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Introduction1

This appendix provides equations that supplement the equations provided in the text of section 62
(Environmental Modeling) of this work plan.  Equations that support the soil, surface water, and sediment3
accumulation modeling and data are provided in this appendix.  Equations shown in section 6 refer to the4
immediate supporting equations within Appendix B-2.  Parameters that are functions of other parameters5
are presented only in Appendix B-2 (for example, the equation for the soil loss constant due to biotic and6
abiotic degradation, presented in Eq. B2-1, is referenced in the definition of parameters used to estimate7
the total soil loss constant, which is shown in Eq. B2-10, which is referenced in equations 6-1 through 6-48
in section 6.2).  Section 6 presents only the “high-level” equations; all supporting equations (including9
supporting equations for parameters that appear in other supporting equations) are presented in this10
appendix.  A description of how the parameters shown in this appendix link to the equations in section 611
is provided for each equation in this appendix.12

13
Because many of the equations used in the soil modeling are functions of other equations, the14
intermediary calculations necessary to calculate the chemical of potential concern (COPC) or radionuclide15
of potential concern (ROPC) concentrations in soil should be performed in a logical order.  The equations16
for these intermediary calculations can be found in this appendix; values for the contaminant-specific17
parameters are presented in Appendix B-1, tables B1-1 (for organic COPCs), B1-2 (inorganic COPCs),18
and B1-3 (ROPCs).  The order for these intermediary calculations is as follows:19

20
1 Individual COPC and ROPC soil loss mechanisms should be estimated first.  These include soil loss21

constant due to biotic and abiotic degradation (see Eq. B2-1), soil loss constant due to radiological22
decay (Eq. B2-2), soil loss constant due to leaching (Eq. B2-3), soil loss constant due to surface23
runoff (Eq. B2-4), soil loss constant due to volatilization (Eq. B2-5), and soil loss constant due to soil24
erosion (Eq. B2-9).  These soil loss mechanisms are estimated using methods provided in EPA 1998a,25
along with Hanford-specific parameter values (a site-specific parameter value unique to the Hanford26
Site), site-specific parameter values (a parameter unique to a site and independent of the constituent27
being evaluated; the actual value may be a default value and not specific to the Hanford Site), and28
contaminant-specific parameter values (a parameter unique to a contaminant and independent of the29
site being evaluated) where appropriate (see Table 6-1 for Hanford-specific and site-specific30
parameter values and Appendix B-1 for contaminant-specific parameter values).31

2 Next, the total soil loss (summing across all available soil loss mechanisms) for each soil depth32
(untilled soil, root zone soil, and tilled soil) should be computed.  See Eq. B2-10.33

3 The deposition term (denoted by Ds) used to estimate the soil concentration should be calculated next34
(see Eq. B2-11 for COPCs and Eq. B2-12 for ROPCs).  Note that for mercury, the deposition term to35
soil is modeled slightly differently from all other COPCs (as specified in EPA 1998a).  Eq. B2-13 is36
used to estimate Ds for total mercury; Eq. B2-14 estimates Ds for divalent mercury; and Eq. B2-1537
estimates Ds for methyl mercury.  Note also because there are multiple flues from the facility, the38
deposition term to soil (Eq. B2-11 through Eq. B2-15) should be calculated for each individual flue39
before summing across flues to obtain a total deposition across all flues.  The deposition term to soil40
is estimated using methods provided in EPA 1998a, along with site-specific parameter values where41
appropriate (see Appendix B-1 for details).42
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4 Finally, soil concentrations should be calculated (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The soil1
concentrations are estimated using methods provided in EPA 1998a, along with site-specific2
parameter values where appropriate (see Table 6-1 for a list of site-specific parameter values used in3
soil modeling).4

5
The specific equations to support the soil, surface water, and sediment accumulation modeling follow.6

7
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Equation B2-11

2
Values for the soil loss constant due to biotic and abiotic degradation (ksg) for inorganic and organic3
COPCs are found in the Human Health Risk Assessment Protocol (HHRAP) (EPA 1998a).  In the event4
that values do not appear in the HHRAP, Eq. B2-1 (based on information in EPA 1998a) is used to5
calculate the soil loss constant due to biotic and abiotic degradation for organic COPCs (ksg is not6
estimated for ROPCs).  ksg is used in the estimation of the total soil loss constant (see Eq. B2-10), which7
is used in the estimation of soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation8
to estimate ksg for organic COPCs is:9

10

22/1

1

CFt
CF

ksg
�

�  (Eq. B2-1)11

12
where:13

14
ksg = COPC soil loss constant due to biotic and abiotic degradation (yr-1).  ksg is15

COPC-specific.  If no ksg value exists for a constituent, the model uses ksg = 0 yr-1.16
Values for ksg are shown in Appendix B-1, tables B1-1 (organic COPCs) and B1-217
(inorganic COPCs).18

CF1 = conversion factor of 0.693, equal to the natural logarithm of 219
t1/2 = half-life of the compound (days).  The parameter t1/2 is COPC-specific and is shown in20

Appendix B-1, Table B1-1, for organic COPCs.21
CF2 = conversion factor of 1/365 (yr/d), used to convert half-life from units of days to years22

23
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Equation B2-21

2
Equation B2-2 (modified for ROPCs from Eq. B2-1) is used to calculate the soil loss constant due to3
radiological decay (kdecay) for ROPCs (kdecay is not estimated for COPCs).  kdecay is used in the estimation4
of the total soil loss constant (see Eq. B2-10), which is used in the estimation of soil concentrations (see5
Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation to estimate kdecay for all ROPCs is:6

7

22/1

1

CFt
CF

kdecay
�

�  (Eq. B2-2)8

9
where:10

11
kdecay = ROPC soil loss constant due to radiological decay (yr-1).  kdecay is ROPC-specific.  If12

no kdecay value exists for a constituent, the model uses kdecay = 0 yr-1.  Values for kdecay13
are shown in Appendix B-1, Table B1-3.14

CF1 = conversion factor of 0.693, equal to the natural logarithm of 215
t1/2 = half-life of the ROPC (days).  The parameter t1/2 is ROPC-specific and is shown in16

Appendix B-1, Table B1-3.17
CF2 = conversion factor of 1/365 (yr/d), used to convert half-life from units of days to years18

19
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Equation B2-31

2
Soil loss due to leaching (ksl) is a function of the amount of water available to generate leachate and soil3
properties such as bulk density, soil moisture, soil porosity, and soil sorption properties (EPA 1998a).4
Eq. B2-3 (Eq. 5-5A in EPA 1998a) is used to calculate the soil loss constant due to leaching for COPCs5
and ROPCs.  ksl is used in the estimation of the total soil loss constant (see Eq. B2-10), which is used in6
the estimation of soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation to7
estimate ksl is:8

9

)]/(1[ swsssw

v
l BDKdZ

EROIPks
�� ����

���
�  (Eq. B2-3)10

11
where:12

13
ksl = COPC or ROPC soil loss constant due to leaching (yr-1).  ksl is COPC- and ROPC-14

specific and depth-specific.  If no ksl value exists for a constituent, the model uses ksl =15
0 yr-1.16

P = average annual precipitation (cm/yr).  A value of 18.19 cm/yr (7.16 inches/yr for17
Richland, Washington; Western Regional Climate Center 2002) is used (see Table 6-1).18

I = average annual irrigation (cm/yr).  A value of 0 cm/yr is used (assumed value; see19
Table 6-1).20

RO = average annual surface runoff from pervious areas (cm/yr).  RO is site-specific.  A21
value of 2.5 cm/yr (estimated value, assuming that the majority of rainfall recharges or22
evaporates) is used (see Table 6-1).23

Ev = average annual evapotranspiration (cm/yr).  Ev is site-specific.  A value of 12.045 cm/yr24
(converted from 0.33 mm/day; National Environmental Research Park 2002) is used25
(see Table 6-1).26

�sw = soil volumetric water content (mL water/cm3 soil).  �sw is site-specific.  The27
recommended default value of 0.2 mL/cm3 (EPA 1998a) is used (see Table 6-1).28

Zs = soil mixing zone depth (cm).  Three different values (depths) are used for Zs: untilled29
soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see Table 6-1).30

Kds = soil-water partition coefficient (mL water/g soil).  Kds is COPC- and ROPC-specific31
and can be found in Appendix B-1, tables B1-1 (organic COPCs), B1-2 (inorganic32
COPCs), and B1-3 (ROPCs).  If no Kds value exists for a constituent, the model uses33
Kds = 0 mL/g.34

BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and35
others 1998) is used (see Table 6-1).36

37
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Equation B2-41

2
Equation B2-4 (Eq. 5-4 in EPA 1998a) is used to calculate the soil loss constant due to surface runoff3
(ksr) for COPCs and ROPCs.  ksr is used in the estimation of the total soil loss constant (see Eq. B2-10),4
which is used in the estimation of soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The5
equation to estimate ksr is:6

7

��
�

�
��
�

�

��
���

�

�
��
�

�

�
	

)/(1
1

swsssw
r BDKdZ

ROks
��

 (Eq. B2-4)8

9
where:10

11
ksr = COPC or ROPC soil loss constant due to surface runoff (yr-1).  ksr is COPC- and12

ROPC-specific and depth-specific.  If no ksr value exists for a constituent, the model13
uses ksr = 0 yr-1.14

RO = average annual surface runoff from pervious areas (cm/yr).  RO is site-specific.  A15
value of 2.5 cm/yr (estimated value, assuming that the majority of rainfall recharges or16
evaporates) is used (see Table 6-1).17

�sw = soil volumetric water content (mL water/cm3 soil).  �sw is site-specific.  The18
recommended default value of 0.2 mL/cm3 (EPA 1998a) is used (see Table 6-1).19

