with animal
product q each day, in kg/d. See Table A32 for values.

quantity of contaminated drinking water ingested by the animal associated with
animal product q each day, in L/d. See Table A32 for values.

time period over which stored hay and grain are consumed by the milk cow and
chickens. Assumed to be the same as Tyeg, 90 d.

consumption period for beef cattle, assumed to be 120 days.
ingestion exposure time of the individual, 1 y.

irrigation period in years. The value of 0.5 yr is assumed based on current
practices near the Hanford Site. Ty, = ly - Ty

storage time for the stored feed (hay and grain), 90 d.
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ATTACHMENT B1.
HAND CALCULATIONS FOR TRITIUM

BA.1 NO WATER INFILTRATION EXPOSURE SCENARIOS

Each of the exposure scenarios listed in Table 2 (of the main text) will be evaluated.
Absorption of airborne tritium through the skin is included in the inhalation dose factor for
trittum. The doses calculated are the total accumulated during the first year of exposure.

Normally, three significant digits are kept during calculations. Because the spreadsheet
software keeps several digits, agreement with the spreadsheet can only be obtained if 4 or 5
significant digits are retained. This is particularly true in the calculation of decay factors.

For tritium, the inhalation dose factor is 9.60E-08 mrem/pCi or 96,000 mrem/Ci inhaled.

The ingestion dose factor is 6.40E-08 mrem/pCi or 64,000 mrem/Ci ingested. The external dose
rate factor is 0.

BA.1.1 Offsite Farmer

Assume 1 curie H-3 is released into the air during the year. The bounding annual average
air transport factor is 1.0E-04 s/m’.

Inhalation Dose: From Table E1, 0.0237 mrem

BA.1.2 Onsite Resident

Assume the H-3 emanation rate is 1 pCi/m*/s. The average air concentration in a dwelling
with an air exchange to floor area ratio of 5.0E-04 m/s is computed as shown below.

Ceq = (1 pCi/m?/s)/(5.0E-04 m/s) = 2,000 pCi/m’

The individual is present in his dwelling about 8,040 h/y from Table A9 (rural pasture
scenario). The total volume of air inhaled during this period is computed as shown below.

Vair = (3,102 h/y)(0.45 m’/h) + (4,908 h/y)(1.18 m*/h) = 7,187 m’/y

Inhalation Dose:
(2,000 pCi/m*)(7,187 m*)(9.60E-08 mrem/pCi) = 1.38 mrem

BA.1.3 Intruder (Well Driller)

The unit dose factors for the Well Driller assume an average soil concentration of 1 Ci/kg.
The actual concentration is calculated as the activity removed from the borehole divided by the
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mass of soil and waste removed. A mass loading approach is used, so that the driller inhales a
total of 4.84 mg (4.84E-06 kg) of soil (Table A10). He ingests a total of 500 mg (5.0E-4 kg) soil
(Table A8). His external exposure time is 40 hours (Table A15). The inhalation, ingestion, and
external dose calculations are shown below.

Inhalation Dose:
(4.84E-06 kg inhaled)(1 Ci/kg)(96,000 mrem/Ci) = 0.465 mrem

Ingestion Dose:
(5.0E-04 kg ingested)(1 Ci/kg)(64,000 mrem/Ci) = 32.0 mrem

External Dose:

Note that the well tailings have a density of 1,500 kg/m® and are spread to an average
thickness of 5 cm. The worker spends 40 hours in the middle of this radiation source.

(40 h)(1 Ci/kg)(1,500 kg/m*)(0.05 m)(0 mrem/h per Ci/m*) = 0 mrem

Total Dose to Driller:
0.465 mrem + 32.0 mrem + 0 mrem = 32.5 mrem per Ci/kg
Note that the well driller dose factor from Table 7 is 32.5 mrem per Ci/kg.

BA.1.4 Post-Intrusion Suburban Gardener

The unit dose factors for the suburban gardener assume 1 curie H-3 is exhumed from the
well and spread over an area of 100 m”. The initial average soil concentration is computed as
shown below.

Cs = (1 Ci)/(100 m*)/(225 kg/m?) = 4.444E-5 Ci/kg

This concentration decreases rapidly with time due to leaching from the surface layer
(during the irrigation season), evaporation, and radioactive decay. For all practical purposes,
none of the initial tritiated water deposited in the garden is present at the end of the irrigation
season. Decay factors used in the dose calculations are computed below using equations from
Table B2.

A= (0.69315)/(12.33 y) = 0.056216 y'

During the irrigation season :
As = (5.766+82.3 cm)/(0.2)/(15 cm)/(0.5 y) = 58.710667 y™' (Section A6.0)
A= Ae + A= 58.76688 y!

During the non-irrigation season :
A= (11.963 cm)/(0.2)/(15 cm)/(0.5 y) = 7.975333 y' (Section A6.0)
A=A+ A =8.03155 y

AMTir = (58.76688 y1)(0.5 y) = 29.38344
DS(Tir) = Exp(-29.38344) = 0
IDS(Tixr) = [1 - Exp(-29.38344)]/(29.38344) = 0.034033

AMToo = (8.03155 y1)(0.5 y) =4.01578
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IDR(Ty0) = [1 - Exp(-4.01578)]/(4.01578) = 0.244528

TirIDS(Tirr) + Tuo'DS(Tire) IDR(Tpo) =
(0.5y)(0.034033) + (0.5y)(0)(0.244528) = 0.017017 y

DS(Ty) = Exp[-(58.76688 y")(0.25 y)] = 4.164E-7

MTyee = (0.056216 y)(90 d)/(365 d/y) = 0.0138615
IDR(Tyeg) = [1 - Exp(-0.0138616)1/(0.0138615) = 0.99310
DS(Ty) IDR(Tyeg) = (4.164E-7)(0.99310) = 4.135E-7

A special model described in Section A3.2.1 is used for inhalation dose, so that the
resident inhales a total of 1.585E-06 Ci tritium per Ci exhumed over the course of a year. He
also ingests a total of 0.018 kg soil during the year (Table A8). The effective external exposure
time is 180 h (Table A15). The inhalation, ingestion, and external doses from these sources are
shown below. These also match the numbers for tritium shown in Table D1.

Inhalation Dose: (resuspended soil)
(1.585E-6 Ci inhaled/Ci exhumed)(1 Ci exhumed)(96,000 mrem/Ci) = 0.1522 mrem

Ingestion Dose: (soil only)

Note that the decay factor considers that all of the exposure occurs during the first half of
the year.

(0.018 kg)(4.444E-5 Ci/kg)(64,000 mrem/Ci)(0.034033 y) = 1.742E-3 mrem

External Dose:

Note that the 1 Ci tritium in the well tailings has been mixed into a garden with an area of
100 m’,

(180 h/y)(1 Ci/100 m*)(0 mrem/h per Ci/m*)(0.034033 y) = 0 mrem

The concentration in vegetable produce from the garden is calculated using the special
model for tritium. The concentration in vegetation and the doses from each type are shown
below. Grains are not grown in the garden, and all of the other plants have the same hydrogen
fraction (0.1). The contaminated food consumption rate is combined with the ingestion period
(1 year) so that the column of consumption rates has units of kg rather than kg/y.

Cv i3 = (4.444E-5 Ci/kg)(8.94)(0.1)(1.5 kg/L)/(0.2) = 2.980E-4 Ci/kg

Ingestion Dose: (garden produce)
leafy: (0.25)(17.8 kg)(2.980E-4 Ci/kg)(0.034033)(64,000 mrem/Ci)=2.8882 mrem
other: (0.25)(86.5 kg)(2.980E-4 Ci/kg)(4.135E-7)(64,000 mrem/Ci)=1.70E-4 mrem
fruit:  (0.25)(85.8 kg)(2.980E-4 Ci/kg)(4.135E-7)(64,000 mrem/Ci)=1.69E-4 mrem
Total from root uptake: 2.8885 mrem

Total Dose: Suburban Garden Scenario:
0.1522 +0.001742 + 2.8885 mrem = 3.04 mrem per Ci exhumed
Note that the suburban gardener’s dose factor from Table 8 is 3.04 mrem/y per Ci exhumed.
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BA.1.5 Post-Intrusion Urban Pasture Scenario

The unit dose factors for the urban pasture scenario assume 1 curie H-3 is exhumed from
the well and spread over an area of 5,000 m>. The initial average soil concentration is computed
as shown below.

Cs = (1 Ci)/(5,000 m?)/(225 kg/m?) = 8.889E-7 Ci/kg

This concentration decreases rapidly with time due to leaching from the surface layer
(during the irrigation season), evaporation, and radioactive decay. For all practical purposes,
none of the initial tritiated water deposited in the garden is present at the end of the irrigation
season. Decay factors used in the dose calculations are the same as shown for the suburban
garden scenario.

A special model described in Section A3.2.1 is used for inhalation dose, so that the
resident inhales a total of 2.241E-07 Ci tritium per Ci exhumed. He also ingests a total of
0.018 kg soil during the year (Table A8). The effective external exposure time is 360 h
(Table A15). The inhalation, ingestion, and external doses from these sources are shown below.
These also match the numbers for trittum shown in Table D2.

Inhalation Dose: (resuspended soil)
(2.241E-7 Ci inhaled/Ci exhumed)(1 Ci exhumed)(96,000 mrem/Ci) = 0.02151 mrem

Ingestion Dose: (soil only)

Note that the decay factor considers that all of the exposure occurs during the first half of
the year.

(0.018 kg)(8.889E-7 Ci/kg)(64,000 mrem/Ci)(0.034033 y) = 3.485E-5 mrem

External Dose:

Note that the 1 Ci tritium in the well tailings has been mixed into a garden with an area of
100 m”.