Zs = soil mixing zone depth (cm).  Three different values (depths) are used for Zs: untilled20
soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see Table 6-1).21

Kds = soil-water partition coefficient (mL water/g soil).  Kds is COPC- and ROPC-specific22
and can be found in Appendix B-1, tables B1-1 (organic COPCs), B1-2 (inorganic23
COPCs), and B1-3 (ROPCs).  If no Kds value exists for a constituent, then the soil loss24
due to surface runoff (ksr) is assigned a value of 0 yr-1.25

BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and26
others 1998) is used (see Table 6-1).27

28
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Equation B2-51

2
Volatile and semivolatile organic COPCs, as well as mercury, emitted in high concentrations may become3
adsorbed to soil particles and exhibit volatilization losses from soil (ksv).  This soil loss is a function of4
the rate of movement of the COPCs to the soil surface, the chemical vapor concentration at the soil5
surface, and the rate at which vapor is carried away by the atmosphere (EPA 1998a).  Eq. B2-5 (Eq. 4-9 in6
EPA 1998b and recommended for use in EPA 1999) is used to calculate the soil loss constant due to7
volatilization for organic COPCs and mercury (ksv is assumed to be zero for ROPCs and inorganic8
COPCs (except for mercury) since these constituents are not considered as being volatile).  ksv is used in9
the estimation of the total soil loss constant (see Eq. B2-10), which is used in the estimation of soil10
concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation to estimate ksv is:11

12
tv KKeks ��  (Eq. B2-5)13

14
where:15

16
ksv = COPC soil loss constant due to volatilization (yr-1).  ksv is COPC-specific and17

depth-specific.  If no ksv value can be calculated for a constituent, then the soil loss due18
to volatilization (ksv) is assigned a value of 0 yr-1.19

Ke = equilibrium coefficient (s/yr-cm).  Ke is COPC-specific, depth-specific, and calculated20
in Eq. B2-6.  If Ke cannot be calculated, then the soil loss due to volatilization (ksv) is21
assigned a value of 0 yr-1.22

Kt = gas-phase mass transfer coefficient (cm/s).  Kt is COPC-specific, depth-specific, and23
calculated in Eq. B2-7.  If Kt cannot be calculated, then the soil loss due to24
volatilization (ksv) is assigned a value of 0 yr-1.25

26
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Equation B2-61

2
Equation B2-6 calculates the equilibrium coefficient (Ke), which is used in the determination of the soil3
loss due to volatilization (ksv) for organic COPCs and mercury.  (Ke is not estimated for ROPCs and4
inorganic COPCs [except for mercury], based on the lack of Henry’s Law Constants.)  Note that ksv is5
used in the estimation of the total soil loss constant (see Eq. B2-10), which is used in the estimation of6
soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation to estimate Ke (Eq. 4-10 in7
EPA 1998b and recommended for use in EPA 1999) is:8

BDTRKdZ
HCFKe

wkss ����

�

�
 (Eq. B2-6)9

10
where:11

12
Ke = equilibrium coefficient (s/yr-cm).  Ke is COPC-specific and depth-specific.  If Ke13

cannot be calculated, then the soil loss due to volatilization (ksv) is assigned a value of14
0 yr-1.15

CF = units conversion factor of 3.1536E+07 (s/yr)16
H = Henry’s Law Constant (atm-m3/mol).  H is COPC-specific and is shown in17

Appendix B-1, Table B1-1, for organic COPCs and in Table B1-2 for mercury.  If no18
value is available for H, then Ke is not calculated and the soil loss due to volatilization19
(ksv) is assigned a value of 0 yr-1.20

Zs = soil mixing zone depth (cm).  Three different values (depths) are used for Zs: untilled21
soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see Table 6-1).22

Kds = soil-water partition coefficient (mL water/g soil).  Kds is COPC-specific and can be23
found in Appendix B-1, Table B1-1, for organic COPCs and in Table B1-2 for24
mercury.  If no Kds value exists for a constituent, then Ke is not calculated and the soil25
loss due to volatilization (ksv) is assigned a value of 0 yr-1.  Note that Kds = Koc �  foc,26
where Koc is the organic carbon partition coefficient for soil (mL water/g soil) and foc is27
the fraction of organic carbon in soil (unitless).  Koc is COPC-specific and can be found28
in Appendix B-1, Table B1-1, for organic COPCs, while the recommended default29
value of foc = 0.01 mL/g (EPA 1998a) can be used to estimate Kds for organic COPCs30
(see Table 6-1).31

R = universal gas constant (atm-m3/mol-�K).  A value of R = 8.205 �  10-5 atm-m3/mol-�K32
(EPA 1998a) is used (see Table 6-1).33

Twk = water body temperature (�K).  Twk is site-specific.  The recommended default value of34
298�K (EPA 1998a) is used (see Table 6-1).35

BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and36
others 1998) is used (see Table 6-1).37

38
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Equation B2-71

2
Equation B2-7 calculates the gas-phase mass transfer coefficient (Kt), which is used in the determination3
of the soil loss due to volatilization (ksv) for organic COPCs and mercury.  (Kt is not estimated for ROPCs4
and inorganic COPCs [except for mercury], based on the lack of diffusivity values.)  Note that ksv is used5
in the estimation of the total soil loss constant (see Eq. B2-10), which is used in the estimation of soil6
concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation to estimate Kt (Eq. 4-5 in7
EPA 1998b and recommended for use in EPA 1999) is:8

s

va
t Z

D
K

��
�

 (Eq. B2-7)9

10
where:11

12
Kt = gas-phase mass transfer coefficient (cm/s).  Kt is COPC-specific and depth-specific.  If13

Kt cannot be calculated, then the soil loss due to volatilization (ksv) is assigned a value14
of 0 yr-1.15

Da = diffusion coefficient of contaminant in air (cm2/s).  Da is COPC-specific and is shown16
in Appendix B-1, Table B1-1, for organic COPCs and Table B1-2 for mercury.  If no17
value is available for Da, then Kt is not calculated and the soil loss due to volatilization18
(ksv) is assigned a value of 0 yr-1.19

�v = soil void fraction (cm3/cm3).  �v is the volumetric fraction of a soil that does not contain20
solids or water and is calculated in Eq. B2-8.21

Zs = soil mixing zone depth (cm).  Three different values (depths) are used for Zs: untilled22
soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see Table 6-1).23

24
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Equation B2-81

2
Equation B2-8 calculates the soil void fraction (�v), which is used in the determination of the soil loss due3
to volatilization (ksv) for organic COPCs and mercury.  (ksv is assumed to be zero for ROPCs and4
inorganic COPCs [except for mercury] since these constituents are not considered as being volatile; thus,5
�v is not estimated for ROPCs and inorganic COPCs [except for mercury].)  Note that ksv is used in the6
estimation of the total soil loss constant (see Eq. B2-10), which is used in the estimation of soil7
concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation to estimate �v (Eq. 4-6 in8
EPA 1998b and recommended for use in EPA 1999) is:9

10

sw
s

v
BD

�
�

� ���
�

�
��
�

�
�� 1  (Eq. B2-8)11

12
where:13

14
�v = soil void fraction (cm3/cm3).  �v is the volumetric fraction of a soil that does not contain15

solids or water.16
BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and17

others 1998) is used (see Table 6-1).18
�s = solids particle density (g/cm3).  �s is site-specific.  A value of 2.65 g/cm3 (the default19

value from EPA 1996) is used (see Table 6-1).20
�sw = soil volumetric water content (mL water/cm3 soil).  �sw is site-specific.  The21

recommended default value of 0.2 mL/cm3 (EPA 1998a) is used (see Table 6-1).22
23
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Equation B2-91

2
Equation B2-9 is used to calculate the soil loss constant due to soil erosion (kse) for COPCs.  (Since a soil3
enrichment ratio is not available for ROPCs, kse is not estimated for ROPCs.)  kse is used in the4
estimation of the total soil loss constant (see Eq. B2-10), which is used in the estimation of soil5
concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2). The equation to estimate kse (Eq. 5-3 in6
EPA 1998a) is:7

8

��
�

�
��
�

�

��

�
���

�

�
��
�

�

�

���
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 (Eq. B2-9)9

10
where:11

12
kse = COPC soil loss constant due to soil erosion (yr-1).  kse is COPC-specific and13

depth-specific.  If no kse value exists for a constituent, the model uses kse = 0 yr-1.14
CF = units conversion factor of 0.1 (g-m2/kg-cm2)15
Xe = unit soil loss (kg/m2-yr).  Xe is site-specific and calculated in Eq. B2-39.16
SD = watershed sediment delivery ratio (unitless).  SD is site-specific and is calculated in17

Eq. B2-40.18
ER = soil enrichment ratio (unitless).  ER is site-specific.  The following recommended19

values (EPA 1998a) are used: 3 for organic COPCs and 1 for inorganic COPCs (see20
Table 6-1).  No value is used for ROPCs and, thus, no soil loss due to soil erosion is21
quantified for ROPCs.22

BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and23
others 1998) is used (see Table 6-1).24

Zs = soil mixing zone depth (cm).  Three different values (depths) are used for Zs: untilled25
soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see Table 6-1).26

Kds = soil-water partition coefficient (mL water/g soil).  Kds is COPC-specific and can be27
found in Appendix B-1, tables B1-1 (organic COPCs) and B1-2 (inorganic COPCs).  If28
no Kds value exists for a constituent, the model assigns a value of 0 yr-1 for the soil loss29
due to soil erosion (kse).30

�sw = soil volumetric water content (mL water/cm3 soil).  �sw is site-specific.  The31
recommended default value of 0.2 mL/cm3 (EPA 1998a) is used (see Table 6-1).32

33
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Equation B2-101

2
Equation B2-10 calculates the total soil loss constant (ks) due to biotic and abiotic degradation,3
radiological decay, leaching, surface runoff, volatilization, and erosion.  ks is used in the estimation of4
soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The site-specific equation to estimate ks5
for all constituents (modified from Eq. 5-2A in EPA 1998a to include soil loss from radiological decay)6
is:7

8
evrldecayg kskskskskksks ������  (Eq. B2-10)9

10
where:11

12
ks = total COPC or ROPC soil loss constant due to biotic and abiotic degradation,13

radiological decay, leaching, surface runoff, volatilization, and erosion (yr-1).  ks is14
COPC-specific, site-specific, and depth-specific.  If no ks value exists for a constituent,15
the model uses ks = 0 yr-1.16

ksg = COPC soil loss constant due to biotic and abiotic degradation (yr-1).  ksg is17
COPC-specific, site-specific, and calculated in Eq. B2-1 for COPCs (but not for18
ROPCs).  If no ksg value exists for a constituent, the model uses ksg = 0 yr-1.19

kdecay = ROPC radiological decay constant (yr-1).  kdecay is ROPC-specific, site-specific, and20
calculated in Eq. B2-2 for ROPCs (but not for COPCs).  If no kdecay value exists for a21
constituent, the model uses kdecay = 0 yr-1.22

ksl = COPC or ROPC soil loss constant due to leaching (yr-1).  ksl is COPC- and ROPC-23
specific, site-specific, depth-specific, and is calculated in Eq. B2-3.  If no ksl value24
exists for a constituent, the model uses ksl = 0 yr-1.25

ksr = COPC or ROPC soil loss constant due to surface runoff (yr-1).  ksr is COPC- and26
ROPC-specific, site-specific, depth-specific, and is calculated in Eq. B2-4.  If no ksr27
value exists for a constituent, the model uses ksr = 0 yr-1.28

ksv = COPC or ROPC soil loss constant due to volatilization (yr-1).   ksv is COPC- and29
ROPC-specific, site-specific, depth-specific, and is calculated in Eq. B2-5.  If no ksv30
value exists for a constituent, the model uses ksv = 0 yr-1.31

kse = COPC soil loss constant due to soil erosion (yr-1).  kse is COPC-specific, site-specific,32
depth-specific, and is calculated in Eq. B2-9 for COPCs (but not for ROPCs).  If no kse33
value exists for a constituent, the model uses kse = 0 yr-1.34

35
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Equation B2-111

2
Equation B2-11 calculates the soil deposition term used in soil modeling (Ds) for all COPCs except total3
mercury (see Eq. B2-13), divalent mercury (see Eq. B2-14), and methyl mercury (see Eq. B2-15).  Ds is4
calculated for ROPCs using Eq. B2-12.  Ds is used in the estimation of soil concentrations (see Eq. 6-15
through Eq. 6-4 in section 6.2).  The equation to calculate Ds for COPCs (modified from Eq. 5-11 in6
EPA 1998a to incorporate dry deposition from vapor phase into the model) is:7

� �� �
BDZ

DywpDydpFDydvDywvFCFQ
Ds

S

vv

�

��������

�

)(1)(1  (Eq. B2-11)8

9
where:10

11
Ds = deposition term to soil (mg/kg-yr).  Ds is COPC-specific, site-specific, and12

depth-specific.13
Q = COPC-specific emission rate (g/s).  Q, obtained from calculations after the air14

dispersion modeling, is COPC-specific, site-specific, and flue-specific.  If no Q value15
exists for a constituent, the model uses Q = 0 g/s.16

CF1 = units conversion factor of 100 (mg-m2/kg-cm2)17
Fv = fraction of COPC air concentration in vapor phase (unitless).  Fv is COPC-specific,18

ranges from 0 to 1, and is shown in Appendix B-1, tables B1-1 (organic COPCs) and19
B1-2 (inorganic COPCs).  The model uses Fv = 1 for constituents modeled as only20
vapor phase.  Otherwise, the model uses Fv = 0.21

Dywv = unitized yearly average wet deposition from vapor phase (s/m2-yr).  Dywv, from the22
air dispersion modeling, is site-specific and flue-specific.  If no Dywv value exists for23
a constituent, the model uses Dywv = 0 s/m2-yr.24

Dydv = unitized yearly average dry deposition from vapor phase (s/m2-yr).  Dydv, from the25
air dispersion modeling, is site-specific and flue-specific.  If no Dydv value exists for26
a constituent, the model uses Dydv = 0 s/m2-yr.27

Dydp = unitized yearly average dry deposition from particle phase (s/m2-yr).  Dydp, from the28
air dispersion modeling, is site-specific and flue-specific.  If no Dydp value exists for29
a constituent, the model uses Dydp = 0 s/m2-yr.30

Dywp = unitized yearly average wet deposition from particle phase (s/m2-yr).  Dywp, from the31
air dispersion modeling, is site-specific and flue-specific.  If no Dywp value exists for32
a constituent, the model uses Dywp = 0 s/m2-yr.33

Zs = soil mixing zone depth (cm).  Zs is site-specific.  Three different values (depths) are34
used for Zs: untilled soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see35
Table 6-1).36

BD = soil bulk density (g/cm3).  A site-specific value of 1.3 g/cm3 (Halvorson and others37
1998) is used (see Table 6-1).38

39



24590-WTP-RPT-ENS-03-006, Rev 0
Environmental Risk Assessment Work Plan for the

Hanford Tank Waste Treatment and Immobilization Plant

Page B2-14

Equation B2-121
2

Equation B2-12 calculates the soil deposition term used in soil modeling (Ds) for all ROPCs (see3
equations B2-11, B2-13, B2-14, and B2-15 for COPCs).  Ds is used in the estimation of soil4
concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation to estimate Ds for ROPCs5
(comparable to Eq. 5-11 for COPCs in EPA 1998a, incorporating dry deposition from vapor phase into6
the model) is:7

8

� �� �
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DywpDydpFDydvDywvFCFQ
Ds
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vv
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��������

�

)(1)(1  (Eq. B2-12)9

where:10
11

Ds = deposition term to soil (pCi/g-yr).  Ds is ROPC-specific, site-specific, and12
depth-specific.13

Q = ROPC-specific emission rate (Ci/s).  Q, obtained from calculations after the air14
dispersion modeling, is ROPC-specific, site-specific, and flue-specific.  If no Q value15
exists for a constituent, the model uses Q = 0 Ci/s.16

CF1 = units conversion factor of 1 �  108 (pCi-m2/Ci-cm2)17
Fv = fraction of ROPC air concentration in vapor phase (unitless).  Fv is ROPC-specific,18

ranges from 0 to 1, and is shown in Appendix B-1, Table B1-3.  The model uses19
Fv = 1 for constituents modeled as only vapor phase.  Otherwise, the model uses20
Fv = 0.21

Dywv = unitized yearly average wet deposition from vapor phase (s/m2-yr).  Dywv, from the22
air dispersion modeling, is site-specific and flue-specific.  If no Dywv value exists for23
a constituent, the model uses Dywv = 0 s/m2-yr.24

Dydv = unitized yearly average dry deposition from vapor phase (s/m2-yr).  Dydv, from the25
air dispersion modeling, is site-specific and flue-specific.  If no Dydv value exists for26
a constituent, the model uses Dydv = 0 s/m2-yr.27

Dydp = unitized yearly average dry deposition from particle phase (s/m2-yr).  Dydp, from the28
air dispersion modeling, is site-specific and flue-specific.  If no Dydp value exists for29
a constituent, the model uses Dydp = 0 s/m2-yr.30

Dywp = unitized yearly average wet deposition from particle phase (s/m2-yr).  Dywp, from the31
air dispersion modeling, is site-specific and flue-specific.  If no Dywp value exists for32
a constituent, the model uses Dywp = 0 s/m2-yr.33

Zs = soil mixing zone depth (cm).  Zs is site-specific.  Three different values (depths) are34
used for Zs: untilled soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see35
Table 6-1).36

BD = soil bulk density (g/cm3).  A site-specific value of 1.3 g/cm3 (Halvorson and others37
1998) is used (see Table 6-1).38

39
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Equation B2-131

2
Equation B2-13 calculates the soil deposition term used in soil modeling for total mercury [Ds(Hg)].  Ds(Hg)3
is used in the estimation of soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The equation4
to estimate Ds(Hg) (modified from the equation for mercury modeling found in Table B-1-1 in EPA 1998a,5
incorporating dry deposition from vapor phase into the model) is:6

� �� �
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)(1)(48.0 1
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 (Eq. B2-13)7

8
where:9

10
Ds(Hg) = deposition term to soil for total mercury (mg/kg-yr).  Ds(Hg) is COPC-specific,11

site-specific, and depth-specific.12
Q = COPC-specific emission rate (g/s).  Q, obtained from calculations after the air13

dispersion modeling, is COPC-specific, site-specific, and flue-specific.  If no Q value14
exists for total mercury, the model uses Q = 0 g/s.15

CF1 = units conversion factor of 100 (mg-m2/kg-cm2)16
Fv = fraction of COPC air concentration in vapor phase (unitless).  Fv is COPC-specific,17

ranges from 0 to 1, and is shown in Appendix B-1, Table B1-2.  The model uses18
Fv = 0.85 (EPA 1998a) for total mercury; see Appendix B-1, Table B1-2.19

Dywv = unitized yearly average wet deposition from vapor phase (s/m2-yr).  Dywv, from the20
air dispersion modeling, is site-specific and flue-specific.  If no Dywv value exists for21
a constituent, the model uses Dywv = 0 s/m2-yr.22

Dydv = unitized yearly average dry deposition from vapor phase (s/m2-yr).  Dydv, from the23
air dispersion modeling, is site-specific and flue-specific.  If no Dydv value exists for24
a constituent, the model uses Dydv = 0 s/m2-yr.25