(360 h/y)(1 Ci/5,000 m*)(0 mrem/h per Ci/m*)(0.034033 y) = 0 mrem

Ingestion Dose: (milk)
Contaminated water fraction for the milk cow: 0.54951/119.433 =0.004601

Source animal intake Watf:r j[otal water decay contaminated
kg/d fraction  intake, L/d water intake
forage 36 0.894 32.184 0.017017 0.54768
hay 29 0.894 25.926 4.135E-07 1.072E-05
grain 2 0.6079 1.216 4.135E-07  5.028E-07
soil 0.8 0.1333 0.107 0.017017 1.821E-03
water 60 1 60 1 0

total 119.433 0.54951
tritium conc in milk = (8.889E-7 Ci/kg)/(0.1333 L/kg)(0.9834 L/kg)(0.85827) = 3.017E-8 Ci/kg
Total dose from milk: (3.017E-8 Ci/kg)(58 kg)(64,000 mrem/Ci) = 0.1120 mrem
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Total Dose: Rural Pasture Scenario:
0.02151 +3.485E-5 + 0.1120 mrem = 0.1335 mrem per Ci exhumed
Note that the tritium dose factor from Table 10 is 0.133 mrem/y per Ci exhumed.

BA.1.6 Post-Intrusion Commercial Farm Scenario

The unit dose factors for the urban pasture scenario assume 1 curie H-3 is exhumed from
the well and spread over an area of 647,000 m”. The initial average soil concentration is
computed as shown below.

Cs = (1 Ci)/(647,000 m*)/(225 kg/m?) = 6.869E-9 Ci/kg

This concentration decreases rapidly with time due to leaching from the surface layer
(during the irrigation season), evaporation, and radioactive decay. For all practical purposes,
none of the initial tritiated water deposited in the garden is present at the end of the irrigation
season. Decay factors used in the dose calculations are the same as shown for the suburban
garden scenario.

A special model described in Section A3.2.1 is used for inhalation dose, so that the
resident inhales a total of 1.970E-08 Ci tritium per Ci exhumed. He also ingests a total of
0.018 kg soil during the year (Table AS8). The effective external exposure time is 720 h
(Table A15). The inhalation, ingestion, and external doses from these sources are shown below.

Inhalation Dose: (resuspended soil)
(1.970E-8 Ci inhaled/Ci exhumed)(1 Ci exhumed)(96,000 mrem/Ci) = 0.001891 mrem

Ingestion Dose: (soil only)

Note that the decay factor considers that all of the exposure occurs during the first half of
the year.

(0.018 kg)(6.869E-9 Ci/kg)(64,000 mrem/Ci)(0.034033 y) = 2.693E-7 mrem

External Dose:

Note that the 1 Ci tritium in the well tailings has been mixed into a garden with an area of
100 m”.

(720 h/y)(1 Ci/647,000 m?)(0 mrem/h per Ci/m?)(0.034033 y) = 0 mrem

Total Dose: Commercial Farm Scenario:
0.001891 + 2.693E-7 + 0 mrem = 0.001891 mrem per Ci exhumed
Note that the tritium dose factor from Table 11 is 0.00189 mrem/y per Ci exhumed.

BA.2 LOW WATER INFILTRATION EXPOSURE SCENARIOS

Each of the exposure scenarios using irrigation water with tritium will be evaluated in this
section. The tritium concentration in the irrigation water is assumed constant during the
irrigation season. As a result, the tritium concentration in the surface soil is also constant during
the irrigation season, but decreases rapidly during the non-irrigation period due to evaporation
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and radioactive decay. In each exposure scenario the water concentration is 1 pCi/L. Thus the
doses computed are per pCi/L. The soil concentration during the irrigation season is calculated
as shown below.

Cs = (1.0E-12 Ci/L)(0.2)/(1.5 kg/L)(0.9345) = 1.246E-13 Ci/kg

The external exposures are not computed for tritium because the external dose rate factor
for tritium is zero. Absorption through the skin is included in the inhalation dose factor for
trittum. The main dose pathway in every case is the drinking water pathway.

Normally, three significant digits are kept during calculations. Because the spreadsheet
software keeps several digits, agreement with the spreadsheet can only be obtained if 4 or 5
significant digits are retained. This is particularly true in the calculation of decay factors.

BA.2.1 All Pathways

The soil concentration decreases with time due to leaching from the surface layer during
the irrigation season, evaporation, and radioactive decay. Additional decay factors used in the
dose calculations for tritium are computed below from the equations in the discussion following
Table B2.

MToo = (8.03155 y1)(0.5 y) =4.01578
IDR(Tyo) = [1 - Exp(-4.01578)]/(4.01578) = 0.244528

Tin + Tao IDR(Tao) = (0.5y) + (0.5y)(0.244528) = 0.62226 y

MTyeg = (0.056216 y1)(90 d)/(365 d/y) = 0.0138615
DR(Tyeg) = Exp(-0.0138615) = 0.98623
IDR(Tyeg) = [1 - Exp(-0.0138615)]/(0.0138615) = 0.99310

AToeer = (0.056216 y)(120 d)/(365 d/y) = 0.018482
IDR(Tpeer) = [1 - Exp(-0.018482)]/(0.018482) = 0.99082

Because trittum is bound to water, the inhalation dose from suspended soil is part of the
inhalation dose from water, described in Section A3.2.2 Table A13. The farmer also ingests a
total of 0.0365 kg soil during the year (Table A8). The inhalation and ingestion doses from these
sources are shown below. They match the doses shown in Table D3.

Inhalation Dose: (showering and ambient humidity)
(48 L/y)(1.0E-12 Ci/L)(96,000 mrem/Ci)(1 y) = 4.608E-6 mrem

Ingestion Dose: (drinking)

(545 L/y)(1.0E-12 Ci/L)(64,000 mrem/Ci)(1 y) = 3.488E-5 mrem
Note that the all pathways farmer’s drinking water dose factor from Table 12 is 3.49E-5 mrem/y
per pCi/L.




HNF-SD-WM-TI-707 Rev 3 Page B-47

Ingestion Dose: (soil only)
(0.0365 kg/y)(1.246E-13 Ci/kg)(64,000 mrem/Ci)(0.62226 y) = 1.811E-10 mrem

The vegetable produce contamination is based on the plant moisture having the same
trittum concentration as the irrigation water (adjusted for natural precipitation by the factor
0.9345). The contaminated food consumption rate is combined with the ingestion period (1 year)
so that the column of consumption rates has units of kg rather than kg/y. The product of plant
water concentration and ingestion dose factor is combined into a single quantity to simplify the
calculation.

(0.9345)(1.0E-12 Ci/L)(64,000 mrem/Ci)=5.981E-8 mrem/L

The factors 0.894 L/kg and 0.6079 L/kg in the calculations below are the equivalent
volume of water per kilogram of plant. They are calculated from the hydrogen fractions shown
in Table A34 multiplied by 8.94 kg water per kg hydrogen, and divided by the density of water,
1.0 kg/L. Grains are not irrigated, and are not shown.

Ingestion Dose: (garden produce)
(5.981E-8 mrem/L)(0.894 L/kg) ( 4.45 kg) (1.00000) = 2.379E-7 mrem
(5.981E-8 mrem/L)(0.894 L/kg)(21.625 kg)(0.99310) = 1.148E-7 mrem
(5.981E-8 mrem/L)(0.894 L/kg)(25.45 kg) (0.99310) = 1.139E-7 mrem
Total from garden produce: 2.525E-6 mrem

The dose for each pathway is the sum of contributions to the animal's diet. In particular,
there is fresh feed, stored hay, stored grain, soil, and drinking water. Each of these has a
common factor made of the water concentration, the effective water fraction in the animal
product, the annual amount consumed by the individual, the ingestion dose factor, and the
ingestion period. The fraction of water intake that is contaminated is multiplied by this common
factor to obtain the ingestion dose from consumption of the animal product.

Ingestion Dose: (beef)
Contaminated water fraction for the beef cow: 84.176/ 88.558 = 0.95042

Source animal intake watgr !:otal water .raip decay contaminated
kg/d fraction intake, L/d  dilution water intake
forage 27 0.894 24.138 0.9345 1 22.557
hay 14 0.894 12.516 0.9345 0.98623 11.535
grain 3 0.6079 1.824 0 0.98623 0
soil 0.6 0.1333 0.080 0.9345 1 0.075
water 50 1 50 1 1 50

total 88.558 84.167
tritium concentration in beef = (1.0E-12 Ci/L)(0.894 L/kg)(0.95042) = 8.497E-13 Ci/kg
Total dose from beef: (8.497E-13 Ci/kg)(25.15 kg)(64,000 mrem/Ci)(0.99082) = 1.355E-6 mrem
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Ingestion Dose: (milk)
Contaminated water fraction for the milk cow: 102.506/119.433 = 0.85827

Source animal intake watf:r jtotal water .raip decay contaminated
kg/d fraction  intake, L/d  dilution water intake
forage 36 0.894 32.184 0.9345 0.62226 18.715
hay 29 0.894 25.926 0.9345 0.97943 23.729
grain 2 0.6079 1.216 0 0.97943 0
soil 0.8 0.1333 0.107 0.9345 0.62226 0.062
water 60 1 60 1 1 60
total 119.433 102.506

tritium concentration in milk = (1.0E-12 Ci/L)(0.9834 L/kg)(0.85827) = 8.440E-13 Ci/kg
Total dose from milk: (8.440E-13 Ci/kg)(58 kg)(64,000 mrem/Ci) = 3.133E-6 mrem

Ingestion Dose: (poultry)
Contaminated water fraction for the chicken: 0.36843 /0.47240 =0.77991

Source animal intake watgr !:otal water .raip decay contaminated
kg/d fraction intake, L/d  dilution water intake
forage 0.13 0.894 0.11622 0.9345 0.62226 0.06758
hay 0 0.894 0 0.9345 0.97943 0
grain 0.09 0.6079 0.05471 0 0.97943 0
soil 0.011 0.1333 0.00147 0.9345 0.62226 0.00085
water 0.3 1 0.3 1 1 0.3

total 0.47240 0.36843
tritium concentration in poultry = (1.0E-12 Ci/L)(0.894 L/kg)(0.77991) = 6.972E-13 Ci/kg
Total dose from poultry: (6.972E-13 Ci/kg)(14.7 kg)(64,000 mrem/Ci) = 6.560E-7 mrem
tritium concentration in eggs = (1.0E-12 Ci/L)(0.9834 L/kg)(0.77991) = 7.670E-13 Ci/kg
Total dose from eggs: (7.670E-13 Ci/kg)(6.8 kg)(64,000 mrem/Ci) = 3.338E-7 mrem

Total dose for all animal pathways = 5.478E-6 mrem

Total Dose for the All Pathways Farmer (irrigation from a well):
4.608E-6 + 3.488E-5 + 1.811E-10 + 2.525E-6 + 5.478E-6 = 4.749E-5 mrem per pCi/L
Note that the all pathways farmer’s total dose factor from Table 12 is 4.75E-5 mrem/y per pCi/L.