Dydp = unitized yearly average dry deposition from particle phase (s/m2-yr).  Dydp, from the26
air dispersion modeling, is site-specific and flue-specific.  If no Dydp value exists for27
a constituent, the model uses Dydp = 0 s/m2-yr.28

Dywp = unitized yearly average wet deposition from particle phase (s/m2-yr).  Dywp, from the29
air dispersion modeling, is site-specific and flue-specific.  If no Dywp value exists for30
a constituent, the model uses Dywp = 0 s/m2-yr.31

Zs = soil mixing zone depth (cm).  Zs is site-specific.  Three different values (depths) are32
used for Zs: untilled soil (1 cm), root-zone soil (15 cm), and tilled soil (20 cm) (see33
Table 6-1).34

BD = soil bulk density (g/cm3).  A site-specific value of 1.3 g/cm3 (Halvorson and others35
1998) is used (see Table 6-1).36

37
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Equation B2-141

2
Equation B2-14 calculates the soil deposition term used in soil modeling for divalent mercury [Ds(Hg2+)].3
Ds(Hg2+) is used in the estimation of soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The4
equation to estimate Ds(Hg2+) (from the equations for mercury modeling found in Table B-1-1 in5
EPA 1998a) is:6

7
)()( 98.02 HgHg DsDs ��

�
 (Eq. B2-14)8

9
where:10

11
Ds(Hg2+) = deposition term to soil for divalent mercury (mg/kg-yr).  Ds(Hg2+) is COPC-specific,12

site-specific, and depth-specific.13
Ds(Hg) = deposition term to soil for total mercury (mg/kg-yr).  Ds(Hg) is COPC-specific,14

site-specific, depth-specific, and calculated in Eq. B2-13.15
16
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Equation B2-151

2
Equation B2-15 calculates the soil deposition term used in soil modeling for methyl mercury [Ds(MHg)].3
Ds(MHg) is used in the estimation of soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2).  The4
equation to estimate Ds(MHg) (from the equations for mercury modeling found in Table B-1-1 in EPA5
1998a) is:6

7
)()( 02.0 HgMHg DsDs ��  (Eq. B2-15)8

9
where:10

11
Ds(MHg) = deposition term to soil for methyl mercury (mg/kg-yr).  Ds(MHg) is COPC-specific,12

site-specific, and depth-specific.13
Ds(Hg) = deposition term to soil for total mercury (mg/kg-yr).  Ds(Hg) is COPC-specific,14

site-specific, depth-specific, and calculated in Eq. B2-13.15
16
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Equation B2-161

2
Equation B2-16 calculates the average load to the water body from direct deposition of wet and dry3
particles and wet and dry vapors onto the surface of the water body (LDEP) for all constituents (ROPCs4
and COPCs) except total mercury (see Eq. B2-17), divalent mercury (see Eq. B2-18), and methyl mercury5
(see Eq. B2-19).  LDEP is used in the estimation of the total load to the surface water body (see Eq. 6-5 in6
section 6.3).  The equation to estimate LDEP (modified from Eq. 5-29 in EPA 1998a to incorporate dry7
deposition from vapor phase into the model) is:8

9
� � � �� � wvvDEP ADytwpFDydvDywwvFQL �������� 1 (Eq. B2-16)10

11
where:12

13
LDEP = total (wet and dry) particle-phase and total (wet and dry) vapor-phase direct14

deposition load to water body (g/yr for COPCs and Ci/yr for ROPCs).  LDEP is15
COPC- and ROPC-specific and site-specific.16

Q = COPC or ROPC-specific emission rate (g/s for COPCs and Ci/s for ROPCs).  Q,17
obtained from calculations after the air dispersion modeling, is COPC- and ROPC-18
specific, site-specific, and flue-specific.  If no value exists for Q, a value of 0 g/s19
(for COPCs) or 0 Ci/s (for ROPCs) is used.20

Fv = fraction of COPC or ROPC air concentration in vapor phase (unitless).  Fv is21
COPC- and ROPC-specific, ranges from 0 to 1 and is shown in Appendix B-1,22
tables B1-1 (organic COPCs), B1-2 (inorganic COPCs), and B1-3 (ROPCs).  The23
model uses Fv = 1 for constituents modeled in the vapor phase.  Otherwise, the24
model uses Fv = 0.25

Dywwv = unitized yearly average wet deposition from vapor phase over water body (s/m2-yr).26
Dywwv, from the air dispersion modeling, is site-specific and flue-specific.  If no27
Dywwv value exists for a constituent, the model uses Dywwv = 0 s/m2-yr.28

Dydv = unitized yearly average dry deposition from vapor phase (s/m2-yr).  Dydv, from the29
air dispersion modeling, is site-specific and flue-specific.  If no Dydv value exists30
for a constituent, the model uses Dydv = 0 s/m2-yr.31

Dytwp = unitized yearly average total (wet and dry) deposition from particle phase over32
water body (s/m2-yr).  Dytwp, from the air dispersion modeling, is site-specific and33
flue-specific.  If no Dytwp value exists for a constituent, the model uses34
Dytwp = 0 s/m2-yr.35

Aw = average annual water body surface area (m2).  Aw is site-specific.  Based on36
estimates made from map measurements, a value of Aw = 6 �  106 m2 is used (see37
Table 6-2).38

39



24590-WTP-RPT-ENS-03-006, Rev 0
Environmental Risk Assessment Work Plan for the

Hanford Tank Waste Treatment and Immobilization Plant

Page B2-19

Equation B2-171

2
Equation B2-17 calculates the average load to the water body from direct deposition of wet and dry3
particles and wet and dry vapors onto the surface of the water body for total mercury [LDEP(Hg)].  LDEP(Hg)4
is used in the estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).  The5
equation to estimate LDEP(Hg) (modified from the equation for mercury modeling found in Table B-4-8 in6
EPA 1998a, incorporating dry deposition from vapor phase into the model) is:7

8
� �� � wvvDEP ADytwpFDydvDywwvFQL

Hg
��������� )1(48.0

)(
 (Eq. B2-17)9

10
where:11

12
LDEP(Hg) = total (wet and dry) particle phase and total (wet and dry) vapor phase direct13

deposition load to water body for total mercury (g/yr).  LDEP(Hg) is COPC-specific14
and site-specific.15

Q = COPC-specific emission rate for total mercury (g/s).  Q, obtained from calculations16
after the air dispersion modeling, is COPC-specific, site-specific and flue-specific.17
If no Q value exists for total mercury, the model uses Q = 0 g/s.18

Fv = fraction of COPC air concentration in vapor phase for total mercury (unitless).  Fv19
is COPC-specific.  A value of 0.85 (EPA 1998a) is used for total mercury; see20
Appendix B-1, Table B1-2.21

Dywwv = unitized yearly average wet deposition from vapor phase over water body for total22
mercury (s/m2-yr).  Dywwv, from the air dispersion modeling, is site-specific and23
flue-specific.  If no Dywwv value exists for total mercury, the model uses24
Dywwv = 0 s/m2-yr.25

Dydv = unitized yearly average dry deposition from vapor phase over water body for total26
mercury (s/m2-yr).  Dydv, from the air dispersion modeling, is site-specific and27
flue-specific.  If no Dydv value exists for total mercury, the model uses28
Dydv = 0 s/m2-yr.29

Dytwp = unitized yearly average total (wet and dry) deposition from particle phase over30
water body for total mercury (s/m2-yr).  Dytwp, from the air dispersion modeling,31
is site-specific and flue-specific.  If no Dytwp value exists for total mercury, the32
model uses Dytwp = 0 s/m2-yr.33

Aw = average annual water body surface area (m2).  Aw is site-specific.  Based on34
estimates made from map measurements, a value of Aw = 6 �  106 m2 is used (see35
Table 6-2).36

37
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Equation B2-181

2
Equation B2-18 calculates the average load to the water body from direct deposition of wet and dry3
particles and wet and dry vapors onto the surface of the water body for divalent mercury [LDEP(Hg2+)].4
LDEP(Hg2+) is used in the estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).5
The equation to estimate LDEP(Hg2+) (from the equations for mercury modeling found in Table B-4-8 in6
EPA 1998a) is:7

8

)()2(
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HgHg
DEPDEP LL ��

�

 (Eq. B2-18)9

10
where:11

12
LDEP(Hg2+) = total (wet and dry) particle phase and total (wet and dry) vapor phase direct13

deposition load to water body for divalent mercury (g/yr).  LDEP(Hg2+) is14
COPC-specific and site-specific.15

LDEP(Hg) = total (wet and dry) particle phase and total (wet and dry) vapor phase direct16
deposition load to water body for total mercury (g/yr).  LDEP(Hg) is COPC-specific,17
site-specific, and calculated in Eq. B2-17.18

19



24590-WTP-RPT-ENS-03-006, Rev 0
Environmental Risk Assessment Work Plan for the

Hanford Tank Waste Treatment and Immobilization Plant

Page B2-21

Equation B2-191

2
Equation B2-19 calculates the average load to the water body from direct deposition of wet and dry3
particles and wet and dry vapors onto the surface of the water body for methyl mercury [LDEP(MHg)].4
LDEP(MHg) is used in the estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).5
The equation to estimate LDEP(MHg) (from the equations for mercury modeling found in Table B-4-8 in6
EPA 1998a) is:7

8
)()(

15.0 HgMHg DEPDEP LL ��  (Eq. B2-19)9
10

where:11
12

LDEP(MHg) = total (wet and dry) particle phase and total (wet and dry) vapor phase direct13
deposition load to water body for methyl mercury (MHg) (g/yr).  LDEP(MHg) is14
COPC-specific and site-specific.15

LDEP(Hg) = total (wet and dry) particle phase and total (wet and dry) vapor phase direct16
deposition load to water body for total mercury (g/yr).  LDEP(Hg) is COPC-specific,17
site-specific, and calculated in Eq. B2-17.18

19



24590-WTP-RPT-ENS-03-006, Rev 0
Environmental Risk Assessment Work Plan for the

Hanford Tank Waste Treatment and Immobilization Plant

Page B2-22

Equation B2-201

2
If a value exists for Henry’s Law Constant (H) for a constituent, then Eq. B2-20 calculates the load to the3
water body due to dry vapor diffusion (LDIF) for all constituents except total mercury (see Eq. B2-22),4
divalent mercury (see Eq. B2-23), and methyl mercury (see Eq. B2-24) (to estimate LDIF for constituents5
that do not have a value for H, see Eq. B2-21).  LDIF is used in the estimation of the total load to the6
surface water body (see Eq. 6-5 in section 6.3).  The equation to estimate LDIF (Eq. 5-30 in EPA 1998a)7
is:8

9

H
TRCFACywvFQK

L wkwvv
DIF

�������

�  (Eq. B2-20)10

11
where:12

13
LDIF = vapor phase COPC or ROPC dry deposition diffusion load to water body (g/yr for14

COPCs and Ci/yr for ROPCs).  LDIF is COPC- and ROPC-specific and site-specific.15
Kv = overall transfer rate coefficient (m/yr).  Kv is COPC- and ROPC-specific, site-16

specific, and is calculated in Eq. B2-38.17
Q = COPC or ROPC-specific emission rate (g/s for COPCs and Ci/s for ROPCs).  Q,18

obtained from calculations after the air dispersion modeling, is COPC- and19
ROPC-specific, site-specific, and flue-specific.  If no value exists for Q, a value of 020
g/s (for COPCs) or 0 Ci/s (for ROPCs) is used.21

Fv = fraction of COPC or ROPC air concentration in vapor phase (unitless).  Fv is22
COPC-specific, ranges from 0 to 1, and shown in Appendix B-1, tables B1-1 (organic23
COPCs), B1-2 (inorganic COPCs), and B1-3 (ROPCs).  The model uses Fv = 1 for24
constituents modeled in the vapor phase.  Otherwise, the model uses Fv = 0.25

Cywv = unitized yearly average air concentration from vapor phase over the water body26
(�g-s/g-m3 for COPCs and �Ci-s/Ci-m3 for ROPCs).  Cywv, from the air dispersion27
modeling, is site-specific and flue-specific.  If no value exists for Cywv, the model28
uses Cywv = 0 �g-s/g-m3 for COPCs and Cywv = 0 �Ci-s/Ci-m3 for ROPCs.29

Aw = average annual water body surface area (m2).  Aw is site-specific.  Based on estimates30
made from map measurements, a value of Aw = 6 �  106 m2 is used (see Table 6-2).31

CF = units conversion factor of 1 �  10-6 (g/�g for COPCs and Ci/�Ci for ROPCs)32
H = Henry’s Law Constant (atm-m3/mol).  H is COPC-specific and shown in33

Appendix B-1, tables B1-1 (organic COPCs) and B1-2 (inorganic COPCs).  If no34
value is available for H (for example, for ROPCs), then Eq. B2-21 is used to35
calculate LDIF for constituents other than total mercury, divalent mercury, and methyl36
mercury.37

R = universal gas constant (atm-m3/mol-�K).  A value of R = 8.205�10-5 atm-m3/mol �K38
(EPA 1998a) is used (see Table 6-2).39

Twk = water body temperature (�K).  Twk is site-specific.  The recommended default value of40
298 �K (EPA 1998a) is used (see Table 6-2).41
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Equation B2-211

2
If no value exists for Henry’s Law Constant for a constituent, then Eq. B2-21 is used to estimate the load3
to the water body due to dry vapor diffusion (LDIF) for all constituents except total mercury (see4
Eq. B2-22), divalent mercury (see Eq. B2-23), and methyl mercury (see Eq. B2-24).  LDIF is used in the5
estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).  The limiting equation to6
estimate LDIF (when no value is available for Henry’s Law Constant, the equation is derived from7
Eq. 5-30 in EPA 1998a by using the relationships among the parameters involved; see also Eq. B2-38) is:8

9
)293( �

�������
wkT

GwvDIF KCFACywvFQL �  (Eq. B2-21)10
11

where:12
13

LDIF = vapor phase COPC or ROPC dry deposition diffusion load to water body (g/yr or14
Ci/yr).  LDIF is COPC- and ROPC-specific and site-specific.15

Q = COPC or ROPC-specific emission rate (g/s for COPCs and Ci/s for ROPCs).  Q,16
obtained from calculations after the air dispersion modeling, is COPC- and ROPC-17
specific, site-specific, and flue-specific.  If no value exists for Q, a value of 0 g/s (for18
COPCs) or 0 Ci/s (for ROPCs) is used.19

Fv = fraction of COPC or ROPC air concentration in vapor phase (unitless).  Fv is COPC-20
and ROPC-specific, ranges from 0 to 1, and is shown in Appendix B-1, tables B1-121
(organic COPCs), B1-2 (inorganic COPCs), and B1-3 (ROPCs).  The model uses Fv22
= 1 for constituents modeled in the vapor phase.  Otherwise, the model uses Fv = 0.23

Cywv = unitized yearly average air concentration from vapor phase over the water body24
(�g-s/g-m3 for COPCs and �Ci-s/Ci-m3 for ROPCs).  Cywv, from the air dispersion25
modeling, is site-specific and flue-specific.  If no value exists for Cywv, the model26
uses Cywv = 0 �g-s/g-m3 for COPCs and Cywv = 0 �Ci-s/Ci-m3 for ROPCs.27

Aw = average annual water body surface area (m2).  Aw is site-specific.  Based on estimates28
made from map measurements, a value of Aw = 6 �  106 m2 is used (see Table 6-2).29

CF = units conversion factor of 1 �  10-6 (g/�g for COPCs and Ci/�Ci for ROPCs)30
KG = gas-phase transfer coefficient (m/yr).  KG is site-specific and is shown in Eq. B2-42.31

The recommended default value of 36,500 m/yr for a flowing river (EPA 1998a) is32
used (see Table 6-2).33

θ = temperature correction factor (unitless). θ is site-specific.  The recommended default34
value of 1.026 (EPA 1998a) is used (see Table 6-2).35

Twk = water body temperature (�K).  Twk is site-specific.  The recommended default value of36
298 �K (EPA 1998a) is used (see Table 6-2).37

38
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Equation B2-221

2
Equation B2-22 calculates the load to the water body due to dry vapor diffusion for total mercury3
[LDIF(Hg)].  LDIF(Hg) is used in the estimation of the total load to the surface water body (see Eq. 6-5 in4
section 6.3).  The equation to estimate LDIF(Hg) (from the equation for mercury modeling found in5
Table B-4-12 in EPA 1998a) is:6

7

H
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L wkwvv
DIF Hg

��������

�
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 (Eq. B2-22)8

9
where:10

11
LDIF(Hg) = vapor phase COPC dry deposition diffusion load to water body for total mercury12

(g/yr).  LDIF(Hg) is COPC-specific and site-specific.13
Kv = overall transfer rate coefficient for total mercury (m/yr).  Kv is COPC-specific,14

site-specific, and is calculated in Eq. B2-38.15
Q = COPC-specific emission rate for total mercury (g/s).  Q, obtained from calculations16

after the air dispersion modeling, is COPC-specific, site-specific, and flue-specific.17
If no value exists for Q, a value of 0 g/s is used for total mercury.18

Fv = fraction of COPC air concentration in vapor phase for total mercury (unitless).  Fv19
is COPC-specific.  A value of 0.85 (EPA 1998a) is used for total mercury; see20
Appendix B-1, Table B1-2.21

Cywv = unitized yearly average air concentration from vapor phase over the water body22
(�g-s/g-m3).  Cywv, from the air dispersion modeling, is site-specific and23
flue-specific.  If no Cywv value exists for total mercury, the model uses24
Cywv = 0 �g-s/g-m3.25

Aw = average annual water body surface area (m2).  Aw is site-specific.  Based on26
estimates made from map measurements, a value of Aw = 6 �  106 m2 is used (see27
Table 6-2).28

CF = units conversion factor of 1 �  10-6 (g/�g)29
H = Henry’s Law Constant for total mercury (atm-m3/mol).  H is shown in30

Appendix B-1, Table B1-2, for total mercury.31
R = universal gas constant (atm-m3/mol-�K).  A value of R = 8.205 �  10-5 atm-m3/mol-32

�K (EPA 1998a) is used (see Table 6-2).33
Twk = water body temperature (�K).  Twk is site-specific.  The recommended default value34

of 298 �K (EPA 1998a) is used (see Table 6-2).35
36
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Equation B2-231

2
Equation B2-23 calculates the load to the water body due to dry vapor diffusion for divalent mercury3
[LDIF(Hg2+)].  LDIF(Hg2+) is used in the estimation of the total load to the surface water body (see Eq. 6-5 in4
section 6.3).  The equation to estimate LDIF(Hg2+) (from the equation for mercury modeling found in5
Table B-4-12 in EPA 1998a) is:6

7
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)2(
85.0 Hg

Hg
DIFDIF LL ��

�

 (Eq. B2-23)8

9
where:10

11
LDIF(Hg2+) = vapor phase COPC dry deposition diffusion load to water body for divalent12

mercury (g/yr).  LDIF(Hg2+) is COPC-specific and site-specific.13
LDIF(Hg) = vapor phase COPC dry deposition diffusion load to water body for total mercury14

(g/yr).  LDIF(Hg) is COPC-specific, site-specific, and calculated in Eq. B2-22.15
16
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Equation B2-241