The above total applies to the inland well situation in which does not include a dose from
fish. When the Columbia River is the source of tritium, the fish dose is calculated as shown
below and added to the above total.

Ingestion Dose: (fish)

(1.0E-12 Cv/L)(1 L/kg)(0.50)(6.58 kg)(64,000 mrem/Ci)(1 y) = 2.106E-7 mrem
Note that the all pathways farmer’s fish dose factor from Table 13 is 2.11E-7 mrem/y per pCi/L.

Ingestion Dose: (shoreline sediment)
(1.0E-12 Ci/L)(0.1333 L/kg)(0.0007 kg)(64,000 mrem/Ci)(1 y) = 5.973E-12 mrem
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Total Dose for the All Pathways Farmer (irrigation from the Columbia River):
4.696E-5 + 2.106E-7 + 5.973E-12 = 4.770E-5 mrem per pCi/L
Note that the all pathways farmer’s total dose factor from Table 13 is 4.77E-5 mrem/y per pCi/L.

BA.2.2 Native American Subsistence Resident

The doses for each pathway are calculated in the same manner as the all pathways farmer
except that the exposure parameters are larger. The Native American doses are listed below.
They match the doses shown in Table D4.

Inhalation Dose: (sweat lodge and ambient humidity)
(105 L/y)(1.0E-12 Ci/L)(96,000 mrem/Ci)(1 y) = 1.008E-5 mrem

Ingestion Dose: (drinking)
(1,095 L/y)(1.0E-12 Ci/L)(64,000 mrem/Ci)(1 y) = 7.008E-5 mrem

Ingestion Dose: (soil)
(0.073 kg/y)(1.246E-13 Ci/kg)(64,000 mrem/Ci)(0.62226 y) = 3.622E-10 mrem

Ingestion Dose: (garden produce)
(5.981E-8 mrem/L)(0.894 L/kg)(16 kg)(1.00000) = 8.555E-7 mrem
(5.981E-8 mrem/L)(0.894 L/kg)(77 kg)(0.99310) = 4.089E-6 mrem
(5.981E-8 mrem/L)(0.894 L/kg)(76 kg)(0.99310) = 4.036E-6 mrem
Total from garden produce: 8.980E-6 mrem

Ingestion Dose: (beef)
Total dose from beef: (8.497E-13 Ci/kg)(28 kg)(64,000 mrem/Ci)(0.99082) = 1.509E-6 mrem

Ingestion Dose: (milk)
Total dose from milk: (8.440E-13 Ci/kg)(226 kg)(64,000 mrem/Ci) = 1.221E-5 mrem

Ingestion Dose: (poultry)
Total dose from poultry: (6.972E-13 Ci/kg)(16 kg)(64,000 mrem/Ci) = 7.140E-7 mrem

Ingestion Dose: (eggs)
Total dose from eggs: (7.670E-13 Ci/kg)(7.7 kg)(64,000 mrem/Ci) = 3.780E-7 mrem

Total dose for all animal pathways = 1.481E-5 mrem

Total Dose for the Native American (irrigation from a well):
1.008E-5 + 7.008E-5 + 3.622E-10 + 8.980E-6 + 1.481E-5 = 1.039E-4 mrem per pCi/L
Note that the Native American’s total dose factor from Table 16 is 1.04E-4 mrem/y per pCi/L.

The above total applies to the inland well situation in which does not include a dose from
fish. When the Columbia River is the source of tritium, the game and fish doses are calculated as
shown below and added to the above total.
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The game is largely deer that obtain drinking water from the Columbia River, but graze on
uncontaminated vegetation. The intake model is that of the milk cow, except the wet masses of
stored hay and grain are added to the fresh forage category for a total of (36+29+2)=67 kg/d.
The deer consumption rate is assumed to be 25% of the milk cow, but the actual percentage does
not matter for the tritium calculation. When the contaminated water fraction is calculated, the
fraction is present in both numerator and denominator. The contaminated water fraction says
that the deer gets about half of its water from the Columbia River, and the other half from forage.

Ingestion Dose: (game)
Contaminated water fraction for the game: 15/30.002 = 0.49997

source animal intake watgr !:otal water .raip decay contaminated

kg/d fraction intake, L/d  dilution water intake
forage 16.75 0.894 14.975 0 1 0
hay 0 0.894 0 0 0.98623 0
grain 0 0.6079 0 0 0.98623 0
soil 0.2 0.13333 0.027 0 1 0
water 15 1 15 1 1 15
total 30.002 15

tritium concentration in game = (1.0E-12 Ci/L)(0.9834 L/kg)(0.49997) = 4.470E-13 Ci/kg
Total dose from game: (4.470E-13 Ci/kg)(22 kg)(64,000 mrem/Ci) = 6.236E-7 mrem

Like the deer, the waterfowl drink from the river, but have uncontaminated feed. The
intakes used for the chicken are assumed for the waterfowl.

Ingestion Dose: (waterfowl and waterfowl eggs)
Contaminated water fraction for the waterfowl: 0.3 /0.49815 = 0.60223

source animal intake watgr j[otal water 'raip decay contaminated

kg/d fraction intake, L/d  dilution water intake
forage 0.22 0.894 0.19668 0 0.62226 0
hay 0 0.894 0 0 0.97943 0
grain 0 0.6079 0 0 0.97943 0
soil 0.011 0.13333 0.00147 0 0.62226 0
water 0.3 1 0.3 1 1 0.3
total 0.49815 0.3

tritium concentration in waterfowl = (1.0E-12 Ci/L)(0.894 L/kg)(0.60223) = 5.384E-13 Ci/kg
Total dose from waterfowl: (5.384E-13 Ci/kg)(32 kg)(64,000 mrem/Ci) = 1.103E-6 mrem

tritium concentration in bird eggs = (1.0E-12 Ci/L)(0.9834 L/kg)(0.60223) = 5.922E-13 Ci/kg
Total dose from bird eggs: (5.922E-13 Ci/kg)(16 kg)(64,000 mrem/Ci) = 6.064E-7 mrem

Ingestion Dose: (fish)
(1.0E-12 Ci/L)(1 L/kg)(197 kg)(64,000 mrem/Ci)(1 y) = 1.261E-5 mrem

Ingestion Dose: (shoreline sediment)
(1.0E-12 Ci/L)(0.1333 L/kg)(0.054 kg)(64,000 mrem/Ci)(1 y) = 4.608E-10 mrem
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Total Dose for the Native American (irrigation from the Columbia River):
1.045E-4 + 6.236E-7 + 1.103E-6 + 6.064E-7 + 1.261E-5 + 4.608E-10 mrem
= 1.189E-4 mrem per pCi/L
Note that the Native American’s total dose factor from Table 16 is 1.19E-4 mrem/y per pCi/L.

BA.2.3 Columbia River Population

The collective doses for each pathway are calculated in the same manner as the All
Pathways Irrigator case scaled up for a population of 5 million, with a lower irrigation rate, and
reduced by a factor of 1000 to convert from mrem to rem. The inhalation and ingestion doses
are adjusted for the population and unit conversion as shown below. The new soil concentration
during the irrigation period is shown also. The decay and leaching factors during the non-
irrigation season are not changed.

Inhalation: (9.60E-8 mrem/pCi)(5.0E+6)(0.001 rem/mrem) = 4.80E-4 person-rem/pCi
Ingestion: (6.40E-8 mrem/pCi)(5.0E+6)(0.001 rem/mrem) = 3.20E-4 person-rem/pCi

Conz =(8.94)(0.022)(1 pCi/L)(63.5 cm)/(63.5 + 5.766 cm)/(1 kg/L)
Cenz = 0.1222 pCi/kg

Inhalation Dose: (showering and ambient humidity)
(46 L/y)(1 pCi/L)(4.80E-4 person-rem/pCi)(1 y) = 2.208E-2 person-rem

Ingestion Dose: (drinking)
(545 L/y)(1 pCi/L)(3.20E-4 person-rem/pCi)(1 y) = 0.1744 person-rem

Ingestion Dose: (soil)
(0.0365 kg/y)(0.1222 pCi/kg)(3.20E-4 person-rem/pCi)(0.62226 y) = 8.884E-7 person-rem

External Dose:
(4380 h/y)(0.1222 pCi/kg)(225 kg/m?)(0 mrem/h per Ci/m*)(0.99304 y) = 0 mrem

With a lower irrigation rate, the irrigation dilution factor changes to become
(63.5 cm)/(63.5+5.23cm)=0.9168. The common factor used in the garden produce calculation is
shown below.
(0.9168)(1 pCi/L)(3.20E-4 person-rem/pCi)=2.934E-4 person-rem/L

Ingestion Dose: (garden produce)
(2.934E-4 person-rem/L)(0.894 L/kg) ( 8.90 kg)(1.0000) = 2.334E-3 person-rem
(2.934E-4 person-rem/L)(0.894 L/kg)(43.25 kg)(0.9931) = 1.127E-2 person-rem
(2.934E-4 person-rem/L)(0.894 L/kg)(42.90 kg)(0.9931) = 1.117E-2 person-rem
Total from garden produce: 2.477E-2 person-rem

The dose for each pathway is the sum of contributions to the animal's diet. In particular,
there is fresh feed, stored hay, stored grain, soil, and drinking water. Each of these has a
common factor made of the water concentration, the effective water fraction in the animal
product, the annual amount consumed by the individual, the ingestion dose factor, and the
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ingestion period. The fraction of water intake that is contaminated is multiplied by this common
factor to obtain the ingestion dose from consumption of the animal product.
Ingestion Dose: (beef)

Contaminated water fraction for the beef cow: 84.52/88.558 =0.94311
source animal intake  water total water

( . .raip decay contaminated
kg/d fraction  intake, L/d  dilution water intake
forage 27 0.894 24.138 0.9168 1 22.13
hay 14 0.894 12.516 09168  0.98623 11.317
grain 3 0.6079 1.824 0 0.98623 0
soil 0.6 0.13333 0.08 0.9168 1 0.073
water 50 1 50 1 1 50
total 88.558

83.52

tritium concentration in beef = (1.0E-12 Ci/L)(0.894 L/kg)(0.94311) = 8.431E-13 Ci/kg
Total dose from beef:

(8.431E-13 Ci/kg)(25.15 kg)(3.20E-4 person-rem/Ci)(0.99082) = 6.723E-3 person-rem

Ingestion Dose: (milk)

Contaminated water fraction for the milk cow:
animal intake water total water
source

102.506/101.702 = 0.85154

( ' 'raip decay contaminated
kg/d fraction intake, L/d  dilution water intake
forage 36 0.894 32.184 0.9168 0.62226 18.361
hay 29 0.894 25.926 0.9168 0.97943 23.28
grain 2 0.6079 1.216 0 0.97943 0
soil 0.8 0.13333 0.107 0.9168 0.62226 0.061
water 60 1 60 1 1 60
total 119.433

101.702

tritium concentration in milk = (1.0E-12 Ci/L)(0.9834 L/kg)(0.85154) = 8.374E-13 Ci/kg
Total dose from milk:

(8.374E-13 Ci/kg)(58 kg)(3.20E-4 person-rem/Ci) = 1.554E-2 person-rem
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Ingestion Dose: (poultry)
Contaminated water fraction for the chicken: 0.36714/0.47240=0.77718

source animal intake wat;:r jtotal water .raip decay contaminated
kg/d fraction  intake, L/d  dilution water intake
forage 0.13 0.894 0.11622 0.9168 0.62226 0.0663
hay 0 0.894 0 0.9168 0.97943 0
grain 0.09 0.6079 0.05471 0 0.97943 0
soil 0.011 0.13333 0.00147 0.9168 0.62226 0.00084
water 0.3 1 0.3 1 1 0.3

total 0.4724 0.36714
tritium concentration in poultry = (1.0E-12 Ci/L)(0.894 L/kg)(0.77718) = 6.948E-13 Ci/kg
Total dose from poultry:
(6.948E-13 Ci/kg)(14.7 kg)(3.20E-4 person-rem/Ci) = 3.268E-3 person-rem

tritium concentration in eggs = (1.0E-12 Ci/L)(0.9834 L/kg)(0.77718) = 7.643E-13 Ci/kg
Total dose from eggs:
(7.643E-13 Ci/kg)(6.8 kg)(3.20E-4 person-rem/Ci) = 1.663E-3 person-rem

Ingestion Dose: (fish)
(1.0 pCV/L)(1 L/kg)(0.003 kg)(3.20E-4 person-rem/pCi)(1 y) = 9.600E-7 person-rem

Total dose for all animal pathways = 2.272E-2 person-rem

Ingestion Dose: (shoreline sediment)
(1.0 pCi/L)(0.1333 L/kg)(0.0005 kg)(3.20E-4 person-rem/pCi)(1 y) = 2.133E-8 person-rem

Total Collective Dose to the Population:

0.02208 + 0.1744 + 8.884E-7 + 0.02477 + 0.02272 = 0.2485 person-rem per pCi/L.
Note that the Columbia River Population dose factor from Table 19 is 0.248 person-rem/y per
pCi/L.

BA.2.4 HSRAM and Other Scenarios

The other scenarios require calculating a lifetime cancer morbidity risk. Because tritium is
removed from the soil rapidly, there is essentially no carryover from year to year. Each year the
soil contamination starts at zero. In the case of contaminated surface water, the sediment
concentration does not change from year to year. Thus the cumulative dose (or lifetime risk) is
the sum of the doses (or cancer risks) calculated for each year.

The next attachment shows the lifetime cancer risk calculation for the All Pathways
Farmer to illustrate the method used.
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ATTACHMENT B2.
HAND CALCULATIONS FOR TC-99

Four of the exposure scenarios will be evaluated for Tc-99 in this section. These four
scenarios are the well drilling, suburban garden, rural pasture, and all pathways irrigator. They
exercise all of the relevant calculations used for nuclides other than tritium.

The nuclide selected (Tc-99) has a very long half life (211,097 y), so its radioactive decay
has little effect on the doses, even after 70 years. The leaching factor for Tc-99 (0.208 per year)
is large enough to affect the calculated intakes. Tc-99 decays to stable Ru-99 so decay chain
formulas are not needed.

Normally, three significant digits are kept during calculations. Because the spreadsheet
software keeps several digits, agreement with the spreadsheet can only be obtained if 4 or 5
significant digits are retained. This is particularly true in the calculation of decay factors.

BB.1 Intruder (Well Driller)

The unit dose factors for the Well Driller use an average soil concentration of 1 Ci/kg.
This is calculated as the activity removed from the borehole divided by the mass of soil and
waste removed. A mass loading approach is used, so that the driller inhales a total of 4.84 mg
(4.84E-06 kg) of soil (Table A10). He ingests a total of 500 mg (5.0E-4 kg) soil (Table A8). His
external exposure time is 40 hours (Table A15). The inhalation, ingestion, and external dose
calculations are shown below.

Inhalation Dose:
(1 Ci/kg)(4.84E-06 kg inhaled)(8,330,000 mrem/Ci) = 40.32 mrem

External Dose:

Note that the well tailings have a density of 1,500 kg/m3 and are spread to an average
thickness of 5 cm. The worker spends 40 hours in the middle of this radiation source. The
intake factor for external exposure is (40 h)(1,500 kg/m*)(0.05 m) = 3,000 h-kg/m’.

(1 Ci/kg)(3,000 h-kg/m>.)(0.1632 mrem/h per Ci/m?) = 489.5 mrem

Ingestion Dose:
(1 Ci/kg)(5.0E-04 kg ingested)(1,460,000 mrem/Ci) = 730.0 mrem

Total Dose to Driller:
40.32 mrem + 489.5 mrem + 730.0 mrem = 1260 mrem per Ci/kg
Note that the well driller dose factor from Table 7 is 1260 mrem per Ci/kg.
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BB.2 Post-Intrusion Suburban Gardener

The unit dose factors for the suburban garden scenario assume 1 curie Tc-99 is exhumed
from the well and spread over an area of 100 m”. The initial average soil concentration is
computed as shown below. For the external dose calculation, the soil concentration is 0.01
Ci/m’.

Cs = (1 Ci)/(100 m*)/(225 kg/m?) = 4.444E-5 Ci/kg

This concentration decreases rapidly with time due to leaching from the surface layer
(during the irrigation season) and radioactive decay. Decay and leaching factors used in the dose
calculations are computed below using equations from Table B2. Tc-99 has a very long half life
with a modest leaching factor. For all practical purposes, there is no radioactive decay.

A= (0.69315)/(211,097 y) = 3.28355E-6 y'
During the irrigation season :

As = (10 cm)/[(15 cm)(0.2+(1.5g/ml)(2 ml/g))] = 0.208333 y™' (Section A6.0)

A=A+ A =0.208336 y"'
Midway through the irrigation season :

DS(Ty) = Exp[-(0.208336 y™')(0.25 y)] = 0.949249
At the end of the irrigation season:

ATir = (0.208336 y')(0.5 y) = 0.104168

DS(Tix) = Exp(-0.104168) = 0.90107

IDS(Ti) =[1 - Exp(-0.104168)]/(0.104168) = 0.949678
During the no-irrigation season:

AToo = (3.28355E-6 y')(0.5 y) = 1.64178E-6

DR(Tpo) = Exp(-1.64178E-6) = 0.999998

IDR(Tyo) =[1 - Exp(-1.64178E-6)]/(1.64178E-6) = 1
Time integral over the first year:

Tirr'II)S(Tirr) + Tno'DS(Tirr)'IDR(Tno) =

(0.5y)(0.949678) + (0.5y)(0.90107)(1) = 0.925376 y

Time integral during the vegetable consumption period :

A Tyeg = (3.28355E-6 y)(90 d)/(365 d/y) = 8.09642E-7

IDR(Tye) = [1 - Exp(-8.09642E-7)]/(8.09642E-7) = 1
Harvest midway through the irrigation season followed by the consumption period:

DS(Tp)- IDR(Tyeg) = (0.949249)(1) = 0.949249

The inhalation, external, and ingestion doses from the soil contamination are calculated as
shown below. These match the numbers shown in Table D1.