2
Equation B2-24 calculates the load to the water body due to dry vapor diffusion for methyl mercury3
[LDIF(MHg)].  LDIF(MHg) is used in the estimation of the total load to the surface water body (see Eq. 6-5 in4
section 6.3).  The equation to estimate LDIF(MHg) (from the equation for mercury modeling found in Table5
B-4-12 in EPA 1998a) is:6

7

)()(
15.0

HgMHg DIFDIF LL ��  (Eq. B2-24)8

9
where:10

11
LDIF(MHg) = vapor phase COPC dry deposition diffusion load to water body for methyl12

mercury (g/yr).  LDIF(MHg) is COPC-specific and site-specific.13
LDIF(Hg) = vapor phase COPC dry deposition diffusion load to water body for total mercury14

(g/yr).  LDIF(Hg) is COPC-specific, site-specific, and calculated in Eq. B2-22.15
16
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Equation B2-251

2
Equation B2-25 calculates the average runoff load to the water body from impervious surfaces in the3
watershed from which runoff is conveyed directly to the water body (LRI), for all constituents except total4
mercury (see Eq. B2-26), divalent mercury (see Eq. B2-27), and methyl mercury (see Eq. B2-28).  LRI is5
used in the estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).  The6
equation to estimate LRI (modified from Eq. 5-31 in EPA 1998a, incorporating dry deposition from vapor7
phase into the model) is:8

9
� � � �� � IvvRI ADytwpFDydvDywwvFQL �������� 1  (Eq. B2-25)10

11
where:12

13
LRI = runoff load from impervious surfaces (g/yr for COPCs and Ci/yr for ROPCs).  LRI14

is COPC- and ROPC-specific and site-specific.15
Q = COPC or ROPC-specific emission rate (g/s for COPCs and Ci/s for ROPCs).  Q,16

obtained from calculations after the air dispersion modeling, is COPC- and ROPC-17
specific, site-specific, and flue-specific.  If no value exists for Q, a value of 0 g/s18
(for COPCs) or 0 Ci/s (for ROPCs) is used.19

Fv = fraction of COPC or ROPC air concentration in vapor phase (unitless).  Fv is20
COPC- and ROPC-specific, ranges from 0 to 1, and is shown in Appendix B-1,21
tables B1-1 (organic COPCs), B1-2 (inorganic COPCs), and B1-3 (ROPCs).  The22
model uses Fv = 1 for constituents modeled in the vapor phase.  Otherwise, the23
model uses Fv = 0.24

Dywwv = unitized yearly average wet deposition from vapor phase over water body (s/m2-yr).25
Dywwv, from the air dispersion modeling, is site-specific and flue-specific.  If no26
value exists for Dywwv, the model uses Dywwv = 0 s/m2-yr.27

Dydv = unitized yearly average dry deposition from vapor phase (s/m2-yr).  Dydv, from the28
air dispersion modeling, is site-specific and flue-specific.  If no value exists for29
Dydv, the model uses Dydv = 0 s/m2-yr.30

Dytwp = unitized yearly average total (wet and dry) deposition from particle phase over31
water body (s/m2-yr).  Dytwp, from the air dispersion modeling, is site-specific and32
flue-specific.  If no value exists for Dytwp, the model uses Dytwp = 0 s/m2-yr.33

AI = impervious watershed area receiving COPC deposition (m2).  AI is site-specific.34
The model uses AI = 0 m2 (see Table 6-2).35

36
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Equation B2-261

2
Equation B2-26 calculates the average runoff load to the water body from impervious surfaces in the3
watershed from which runoff is conveyed directly to the water body, for total mercury [LRI(Hg)].  LRI(Hg) is4
used in the estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).  The5
equation to estimate LRI(Hg) (modified from the equation for mercury modeling found in Table B-4-9 in6
EPA 1998a, incorporating dry deposition from vapor phase into the model) is:7

8
� �� � IvvRI ADytwpFDydvDywwvFQL Hg ��������� )1(48.0)(  (Eq. B2-26)9

10
where:11

12
LRI(Hg) = runoff load from impervious surfaces for total mercury (g/yr).  LRI(Hg) is13

COPC-specific and site-specific.14
Q = COPC-specific emission rate for total mercury (g/s).  Q, obtained from calculations15

after the air dispersion modeling, is COPC-specific, site-specific, and flue-specific.16
If no value exists for Q, a value of 0 g/s is used for total mercury.17

Fv = fraction of COPC air concentration in vapor phase for total mercury (unitless).  Fv18
is COPC-specific.  A value of 0.85 (EPA 1998a) is used for total mercury; see19
Appendix B-1, Table B1-2.20

Dywwv = unitized yearly average wet deposition from vapor phase over water body for total21
mercury (s/m2-yr).  Dywwv, from the air dispersion modeling, is site-specific and22
flue-specific.  If no Dywwv value exists for total mercury, the model uses23
Dywwv = 0 s/m2-yr.24

Dydv = unitized yearly average dry deposition from vapor phase over water body for total25
mercury (s/m2-yr).  Dydv, from the air dispersion modeling, is site-specific and26
flue-specific.  If no Dydv value exists for total mercury, the model uses27
Dydv = 0 s/m2-yr.28

Dytwp = unitized yearly average total (wet and dry) deposition from particle phase over29
water body for total mercury (s/m2-yr).  Dytwp, from the air dispersion modeling,30
is site-specific and flue-specific.  If no Dytwp value exists for total mercury, the31
model uses Dytwp = 0 s/m2-yr.32

AI = impervious watershed area receiving COPC or ROPC deposition (m2).  AI is33
site-specific.  The model uses AI = 0 m2 (see Table 6-2).34

35
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Equation B2-271

2
Equation B2-27 calculates the average runoff load to the water body from impervious surfaces in the3
watershed from which runoff is conveyed directly to the water body, for divalent mercury [LRI(Hg2+)].4
LRI(Hg2+) is used in the estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).5
The equation to estimate LRI(Hg2+) (from the equations for mercury modeling found in Table B-4-9 in6
EPA 1998a) is:7

8
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 (Eq. B2-27)9

10
where:11

12
LRI(Hg2+) = runoff load from impervious surfaces for divalent mercury (g/yr).  LRI(Hg2+) is13

COPC-specific and site-specific.14
LRI(Hg) = runoff load from impervious surfaces for total mercury (g/yr).  LRI(Hg) is15

COPC-specific, site-specific, and calculated in Eq. B2-26.16
17
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Equation B2-281

2
Equation B2-28 calculates the average runoff load to the water body from impervious surfaces in the3
watershed from which runoff is conveyed directly to the water body, for methyl mercury (LRI(MHg)).4
LRI(MHg) is used in the estimation of the total load to the surface water body (see Eq. 6-5 in section 6.3).5
The equation to estimate LRI(MHg) (from the equations for mercury modeling found in Table B-4-9 in EPA6
1998a) is:7

8
)()(

15.0 HgMHg RIRI LL ��  (Eq. B2-28)9
10

where:11
12

LRI(MHg) = runoff load from impervious surfaces for methyl mercury (g/yr).  LRI(MHg) is13
COPC-specific and site-specific.14

LRI(Hg) = runoff load from impervious surfaces for total mercury (g/yr).  LRI(Hg) is15
COPC-specific, site-specific, and calculated in Eq. B2-26.16

17
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Equation B2-291

2
Equation B2-29 calculates the average runoff load to the water body from pervious soil surfaces in the3
watershed (LRP) for all COPCs (see Eq. B2-30 to estimate LRP for ROPCs).  Note that the untilled soil4
concentration is used in this equation.  LRP is used in the estimation of the total load to the surface water5
body (see Eq. 6-5 in section 6.3).  The equation to estimate LRP for COPCs (Eq. 5-32 in EPA 1998a) is:6

7
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 (Eq. B2-29)8

9
where:10

11
LRP = runoff load from pervious surfaces (g/yr).  LRP is COPC-specific and site-specific.12
RO = average annual surface runoff from pervious areas (cm/yr).  RO is site-specific.  A13

value of 2.5 cm/yr (estimated value, assuming that the majority of rainfall recharges or14
evaporates) is used (see Table 6-2).15

AL = total watershed area receiving COPC deposition (m2).  AL is site-specific.  The model16
uses AL = 4 �  109 m2 (see Table 6-2).17

AI = impervious watershed area receiving COPC deposition (m2).  AI is site-specific.  The18
model uses AI = 0 m2 (see Table 6-2).19

Cs = COPC concentration over the exposure duration in untilled soil (mg/kg).  Cs is20
COPC-specific, site-specific, and is calculated in section 6.2, Eq. 6-1 through Eq. 6-4.21

BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and22
others 1998) is used (see Table 6-2).23

CF = units conversion factor of 0.01 (kg-cm2/mg-m2)24
θsw = soil volumetric water content (mL water/cm3 soil). θsw is site-specific.  The25

EPA-recommended default value of 0.2 mL/cm3 (EPA 1998a) is used (see Table 6-2).26
Kds = soil-water partition coefficient (mL/g).  Kds is COPC-specific and shown in27

Appendix B-1, tables B1-1 (organic COPCs) and B1-2 (inorganic COPCs).  If no Kds28
value exists for a constituent, the model uses Kds = 0 mL/g.29

30
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Equation B2-301

2
Equation B2-30 calculates the average runoff load to the water body from pervious soil surfaces in the3
watershed (LRP) for all ROPCs (see Eq. B2-29 to estimate LRP for COPCs).  Note that the untilled soil4
concentration is used in this equation.  LRP is used in the estimation of the total load to the surface water5
body (see Eq. 6-5 in section 6.3).  The equation to estimate LRP for ROPCs (comparable to Eq. 5-32 for6
COPCs in EPA 1998a) is:7