Inhalation Dose: (suspended soil, Table A9)
Note that the decay factor assumes the exposure occurs during the entire year.
(4.444E-5 Ci/kg)(8.70E-5 kg/y inhaled)(0.925376 y)(8,330,000 mrem/Ci) = 0.0298 mrem

External Dose: (Table A15)
Note that the decay factor assumes the exposure occurs during the first half of the year.
(1 Ci/100 m*)(180 h/y)(0.949678 y)(0.0635 mrem/h per Ci/m”) = 0.1085 mrem
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Ingestion Dose: (soil only, Table A8)
Note that the decay factor assumes the exposure occurs during the first half of the year.
(4.444E-5 Ci/kg)(0.018 kg/y ingested)(0.949678 y)(1,460,000 mrem/Ci) = 1.1091 mrem

Ingestion Dose: (garden produce, Section A5.0)

The concentration in vegetable produce from the garden is calculated using root uptake
and rain splash (soil adherence). The human intakes from vegetables by way of rain splash are
calculated using the table below. The rain splash factor must be included to obtain the numbers
shown for annual intake. This rain splash factor is 2.7E-4 kg/m” per day as discussed in
Section A5.2. Note that none of the factors on this table are unique to technetium.

Effective
Growing Trans- Annual Food | Annual Soil
Interception| Period location | Crop Yield [Consumption| Intake
Vegetable | Fraction (days) Factor (kg/m®) (kgly) (kgly)
leafy 0.4067 18.02 1 2 4.45 4.403E-03
other 0.8347 19.96 0.1 2 21.625 4.864E-03
fruit 0.8569 19.96 0.1 3 21.45 3.302E-03
grain 0.3712 19.96 0.1 0.8 20.475 5.120E-03
The Annual Soil Intake from Rain Splash is calculated as
(Splash factor)(Interception fraction)(Translocation)(Growing Time)(Annual food eaten) / (Biomass)
The splash factor is 2.7E-4 kg/m® per day as discussed in the text.

The human intakes from vegetables by way of root uptake are calculated using the table
below. The only numbers unique to technetium are the concentration ratios. This table also
shows the combined intakes for Tc-99 from root uptake and rain splash.

Annual Food | Annual Soil | Total Soil
Concentration | dry-to-wet | Consumption| Intake Intake
Ratio for Tc ratio (kgly) (kgly) (kgly)
leafy 180 0.09 4.45 72.0900 72.0944
other 0.77 0.25 21.625 4.1628 4.1677
fruit 1.5 0.18 21.45 5.7915 5.7948
grain 0.73 0.91 20.475 13.6015 13.6066
The Annual Soil Intake from Root Uptake into plants is calculated as
(Conc ratio)(dry-to-wet ratio)(Annual food eaten)
The “Total Soil Intake” is the sum of the intakes from rain splash (previous table) and root uptake.

The ingestion dose is the product of the soil concentration, the annual soil intake, the
appropriate decay and leaching factor, and the ingestion dose factor, as shown below. The first
row shows the dose from leafy vegetables. The second row shows the dose from fruit and other
vegetables. Note that the fruit and other vegetable intakes have been combined. Also note that
grains have been omitted due to their absence from the garden.

(4.444E-5 Ci/kg)(72.0944 kg/y)(0.949678 y)(1,460,000 mrem/Ci) = 4,442.3 mrem

(4.444E-5 Ci/kg)( 9.9625 kg/y)(0.949249 y)(1,460,000 mrem/Ci) = 613.6 mrem



HNF-SD-WM-TI-707 Rev 3 Page B-58

Total Dose: Suburban Garden Scenario:
0.0298 +0.1085 + 1.1091 + 5,055.9 mrem = 5,057 mrem per Ci exhumed
Note that the suburban gardener’s dose factor from Table 8 is 5,060 mrem/y per Ci exhumed.

BB.3 Post-Intrusion Rural Pasture Scenario

The unit dose factors for the rural pasture scenario assume 1 curie Tc-99 is exhumed from
the well and spread over an area of 5,000 m>. The initial average soil concentration is computed
as shown below. For the external dose calculation, the soil concentration is 0.0002 Ci/m>.

Cs = (1 Ci)/(5,000 m?)/(225 kg/m?) = 8.889E-7 Ci/kg

This concentration decreases rapidly with time due to leaching from the surface layer
(during the irrigation season) and radioactive decay. Decay and leaching factors used in the dose
calculations are from the previous section.

The inhalation, external, and ingestion doses from the soil contamination are calculated as
shown below. These match the numbers shown in Table D2.

Inhalation Dose: (suspended soil, Table A9)
Note that the decay factor assumes the exposure occurs during the entire year.
(8.889E-7 Ci/kg)(1.69E-4 kg/y inhaled)(0.925376 y)(8,330,000 mrem/Ci) = 1.158E-3
mrem

External Dose: (Table A15)
Note that the decay factor assumes the exposure occurs during the first half of the year.
(1 Ci/5,000 m*)(360 h/y)(0.949678 y)(0.0635 mrem/h per Ci/m”) = 4.342E-3 mrem

Ingestion Dose: (soil only, Table A8)
Note that the decay factor assumes the exposure occurs during the first half of the year.
(8.889E-7 Ci/kg)(0.018 kg/y ingested)(0.949678 y)(1,460,000 mrem/Ci) = 0.02218 mrem

Ingestion Dose: (milk, Section A4.0)

The dose for each pathway is the sum of contributions to the animal's diet. In particular,
there is fresh feed (like leafy vegetables), stored hay (also like leafy vegetables, but is harvested
and stored), stored grain (like grains), and soil. The feed, hay, and grain have two components,
root uptake and rain splash. The rain splash is shown first. The root uptake factor is calculated
using the information in the second table below. The third table shows the calculation of
ingestion dose from milk the first year after the start of irrigation.
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Rain Splash Intake Factors for Milk Cows

Effective Daily Feed

Growing Trans- Intake by | Annual Soil

Animal |Interception| Period location | Crop Yield | Animal Intake

Feed Type | Fraction (days) Factor (kg/m?) (kg/d) (kgly)
fresh forage| 0.6160 15.62 1 1.5 36 5.0628E-04
stored hay 0.4717 18.02 1 1 29 5.4043E-04
stored grain| 0.4717 19.96 0.1 1 2 4.1283E-06
soil 0.8 0.0064960

The last column shows the effective annual soil intake by humans from rain splash onto the vegetation eaten
by the milk cow. It is calculated using the formula below.
(Annual milk)(Transfer)(Splash)(Interception)(Translocation)(Growing Time)(Daily feed) / (Yield)
The annual amount of contaminated milk eaten is 58 kg from Table AS5. The equilibrium transfer factor for
milk is 1.4E-4 d/kg from Table A33. The splash factor is 0.00027 kg/m” per day as discussed in Section A5.2.
The annual soil intake by humans from soil eaten by the milk cow (0.8 kg/d from Table A32) is calculated as
(Annual milk)(Transfer)(Soil intake)

Root Uptake Intake Factors for Milk Cows

Annual Milk | Annual Soil | Total Soil
Concentration | dry-to-wet | Consumption| Intake Intake
Ratio for Tc ratio (kgly) (kgly) (kgly)
fresh forage 180 0.22 58 11.57587 11.5764
stored hay 180 0.22 58 9.32501 9.3256
stored grain 0.73 0.22 58 0.002608 | 0.002612

The second last column shows the effective annual soil intake by humans from root uptake into the
vegetation eaten by the milk cow. It is calculated using the formula below.

(Annual milk)(Transfer)(Conc ratio)(dry-to-wet ratio)(Daily feed intake)
The Daily feed intakes are shown in the previous table. The equilibrium transfer factor for milk is
1.4E-4 d/kg from Table A33.
The “Total Soil Intake” is the sum of the intakes from rain splash (previous table) and root uptake.

Calculation of the Annual Dose by Pathway
Soil Soil Intake | Decay & | Ingestion Annual
Concentration Factor Leaching |Dose Factor Dose
Component (Ci/kg) (kgly) Factor (mrem/Ci) | (mrem/y)
soil 8.8890E-07 0.006496 0.925376 | 1.46E+06 | 7.801E-03
forage - root uptake | ¢ eg90r 07 | 115764 | 0.925376 | 1.46E+06 | 13.90
& rain splash
stored hay -root | ¢ 0090507 | 93256 | 0.949249 | 1.46E+06 | 11.49
uptake & rain splash
stored grain - 100t | ¢ 090E 07 | 0.002612 | 0.949249 | 1.46E+06 | 3.218E-03
uptake & rain splash
Total dose 25.40
The annual dose is the product of the soil concentration, the effective mass of soil ingested per year, the decay
and leaching factor, and the ingestion dose factor.
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Total Dose: Rural Pasture Scenario:
0.001158 + 0.004342 + 0.02218 + 25.40 mrem = 25.43 mrem per Ci exhumed
Note that the dose factor from Table 10 is 25.4 mrem/y per Ci exhumed.

BB.4 All Pathways Farmer

The Tc-99 concentration in the irrigation water is assumed constant during the irrigation
season. As a result, the Tc-99 concentration in the surface soil is increasing. The increase is
offset by leaching from the surface layer during the irrigation season and radioactive decay. This
section shows calculations for both annual dose and lifetime cancer risk for Tc-99. The numbers
used for dose accumulation in the presence of decay and leaching are shown below.

Tirr + Too'IDR(Tyo) = (0.5y) + (0.5y)(0.244528) = 0.62226 y
At the end of the irrigation season:
ATir = (0.208336 y1)(0.5 y) = 0.104168
DI(Tin) =[1 - Exp(-0.104168)]/(0.104168) = 0.949678
IDI(Tix) = [(0.104168) - 1 + Exp(-0.104168)]/(0.104168)* = 0.483081
Time integral over the first year:
Tirr'H:)I(Tirr) + Tno'DI(Tirr)'IDR(Tno) =
(0.5y)(0.483081) + (0.5y)(0.949678)(1) = 0.716379 y
Decay during storage:
AT = (3.28355E-6 y )(90 d)/(365 d/y) = 8.09642E-7
DR(Tst) = Exp(-8.09642E-7) = 1
Time integral during the beef consumption period :
AToeer = (3.28355E-6 y)(120 d)/(365 d/y) = 1.07952E-6
IDR(Tpeer) = [1 - Exp(-1.07952E-6)]/(1.07952E-6) = 1
Harvest after the irrigation season followed by the consumption period:
DI(Tirr): IDR(Tpeer) = (0.949678)(1) = 0.949678

The numbers used for the accumulated risk in the presence of radioactive decay and
leaching from the soil are shown below.

Decay and leaching during the year for contamination present at the start of the year:
W =(0.90107)(0.999998) = 0.90107

Lifetime average soil concentration factor (30 y):
[30 - (1 -0.90107°%)/(1-0.90107)]/(1-0.90107) = 205.56

The rate of increase of the soil concentration during the irrigation season is calculated as
shown below. Also shown is the soil concentration at the end of the irrigation season. After
30 years of irrigation, the cumulative soil concentration is calculated as shown.

Deposition rate during the irrigation season:

ID = (1.0E-12 Ci/L)(82.3 cm)(10 L/m? per cm) / (0.5 y) = 1.646E-9 Ci/m’ per year
End of year soil concentration - without decay and leaching:

Cso = (1.646E-9 Ci/m” per y)(0.5 y) / (225 kg/m®) = 3.6578E-12 Ci/kg
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Lifetime cumulative soil concentration:

Cs30 = (3.6578E-12 Ci/kg)(30 y) = 1.0973E-10 Ci/kg
End of year soil concentration - with decay and leaching:

Cs1 = (3.6578E-12 Ci/kg)(0.949678)(0.999998) = 3.4737E-12 Ci/kg
Lifetime cumulative soil concentration:

CC§1{“ = (3.4737E-12 Ci/kg)(205.56) = 7.1405E-10 Ci/kg

The inhalation, external, and ingestion doses and cancer risks from the soil contamination
are calculated as shown below. Note the water only pathways calculate the incremental cancer
risk using the cumulative water concentration, (30)(1.0E-12 Ci/L)=3.0E-11 Ci/L. Note that the
soil pathways calculate incremental cancer risk as the sum of two parts. The first part is 30 times
the risk from water added to the soil that year (Cs3o). The second part is the risk from residual
soil contamination (C°¥™ ). The doses match the numbers shown in Table D3.

Inhalation Dose: (shower plus ambient, Table A13)
(1.0E-12 Ci/L)(0.054 L inhaled)(8,330,000 mrem/Ci) = 4.498E-7 mrem
(3.0E-11 Ci/L)(0.054 L inhaled)(14.1 risk/Ci) = 2.284E-11 risk

Inhalation Dose: (suspended soil, Table A9)
(3.6578E-12 Ci/kg)(5.39E-4 kg/y)(0.716379 y)(8.33E6 mrem/Ci) = 1.177E-8 mrem
(1.0973E-10 Ci/kg)(5.39E-4 kg/y inhaled)(0.716379 y)(14.1 risk/Ci) = 5.974E-13 risk
(7.1405E-10 Ci/kg)(5.39E-4 kg/y inhaled)(0.925376 y)(14.1 risk/Ci) = 5.022E-12 risk
Total lifetime cancer risk from dust inhalation = 5.619E-12

External Dose: (Table A15)
Note that the soil concentrations are multiplied by 225 kg/m” to convert them into area
concentrations (Ci/m?) suitable for the external dose rate factor.
(8.230E-10 Ci/m*)(4,120 h/y)(0.716379 y)(0.0635 mrem/h per Ci/m?) = 1.542 E-7 mrem
(1.4690E-8 Ci/m*)(4,120 h/y)(0.716379 y)(4.13E-8 risk/h per Ci/m?) = 3.010E-12 risk
(1.6066E-7 Ci/m*)(4,120 h/y)(0.925376 y)(4.13E-8 risk/h per Ci/m”) = 2.530E-11 risk
Total lifetime cancer risk from external exposure = 2.831E-11

Ingestion Dose: (soil only, Table A8)
(3.6578E-12 Ci/kg)(0.0365 kg/y)(0.716379 y)(1.46E6 mrem/Ci) = 1.396E-7 mrem
(1.0973E-10 Ci/kg)(0.0365 kg/y ingested)(0.716379 y)(7.66 risk/Ci) = 2.198E-11 risk
(7.1405E-10 Ci/kg)(0.0365 kg/y ingested)(0.925376 y)(7.66 risk/Ci) = 1.847E-10 risk
Total lifetime cancer risk from soil ingestion = 2.067E-10

Ingestion Dose: (drinking water, Table AS)
(1.0E-12 Ci/L)(545 L)(1.46E6 mrem/Ci) = 7.957E-4 mrem
(3.0E-11 Ci/L)(545 L)(7.66 risk/Ci) = 4.496E-8 risk
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Ingestion Dose: (garden produce, Section A5.0)
The intake factor for direct deposition of contaminants in irrigation water on foliage is
calculated as shown in the table below.

Effective
Growing Trans- Annual Food| Annual
Interception| Period location | Crop Yield |Consumption|Water Intake
Vegetable | Fraction (days) Factor (kg/mz) (kgly) (m?)
leafy 0.25 18.02 1 2 4.45 0.027462
other 0.25 19.96 0.1 2 21.625 0.014782
fruit 0.25 19.96 0.1 3 21.45 0.009775
grain 0.25 19.96 0.1 0.8 20.475 0.034990
The Water Intake from Direct Deposition on Foliage is calculated as
(Interception fraction)(Translocation Factor)(Growing Time)(Annual food eaten) / (Biomass) / (365 d/y)

The ingestion dose calculation is shown below. Note that the first lines show doses from
leafy vegetables while the second lines combine fruit and other vegetable intakes. The root
uptake and rain splash soil intake numbers are from Section BB.2 (Suburban Garden). Also note
that grains have been omitted because they are not irrigated.

Ingestion dose from root uptake and rain splash:
(3.6578E-12 Ci/kg)(72.0944 kg/y)(0.483081 y)(1.46E6 mrem/Ci) = 1.860E-4 mrem
(3.6578E-12 Ci/kg)( 9.9625 kg/y)(0.949678 y)(1.46E6 mrem/Ci) = 5.053E-5 mrem
Ingestion dose from direct deposition:
(1.646E-9 Ci/m” per y)(0.027462 m*)(1 y)(1.46E6 mrem/Ci) = 6.600E-5 mrem
(4.938E-8 Ci/m’ per y)(0.024557 m?)(1 y)(1.46E6 mrem/Ci) = 5.901E-5 mrem
Total ingestion dose from garden vegetables = 3.615E-4 mrem

Ingestion risk from root uptake and rain splash:
(1.0973E-10 Ci/kg)(72.0944 kg/y)(0.483081 y)(4.00 risk/Ci) = 1.529E-8 mrem
(1.0973E-10 Ci/kg)( 9.9625 kg/y)(0.949678 y)(4.00 risk/Ci) = 4.153E-9 mrem
(7.1405E-10 Ci/kg)(72.0944 kg/y)(0.949678 y)(4.00 risk/Ci) = 1.956E-7 mrem
(7.1405E-10 Ci/kg)( 9.9625 kg/y)(0.949249 y)(4.00 risk/Ci) = 2.701E-8 mrem
Ingestion risk from direct deposition:
(4.938E-8 Ci/m” per y)(0.027462 m*)(1 y)(4.00 risk/Ci) = 5.424E-9 mrem
(4.938E-8 Ci/m” per y)(0.024557 m*)(1 y)(4.00 risk/Ci) = 4.850E-9 mrem
Total lifetime cancer risk from garden vegetables = 2.523E-7 mrem

Ingestion Dose: (beef, Section A4.0)

The dose for each pathway is the sum of contributions to the animal's diet. In particular,
there is fresh feed (like leafy vegetables), stored hay (also like leafy vegetables, but is harvested
and stored), stored grain (like grains), soil, and drinking water. The feed, hay, and grain have
three components, root uptake, rain splash, and direct deposition. The direct deposition and rain
splash are shown first.
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Direct Deposition Intake Factors for Beef Cattle
Effective Daily Feed
Growing Trans- Intake by Annual
Animal |Interception| Period location | Crop Yield | Animal [Water Intake
Feed Type | Fraction (days) Factor (kg/mz) (kg/d) (m?)
fresh forage 0.25 15.62 1 1.5 27 4.8433E-4
stored hay 0.25 18.02 1 1 14 4.3458E-4
stored grain 0.25 19.96 0.1 1 3 1.0315E-5
water 50 0.12575
Rain Splash Intake Factors for Beef Cattle
Effective Daily Feed
Growing Trans- Intake by | Annual Soil
Animal |Interception| Period location | Crop Yield | Animal Intake
Feed Type | Fraction (days) Factor (kg/m?) (kg/d) (kgly)
fresh forage| 0.6160 15.62 1 1.5 27 1.1761E-04
stored hay 0.4717 18.02 1 1 14 8.0807E-05
stored grain| 0.4717 19.96 0.1 1 3 1.9180E-06
soil 0.6 1.509E-03
For direct deposition, the last column shows the effective annual water intake by humans from direct
deposition onto the vegetation eaten by the beef cattle. It is calculated using the formula below.
(Annual beef)(Transfer)(Interception)(Translocation)(Growing Time)(Daily feed) / (Yield) / (365 d/y)
For rain splash, the last column shows the effective annual soil intake by humans from rain splash onto the
vegetation eaten by the beef cattle. It is calculated using the formula below.
(Annual beef)(Transfer)(Splash)(Interception)(Translocation)(Growing Time)(Daily feed) / (Yield)
The annual amount of contaminated beef eaten is 25.15 kg from Table AS. The equilibrium transfer factor for
beef is 1.0E-4 d/kg from Table A33. The splash factor is 0.00027 kg/m” per day as discussed in Section A5.2.
The annual soil intake by humans from soil eaten by the beef cattle (0.6 kg/d from Table A32) is calculated as
(Annual beef)(Transfer)(Soil intake)

The root uptake factor is calculated using the information in the table below.