8
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 (Eq. B2-30)9

10
where:11

12
LRP = runoff load from pervious surfaces (Ci/yr).  LRP is ROPC-specific and site-specific.13
RO = average annual surface runoff from pervious areas (cm/yr).  RO is site-specific.  A14

value of 2.5 cm/yr (estimated value, assuming that the majority of rainfall recharges or15
evaporates) is used (see Table 6-2).16

AL = total watershed area receiving ROPC deposition (m2).  AL is site-specific.  The model17
uses AL = 4 �  109 m2 (see Table 6-2).18

AI = impervious watershed area receiving ROPC deposition (m2).  AI is site-specific.  The19
model uses AI = 0 m2 (see Table 6-2).20

Cs = ROPC concentration over the exposure duration in untilled soil (pCi/g).  Cs is21
ROPC-specific, site-specific, and is calculated in section 6.2, Eq. 6-1 through Eq. 6-4.22

BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and23
others 1998) is used (see Table 6-2).24

CF1 = units conversion factor of 1 �  104 (cm2/m2)25
CF2 = units conversion factor of 1 �  10-12 (Ci/pCi)26
θsw = soil volumetric water content (mL water/cm3 soil). θsw is site-specific.  The27

EPA-recommended default value of 0.2 mL/cm3 (EPA 1998a) is used (see Table 6-2).28
Kds = soil-water partition coefficient (mL/g).  Kds is ROPC-specific and shown in Appendix29

B-1, Table B1-3.  If no Kds value exists for a constituent, the model uses Kds = 030
mL/g.31

32
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Equation B2-311

2
Equation B2-31 calculates the average load to the water body from soil erosion (LE).  Since one of the3
parameters in the equation (ER) is not defined for ROPCs, LE is only quantified for COPCs.  Note that the4
untilled soil concentration is used in this equation.  LE is used in the estimation of the total load to the5
surface water body (see Eq. 6-5 in section 6.3).  The equation to estimate LE for all COPCs (Eq. 5-33 in6
EPA 1998a) is:7
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 (Eq. B2-31)9

10
where:11

12
LE = soil erosion load to the water body (g/yr).  LE is COPC-specific and site-specific.13
Xe = unit soil loss (kg/m2-yr).  Xe is site-specific and calculated in Eq. B2-39.14
AL = total watershed area receiving COPC deposition (m2).  AL is site-specific.  The model15

uses AL = 4 �  109 m2 (see Table 6-2).16
AI = impervious watershed area receiving COPC deposition (m2).  AI is site-specific.  The17

model uses AI = 0 m2 (see Table 6-2).18
SD = watershed sediment delivery ratio (unitless).  SD is site-specific and is calculated in19

Eq. B2-40.20
ER = soil enrichment ratio (unitless).  ER is site-specific.  The following recommended21

values (EPA 1998a) are used: 3 for organic COPCs and 1 for inorganic COPCs (see22
Table 6-1).  No value is used for ROPCs and, thus, no soil erosion load to the water23
body is quantified for ROPCs.24

Cs = COPC concentration in untilled soil (mg/kg).  Cs is COPC-specific, site-specific, and is25
calculated in section 6.2, Eq. 6-1 through Eq. 6-4.26

Kds = soil-water partition coefficient (L/kg or mL/g).  Kds is COPC-specific and shown in27
Appendix B-1, tables B1-1 (organic COPCs) and B1-2 (inorganic COPCs).  If no Kds28
value exists for a constituent, the model uses Kds = 0 mL/g.29

BD = soil bulk density (g soil/cm3 soil).  A site-specific value of 1.3 g/cm3 (Halvorson and30
others 1998) is used (see Table 6-2).31

θsw = soil volumetric water content (mL water/cm3 soil). θsw is site-specific.  The32
EPA-recommended default value of 0.2 mL/cm3 (EPA 1998a) is used (see Table 6-2).33

CF = units conversion factor of 1 �  10-3 (g/mg)34
35
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Equation B2-321

2
Equation B2-32 calculates the fraction of total water body COPC or ROPC concentration occurring in the3
water column (fwc).  fwc is used to estimate two other parameters: the overall total water body dissipation4
rate constant (see Eq. B2-34) and the fraction of the total water body concentration in the benthic5
sediment (see Eq. B2-36).  fwc is also used to estimate total water body concentration, including the water6
column and bed sediment (see Eq. 6-6 and Eq. 6-7 in section 6.3) and the total concentration in the water7
column (see Eq. 6-8 in section 6.3). The equation to estimate fwc for all constituents (Eq. 5-36A in8
EPA 1998a) is:9

10
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 (Eq. B2-32)11

12
where:13

14
fwc = fraction of total water body COPC or ROPC concentration in the water column15

(unitless).  fwc is COPC- and ROPC-specific, site-specific, and ranges from 0 to 1.16
Kdsw = suspended sediments/surface water partition coefficient (L/kg).  Kdsw is COPC- and17

ROPC-specific and shown in Appendix B-1, tables B1-1 (organic COPCs), B1-218
(inorganic COPCs), and B1-3 (ROPCs).  If no Kdsw value exists for a constituent, the19
model uses Kdsw = 0 L/kg.20

TSS = total suspended solids concentration (mg/L).  TSS is site-specific and ranges from 2 to21
300 mg/L.  The recommended default value of 10 mg/L (EPA 1998a) is used (see22
Table 6-2).23

CF = units conversion factor of 1 �  10-6 (kg/mg)24
dwc = average annual depth of water column (m).  dwc is site-specific.  The model uses an25

estimated value of dwc = 7.5 m (see Table 6-2).26
dbs = depth of upper benthic sediment layer (m).  dbs is site-specific.  The recommended27

default value of 0.03 m (EPA 1998a) is used (see Table 6-2).28
dz = total water body depth (m).  dz is site-specific and calculated in Eq. B2-33.29
CBS = bed sediment concentration (g/cm3).  CBS is site-specific and ranges from 0.5 to 1.530

g/cm3.  The recommended default value of 1 g/cm3 (EPA 1998a) is used (see31
Table 6-2).32

θbs = bed sediment porosity (Lpore water/Lsediment).  θbs is site-specific and ranges from 0.4 to33
0.8 Lpore water/Lsediment.  The recommended default value of 0.6 Lpore water/Lsediment34
(EPA 1998a) is used (see Table 6-2).35

Kdbs = bed sediment/sediment pore water partition coefficient (L/kg).  Kdbs is COPC- and36
ROPC-specific and shown in Appendix B-1, tables B1-1 (organic COPCs), B1-237
(inorganic COPCs), and B1-3 (ROPCs).  If no Kdbs value exists for a constituent, the38
model uses Kdbs = 0 L/kg.39

40
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Equation B2-331

2
Equation B2-33 calculates the total water body depth (dz).  dz is used to estimate several other parameters,3
including the fraction of water body concentration in the water column (see Eq. B2-32), the water column4
volatilization rate constant (see Eq. B2-35), and the liquid-phase transfer coefficient (see Eq. B2-41).5
Note that the fraction of water body concentration in the water column is used in the estimation of the6
total water body concentration, including the water column and bed sediment (see Eq. 6-6 and Eq. 6-7 in7
section 6.3).  The equation to estimate dz for all constituents (see Table B-4-16 in EPA 1998a) is:8

9
bswcz ddd ��  (Eq. B2-33)10

11
where:12

13
dz = total water body depth (m).  dz is site-specific.14
dwc = average annual depth of water column (m).  dwc is site-specific.  The model uses an15

estimated value of dwc = 7.5 m (see Table 6-2).16
dbs = depth of upper benthic sediment layer (m).  dbs is site-specific.  The recommended17

default value of 0.03 m (EPA 1998a) is used (see Table 6-2).18
19
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Equation B2-341

2
Equation B2-34 calculates the overall total water body COPC or ROPC dissipation rate constant in3
surface water (kwt).  kwt is used to estimate the total water body concentration, including the water column4
and bed sediment (see Eq. 6-6 and Eq. 6-7 in section 6.3). The equation to estimate kwt for all constituents5
(Eq. 5-38 in EPA 1998a) is:6

7
bbsvwcwt kfkfk ����  (Eq. B2-34)8

9
where:10

11
kwt = overall total water body COPC or ROPC dissipation rate constant (yr-1).  kwt is COPC-12

and ROPC-specific, and site-specific.13
fwc = fraction of total water body COPC or ROPC concentration in the water column14

(unitless).  fwc is COPC- and ROPC-specific, site-specific, ranges from 0 to 1, and is15
calculated in Eq. B2-32.16

kv = water column volatilization rate constant (yr-1).  kv is COPC- and ROPC-specific,17
site-specific, and calculated in Eq. B2-35.18

fbs = fraction of total water body COPC or ROPC concentration in the benthic sediment19
(unitless).  fbs is COPC- and ROPC-specific, site-specific, ranges from 0 to 1, and is20
calculated in Eq. B2-36.21

kb = benthic burial rate constant (yr-1).  kb is site-specific and calculated in Eq. B2-37.22
23
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Equation B2-351

2
Equation B2-35 calculates the water column volatilization rate constant (kv).  kv is used to estimate the3
overall total water body dissipation rate constant (see Eq. B2-34), which is used to estimate the total water4
body concentration, including the water column and bed sediment (see Eq. 6-6 and Eq. 6-7 in section 6.3).5
The equation to estimate kv for all constituents (Eq. 5-39 in EPA 1998a) is:6

7

� �CFTSSKdd
Kk
swz

v
v

����

�

1
 (Eq. B2-35)8

9
where:10

11
kv = water column volatilization rate constant (yr-1).  kv is COPC- and ROPC-specific and12

site-specific.13
Kv = overall transfer rate coefficient (m/yr).  Kv is COPC- and ROPC-specific, site-specific,14

and is calculated in Eq. B2-38.15
dz = total water body depth (m).  dz is site-specific and calculated in Eq. B2-33.16
Kdsw = suspended sediments/surface water partition coefficient (L/kg).  Kdsw is COPC- and17