Root Uptake Intake Factors for Beef Cattle

Annual Food | Annual Soil| Total Soil
Concentration | dry-to-wet | Consumption| Intake Intake
Ratio for Tc ratio (kgly) (kgly) (kgly)
fresh forage 180 0.22 25.15 2.689038 2.68916
stored hay 180 0.22 25.15 1.394316 1.3944
stored grain 0.73 0.22 25.15 0.0012117 | 0.0012136

The second last column shows the effective annual soil intake by humans from root uptake into the
vegetation eaten by the beef cattle. It is calculated using the formula below.

(Annual beef)(Transfer)(Conc ratio)(dry-to-wet ratio)(Daily feed intake)
The daily feed intakes are shown in the previous table. The equilibrium transfer factor for beef is
1.0E-4 d/kg from Table A33.
The “Total Soil Intake” is the sum of the intakes from rain splash (previous table) and root uptake.
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The calculation of ingestion dose the first year after the start of irrigation from the
consumption of contaminated beef is summarized in the table below.

Calculation of Ingestion Dose from Beef
Decay & |Ingestion Dose

Media Leaching Factor Annual Dose
Component Concentration Intake Factor Factor (mrem/Ci) (mrem)
water 1.0E-12 0.12575 0.999999 1.46E+06 1.836E-07
soil 3.6578E-12 0.001509 0.949678 1.46E+06 7.653E-09
forage - root uptake & | 3 ¢57gE 1 2.68916 0.949678 1.46E+06 | 1.364E-05

rain splash
forage - direct deposition 1.6460E-09 4.8433E-04 0.999999 1.46E+06 1.164E-06
stored hay - root uptake &
rain splash

stored hay - direct
deposition

3.6578E-12 1.3944 0.949677 1.46E+06 7.072E-06

1.6460E-09 4.3458E-04 0.999999 1.46E+06 1.044E-06

Total dose 2.311E-05

The calculation of lifetime cancer risk from consumption of beef is summarized in the
table below. The lower portion of the table has the contribution from residual contamination due
to prior irrigation. The upper portion of the table shows the contribution from 30 years of active
irrigation.

Calculation of Lifetime Cancer Risk from Beef
Decay & | Ingestion Risk
Media Leaching Factor Lifetime Cancer
Component Concentration | Intake Factor Factor (risk/Ci) Risk

water 3.0E-11 0.12575 0.999999 4.00 1.509E-11

soil 1.0973E-10 0.001509 0.949678 4.00 6.290E-13

forage - ros";lzgﬁake &rain| 1973810 2.68916 0.949678 4.00 1.121E-09

forage - direct deposition 4.9380E-08 4.8433E-04 0.999999 4.00 9.566E-11

stored hay - root uptake & | | 1954 1o 13944 0.949677 4.00 5.812E-10
rain splash

stored hay - direct 4.9380E-08 | 4.3458E-04 | 0.999999 4.00 8.584E-11
deposition

soil 7.1405E-10 0.001509 0.949248 4.00 4.091E-12

forage - r":;l‘;fflake &rain| 5 4058-10 2.68916 0.949248 4.00 7.291E-09

stored hay - root uptake & | - | 405p 10 13944 0.949248 4.00 3.781E-09
rain splash

Total risk 1.298E-08
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Ingestion Dose: (milk, Section A4.0)
The dose for each pathway is calculated using the same approach as used for beef cattle.

Direct Deposition Intake Factors for Milk Cows
Effective Daily Feed
Growing Trans- Intake by Annual
Animal |Interception| Period location | Crop Yield | Animal [Water Intake
Feed Type | Fraction (days) Factor (kg/m?) (kg/d) (m?)
fresh forage 0.25 15.62 1 1.5 36 2.0849E-03
stored hay 0.25 18.02 1 1 29 2.9064E-03
stored grain 0.25 19.96 0.1 1 2 2.2202E-05
water 60 0.48720
Rain Splash Intake Factors for Milk Cows
Effective Daily Feed
Growing Trans- Intake by | Annual Soil
Animal |Interception| Period location | Crop Yield | Animal Intake
Feed Type | Fraction (days) Factor (kg/mz) (kg/d) (kgly)
fresh forage| 0.6160 15.62 1 1.5 36 5.0628E-04
stored hay 0.4717 18.02 1 1 29 5.4043E-04
stored grain| 0.4717 19.96 0.1 1 2 4.1283E-06
soil 0.8 0.006496
For direct deposition, the last column shows the effective annual water intake by humans from direct
deposition onto the vegetation eaten by the milk cow. It is calculated using the formula below.

(Annual milk)(Transfer)(Interception)(Translocation)(Growing Time)(Daily feed) / (Yield) / (365 d/y)
For rain splash, the last column shows the effective annual soil intake by humans from rain splash onto the
vegetation eaten by the milk cow. It is calculated using the formula below.

(Annual milk)(Transfer)(Splash)(Interception)(Translocation)(Growing Time)(Daily feed) / (Yield)

The annual amount of contaminated milk intake is 58 kg from Table A5. The equilibrium transfer factor for
milk is 1.4E-4 d/kg from Table A33. The splash factor is 0.00027 kg/m” per day as discussed in Section A5.2.
The annual soil intake by humans from soil eaten by the milk cow (0.8 kg/d from Table A32) is calculated as

(Annual milk)(Transfer)(Soil intake)

Root Uptake Intake Factors for Milk Cows

Annual Food | Annual Soil | Total Soil

Concentration | dry-to-wet | Consumption| Intake Intake

Ratio for Tc ratio (kgly) (kgly) (kgly)
fresh forage 180 0.22 58 11.575872 | 11.576378
stored hay 180 0.22 58 9.325008 | 9.325548
stored grain 0.73 0.22 58 0.002608 | 0.0026121

The second last column shows the effective annual soil intake by humans from root uptake into the
vegetation eaten by the milk cow. It is calculated using the formula below.

(Annual milk)(Transfer)(Conc ratio)(dry-to-wet ratio)(Daily feed intake)
The daily feed intakes are shown in the previous table. The equilibrium transfer factor for milk is
1.4E-4 d/kg from Table A33.
The “Total Soil Intake” is the sum of the intakes from rain splash (previous table) and root uptake.
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The calculation of ingestion dose the first year after the start of irrigation from the
consumption of contaminated milk is summarized in the table below.

Calculation of Ingestion Dose from Milk
Decay & |Ingestion Dose

Media Leaching Factor Annual Dose
Component Concentration Intake Factor Factor (mrem/Ci) (mrem)
water 1.0E-12 0.4872 1 1.46E+06 7.113E-07
soil 3.6578E-12 0.006496 0.716379 1.46E+06 2.485E-08
forage - root uptake & | 3 (5705 15 11.576378 0.716379 146E+06 | 4.429E-05

rain splash
forage - direct deposition 1.6460E-09 2.0849E-03 1 1.46E+06 5.010E-06
stored hay - root uptake &
rain splash

stored hay - direct
deposition

3.6578E-12 9.325548 0.949677 1.46E+06 4.730E-05

1.6460E-09 2.9064E-03 0.999999 1.46E+06 6.985E-06

Total dose 1.043E-04

The calculation of lifetime cancer risk from consumption of milk is summarized in the
table below. The lower portion of the table has the contribution from residual contamination due
to prior irrigation. The upper portion of the table shows the contribution from 30 years of active
irrigation.

Calculation of Lifetime Cancer Risk from Milk
Decay & | Ingestion Risk
Media Leaching Factor Lifetime Cancer
Component Concentration | Intake Factor Factor (risk/Ci) Risk

water 3.0E-11 0.4872 1 4.00 5.846E-11

soil 1.0973E-10 0.006496 0.716379 4.00 2.043E-12

forage - ros";lzgﬁake &rain| 59738 10 11.576378 0.716379 4.00 3.640E-09

forage - direct deposition 4.9380E-08 2.0849E-03 1 4.00 4.118E-10

stored hay - root uptake & |} 9735 1 9.325548 0.949677 4.00 3.887E-09
rain splash

stored hay - direct 4.9380E-08 2.9064E-03 | 0.999999 4.00 5.741E-10
deposition

soil 7.1405E-10 0.006496 0.925376 4.00 1.717E-11

forage - ros";lzgﬁake &rain| 5405810 11.576378 0.925376 4.00 3.060E-08

stored hay - rootuptake & | | 405 10 9325548 0.949248 4.00 2.528E-08
rain splash

Total risk 6.447E-08
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Ingestion Dose: (poultry, Section A4.0)
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The dose for each pathway is calculated using the same approach as used for beef cattle.

Direct Deposition Intake Factors for Poultry
Effective Daily Feed
Growing Trans- Intake by Annual
Animal |Interception| Period location | Crop Yield | Animal [Water Intake
Feed Type | Fraction (days) Factor (kg/m?) (kg/d) (m?)
fresh forage 0.25 15.62 1 1.5 0.13 4.0890E-04
stored hay 0.25 18.02 1 1 0 0
stored grain 0.25 19.96 0.1 1 0.09 5.4261E-05
water 0.3 0.1323
Rain Splash Intake Factors for Poultry
Effective Daily Feed
Growing Trans- Intake by | Annual Soil
Animal |Interception| Period location | Crop Yield | Animal Intake
Feed Type | Fraction (days) Factor (kg/mz) (kg/d) (kgly)
fresh forage| 0.6160 15.62 1 1.5 0.13 9.9292E-05
stored hay 0.4717 18.02 1 1 0 0
stored grain| 0.4717 19.96 0.1 1 0.09 1.0090E-05
soil 0.011 0.004851
For direct deposition, the last column shows the effective annual water intake by humans from direct
deposition onto the vegetation eaten by the chicken. It is calculated using the formula below.

(Annual poultry)(Transfer)(Interception)(Translocation)(Growing Time)(Daily feed) / (Yield) / (365 d/y)
For rain splash, the last column shows the effective annual soil intake by humans from rain splash onto the
vegetation eaten by the chicken. It is calculated using the formula below.

(Annual poultry)(Transfer)(Splash)(Interception)(Translocation)(Growing Time)(Daily feed) / (Yield)
The annual amount of poultry intake is 11.7 kg from Table A5. The equilibrium transfer factor for poultry is
0.03 d/kg from Table A33. The splash factor is 0.00027 kg/m” per day as discussed in Section A5.2.

The annual soil intake by humans from soil eaten by the chicken (0.011 kg/d from Table A32) is calculated as

(Annual poultry)(Transfer)(Soil intake)

Root Uptake Intake Factors for Poultry

Annual Food | Annual Soil | Total Soil
Concentration | dry-to-wet | Consumption| Intake Intake
Ratio for Tc ratio (kgly) (kgly) (kgly)
fresh forage 180 0.22 14.7 2.270268 | 2.2703673
stored hay 180 0.22 14.7 0 0
stored grain 0.73 0.22 14.7 0.006374 | 0.0063841

The second last column shows the effective annual soil intake by humans from root uptake into the
vegetation eaten by the chicken. It is calculated using the formula below.

(Annual poultry)(Transfer)(Conc ratio)(dry-to-wet ratio)(Daily feed intake)
The daily feed intakes are shown in the previous table. The equilibrium transfer factor for poultry is
0.03 d/kg from Table A33.
The “Total Soil Intake” is the sum of the intakes from rain splash (previous table) and root uptake.
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The calculation of ingestion dose the first year after the start of irrigation from the
consumption of contaminated poultry is summarized in the table below.

Calculation of Ingestion Dose from Poultry
Decay & |Ingestion Dose

Media Leaching Factor Annual Dose
Component Concentration Intake Factor Factor (mrem/Ci) (mrem)
water 1.0E-12 0.1323 1 1.46E+06 1.932E-07
soil 3.6578E-12 0.004851 0.716379 1.46E+06 1.856E-08
forage - root uptake & | 3 (5705 15 22703673 0.716379 146E+06 | 8.686E-06

rain splash
forage - direct deposition 1.6460E-09 4.0890E-04 1 1.46E+06 9.827E-07
stored hay - root uptake &
rain splash

stored hay - direct
deposition

3.6578E-12 0 0.949677 1.46E+06 0

1.6460E-09 0 0.999999 1.46E+06 0

Total dose 9.880E-06

The calculation of lifetime cancer risk from consumption of poultry is summarized in the
table below. The lower portion of the table has the contribution from residual contamination due
to prior irrigation. The upper portion of the table shows the contribution from 30 years of active
irrigation.

Calculation of Lifetime Cancer Risk from Poultry
Decay & | Ingestion Risk
Media Leaching Factor Lifetime Cancer
Component Concentration | Intake Factor Factor (risk/Ci) Risk
water 3.0E-11 0.1323 1 4.00 1.588E-11
soil 1.0973E-10 0.004851 0.716379 4.00 1.525E-12
forage - ros";lzgﬁake &rain| 59738 10 2.2703673 0.716379 4.00 7.139E-10
forage - direct deposition 4.9380E-08 4.0890E-04 1 4.00 8.077E-11
stored hay - root uptake & |} 9735 19 0 0.949677 4.00 0
rain splash
stored hay - direct 4.9380E-08 0 0.999999 4.00 0
deposition
soil 7.1405E-10 0.004851 0.925376 4.00 1.282E-11
forage - ros";lzgﬁake &rain| 5405810 2.2703673 0.925376 4.00 6.001E-09
stored hay - rootuptake & | | 405p 10 0 0.949248 4.00 0
rain splash
Total risk 6.826E-09




HNF-SD-WM-TI-707 Rev 3 Page B-69

Ingestion Dose: (eggs, Section A4.0)

The dose for each pathway is calculated using the same data used for poultry since both
are chickens. The difference is only in the equilibrium transfer factor (3.0 d/kg for eggs) and the
annual consumption (6.8 kg egg per year). These lead to different intake factors than the poultry
tables. The resulting doses and risks are shown in the tables below.

Calculation of Ingestion Dose from Eggs

Decay & |Ingestion Dose
Media Leaching Factor Annual Dose
Component Concentration Intake Factor Factor (mrem/Ci) (mrem)
water 1.0E-12 6.12 1 1.46E+06 8.935E-06
soil 3.6578E-12 0.2244 0.716379 1.46E+06 8.585E-07
forage - root uptake & | 3 (5705 15 105.02379 0.716379 1.46E+06 | 4.018E-04
rain splash
forage - direct deposition 1.6460E-09 1.8915E-02 1 1.46E+06 4.546E-05
stored hay - root uptake &) 3 (s7qp 1 0 0.949677 | 1.46E+06 0
rain splash
stored hay - direct 1.6460E-09 0 0.999999 | 1.46E+06 0
deposition
Total dose 4.570E-04
Calculation of Lifetime Cancer Risk from Eggs
Decay & | Ingestion Risk
Media Leaching Factor Lifetime Cancer
Component Concentration | Intake Factor Factor (risk/Ci) Risk
water 3.0E-11 6.12 1 4.00 7.344E-10
soil 1.0973E-10 0.2244 0.716379 4.00 7.056E-11
forage - ros";lzgﬁake &rain| - 49738 10 105.02379 | 0.716379 4.00 3.302E-08
forage - direct deposition 4.9380E-08 1.8915E-02 1 4.00 3.736E-09
stored hay - rootuptake & | 4973 1 0 0.949677 4.00 0
rain splash
stored hay - direct 4.9380E-08 0 0.999999 4.00 0
deposition
soil 7.1405E-10 0.2244 0.925376 4.00 5.931E-10
forage - r":;lzg’flake &rain| 5405810 105.02379 | 0.925376 4.00 2.776E-07
stored hay - rootuptake & |5 14055 1 0 0.949248 4.00 0
rain splash
Total risk 3.157E-07

Total dose and risk for the animal pathways:
2.311E-5 + 1.043E-4 + 9.880E-6 + 4.570E-4 = 5.943E-4 mrem
1.298E-8 + 6.447E-8 + 6.826E-9 + 3.157E-7 = 4.000E-7
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Total Dose for the All Pathways Farmer (irrigation from a well):

4.498E-7 + 1.177E-8 + 1.542E-7 + 1.396E-7 + 7.957E-4 + 3.615E-4 + 5.943E-4 mrem =
1.752E-3 mrem per pCi/L
Note that the all pathways farmer’s total dose factor from Table 12 is 1.75E-3 mrem/y per pCi/L.

Total Lifetime Cancer Risk for the All Pathways Farmer (irrigation from a well):

2.284E-11 + 5.619E-12 + 2.831E-11 + 2.067E-10 + 4.496E-8 + 2.523E-7 + 4.000E-7 =
6.975E-7 per pCi/L
Note that the all pathways farmer’s total risk factor from Table 14 is 6.97E-7 per pCi/L.

The above total applies to the inland well situation in which does not include a dose from
fish. When the Columbia River is the source of Tc-99, the fish dose is calculated as shown
below and added to the above total. The concentration ratio for technetium in fish is 20 L/kg.
The intake factor is this concentration ratio multiplied by the annual intake of fish, 3.29 kg.

Ingestion Dose: (fish, Table AS)
(1.0E-12 Ci/L)(65.8 L)(1.46E6 mrem/Ci) = 9.607E-5 mrem
(3.0E-11 Ci/L)(65.8 L)(4.00 risk/Ci) = 7.896E-9 risk
Note that the all pathways farmer’s fish dose factor from Table 11 is 9.61E-5 mrem/y per pCi/L.

The cumulative concentration of Tc-99 in sediment after a 20-year accumulation period is
calculated as shown below. The first three rows are for a one-year exposure. The second three
rows are for a 30-year exposure.

Exp[-(20)(0.208336 y")] = 0.0155030  Exp[-(21)(0.208336 y)] = 0.0125874
1-year case = [(1y) - (0.0155030 - 0.0125874)/(0.208336 y™)]/(0.208336) = 4.73277 y
Sediment Conc = (1.0E-12 Ci/L)(25,300 L/m*/y)(4.73277 y) = 1.1974E-7 Ci/m’

Exp[-(50)(0.208336 y)] = 0.00002993
30-year case = [(30y) - (0.0155030 - 0.00002993)/(0.208336 y™)]/(0.208336) = 143.642 y
Sediment Conc = (1.0E-12 Ci/L)(25,300 L/m*/y)(4.73277 y) = 3.6341E-6 Ci/m’

External Dose: (shoreline sediment)
(1.197E-7 Ci/m?)(11 h)(0.0635 mrem/h per Ci/m”) = 8.364E-8 mrem
(3.634E-6 Ci/m?)(11 h)(4.13E-8 risk/h per Ci/m%) = 1.651E-12 risk

Ingestion Dose: (soil only, Table A8)
Note that the sediment concentrations used for external dose are divided by 225 kg/m? to convert
them into mass concentrations (Ci/kg).

(5.322E-10 Ci/kg)(0.0007 kg)(1.46E6 mrem/Ci) = 5.439E-7 mrem

(1.615E-8 Ci/kg)(0.0007 kg)(7.66 risk/Ci) = 8.661E-11 risk

Total Dose for the All Pathways Farmer (irrigation from the Columbia River):
1.752E-3 + 9.607E-5 + 8.364E-8 + 5.439E-7 = 1.849E-3 mrem per pCi/L
Note that the all pathways farmer’s total dose factor from Table 13 is 1.85E-3 mrem/y per pCi/L.
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Total Lifetime Cancer Risk for the All Pathways Farmer (irrigation from the Columbia River):
6.975E-7 + 7.896E-9 + 1.651E-12 + 8.661E-11 = 7.055E-7 per pCi/L
Note that the all pathways farmer’s total dose factor from Table 14 is 7.05E-7 per pCi/L.
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