ROPC-specific and shown in Appendix B-1, tables B1-1 (organic COPCs), B1-218
(inorganic COPCs), and B1-3 (ROPCs).  If no Kdsw value exists for a constituent, the19
model uses Kdsw = 0 L/kg.20

TSS = total suspended solids concentration (mg/L).  TSS is site-specific and ranges from 2 to21
300 mg/L.  The recommended default value of 10 mg/L (EPA 1998a) is used (see22
Table 6-2).23

CF = units conversion factor of 1 �  10-6 (kg/mg)24
25
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Equation B2-361

2
Equation B2-36 calculates the fraction of total water body COPC or ROPC concentration in the benthic3
sediment (fbs).  fbs is used to estimate the overall total water body dissipation rate constant (see4
Eq. B2-34), which is used to estimate the total water body concentration, including the water column and5
bed sediment (see Eq. 6-6 and Eq. 6-7 in section 6.3).  fbs is also used to estimate the bed sediment6
concentration (see Eq. 6-10 and Eq. 6-11 in section 6.4).  The equation to estimate fbs for all constituents7
(Eq. 5-36B in EPA 1998a) is:8

9
wcbs ff ��1  (Eq. B2-36)10

11
where:12

13
fbs = fraction of total water body COPC or ROPC concentration in the benthic sediment14

(unitless).  fbs is COPC- and ROPC-specific, site-specific, and ranges from 0 to 1.15
fwc = fraction of total water body COPC or ROPC concentration in the water column (unitless).16

fwc is COPC-specific, site-specific, ranges from 0 to 1, and is calculated in Eq. B2-32.17
18
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Equation B2-371

2
Equation B2-37 calculates the water column loss constant due to burial in benthic sediment (kb).  kb is3
used to estimate the overall total water body dissipation rate constant (see Eq. B2-34), which is used to4
estimate the total water body concentration, including the water column and bed sediment (see Eq. 6-65
and Eq. 6-7 in section 6.3).  The equation to estimate kb for all constituents (Eq. 5-43 in EPA 1998a) is:6

7
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9
where:10

11
kb = benthic burial rate constant (1/yr).  kb is site-specific.12
Xe = unit soil loss (kg/m2-yr).  Xe is site-specific and calculated in Eq. B2-39.13
AL = total watershed area receiving COPC or ROPC deposition (m2).  AL is site-specific.14

The model uses AL = 4 �  109 m2 (see Table 6-2).15
SD = watershed sediment delivery ratio (unitless).  SD is site-specific and is calculated in16

Eq. B2-40.17
CF1 = units conversion factor of 1 �  103 (g/kg)18
Vfx = average annual volumetric flow rate through the water body (m3/yr).  Vfx is19

site-specific.  The model uses Vfx = 4 �  1011 m3/yr (see Table 6-2).20
TSS = total suspended solids concentration (mg/L).  TSS is site-specific and ranges from 2 to21

300 mg/L.  The recommended default value of 10 mg/L (EPA 1998a) is used (see22
Table 6-2).23

Aw = average annual water body surface area (m2).  Aw is site-specific.  Based on estimates24
made from map measurements, a value of Aw = 6 �  106 m2 is used (see Table 6-2).25

CF2 = units conversion factor of 1 �  10-6 (kg/mg)26
CBS = bed sediment concentration (g/cm3).  CBS is site-specific and ranges from 0.5 to27

1.5 g/cm3.  The recommended default value of 1 g/cm3 (EPA 1998a) is used (see28
Table 6-2).29

dbs = depth of upper benthic sediment layer (m).  dbs is site-specific.  The recommended30
default value of 0.03 m (EPA 1998a) is used (see Table 6-2).31

32
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Equation B2-381

2
Equation B2-38 calculates the overall transfer rate of contaminants from the liquid and gas-phases in3
surface water (Kv).  Kv is used to estimate the load to the water body due to dry vapor diffusion (see4
Eq. B2-20 and Eq. B2-22), which is used to estimate the total load to the water body (see Eq. 6-5 in5
section 6.3).  Kv is also used to estimate the water column volatilization rate constant (see Eq. B2-35).6
The equation to estimate Kv for all constituents (Eq. 5-40 in EPA 1998a) is:7

8
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 (Eq. B2-38)9

10
where:11

12
Kv = overall transfer rate coefficient (m/yr).  Kv is COPC- and ROPC-specific and site-13

specific.14
θ = temperature correction factor (unitless).  θ is site-specific.  The recommended default15

value of 1.026 (EPA 1998a) is used (see Table 6-2).16
Twk = water body temperature (�K).  Twk is site-specific.  The recommended default value of17

298�K (EPA 1998a) is used (see Table 6-2).18
KL = liquid phase transfer coefficient (m/yr).  KL is COPC- and ROPC-specific, site-specific,19

and is calculated in Eq. B2-41.20
R = universal gas constant (atm-m3/mol-�K).  A value of R = 8.205 �  10-5 atm-m3/mol-�K21

(EPA 1998a) is used (see Table 6-2).22
H = Henry’s Law Constant (atm-m3/mol).  H is COPC-specific and shown in Appendix B-1,23

tables B1-1 (organic COPCs) and B1-2 (inorganic COPCs).  If no H value exists for a24
constituent (for example, for ROPCs), the model sets the overall transfer rate coefficient25
(Kv) to 0 m/yr.26

KG = gas-phase transfer coefficient (m/yr).  KG is site-specific and is shown in Eq. B2-42.27
The recommended default value of 36,500 m/yr for a flowing river (EPA 1998a) is used28
(see Table 6-2).29

30



24590-WTP-RPT-ENS-03-006, Rev 0
Environmental Risk Assessment Work Plan for the

Hanford Tank Waste Treatment and Immobilization Plant

Page B2-41

Equation B2-391

2
Equation B2-39 calculates the soil loss rate from the watershed (Xe) by using the universal soil loss3
equation (USLE).  Xe is used to estimate the soil loss due to soil erosion (see Eq. B2-9), the load to the4
water body from soil erosion (see Eq. B2-31), and the benthic burial rate constant (see Eq. B2-37).  Note5
that the soil loss due to soil erosion is used to estimate the total soil loss constant (see Eq. B2-10), which6
is used to estimate soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2); the load to the water7
body from soil erosion is used to estimate the total load to the water body (see Eq. 6-5 in section 6.3); and8
the benthic burial rate constant is used to estimate the overall total water body dissipation rate constant9
(see Eq. B2-34), which is used to estimate the total water body concentration, including the water column10
and bed sediment (see Eq. 6-6 and Eq. 6-7 in section 6.3).  The equation to estimate Xe for all constituents11
(Eq. 5-33A in EPA 1998a) is:12

13

2

1

CF
CFPFCLSKRFX e
�����

�  (Eq. B2-39)14

15
where:16

17
Xe = unit soil loss (kg/m2-yr).  Xe is site-specific.18
RF = USLE rainfall (or erosivity) factor (yr-1).  RF is site-specific and ranges from 50 to19

300 yr-1.  The recommended default value of 50 yr-1 (EPA 1998a) is used (see20
Table 6-2).21

K = USLE erodibility factor (ton/acre).  K is site-specific.  The recommended default value22
of 0.36 ton/acre (EPA 1998a) is used (see Table 6-2).23

LS = USLE length-slope factor (unitless).  LS is site-specific.  The recommended default24
value of 1.5 (EPA 1998a) is used (see Table 6-2).25

C = USLE cover management factor (unitless).  C is site-specific.  The recommended26
default value of 0.1 (EPA 1998a) is used (see Table 6-2).27

PF = USLE supporting practice factor (unitless).  PF is site-specific.  The recommended28
default value of 1.0 (EPA 1998a) is used (see Table 6-2).29

CF1 = units conversion factor of 907.18 (kg/ton)30
CF2 = units conversion factor of 4047 (m2/acre)31

32
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Equation B2-401

2
Equation B2-40 calculates the sediment delivery ratio (SD) for the watershed.  SD is used to estimate3
several parameters, including the soil loss due to soil erosion (see Eq. B2-9), the load to the water body4
from soil erosion (see Eq. B2-31), and the benthic burial rate constant (see Eq. B2-37).  Note that the soil5
loss due to soil erosion is used to estimate the total soil loss constant (see Eq. B2-10), which is used to6
estimate soil concentrations (see Eq. 6-1 through Eq. 6-4 in section 6.2); the load to the water body from7
soil erosion is used to estimate the total load to the water body (see Eq. 6-5 in section 6.3); and the8
benthic burial rate constant is used to estimate the overall total water body dissipation rate constant (see9
Eq. B2-34), which is used to estimate the total water body concentration, including the water column and10
bed sediment (see Eq. 6-6 and Eq. 6-7 in section 6.3). The equation to estimate SD for all constituents11
(Eq. 5-34 in EPA 1998a) is:12

13
� � b

LAaSD �

��  (Eq. B2-40)14
15

where:16
17

SD = watershed sediment delivery ratio (unitless).  SD is site-specific.18
a = empirical intercept coefficient (unitless).  The parameter a is site-specific and is19

determined by the watershed area as follows (EPA 1998a):20
21

Watershed Area
(mile2)

a
(unitless)

area � 0.1 2.1

0.1 � area � 1 1.9

1 � area � 10 1.4

10 � area � 100 1.2

100 � area 0.6
22

Since the watershed area is > 100 mile2, a site-specific value of a = 0.6 is used.23
24

AL = total watershed area receiving COPC or ROPC deposition (m2).  AL is site-specific.  An25
estimated value of 4.0E+09 m2 (estimated as half of the study area) is used (see26
Table 6-2).27

b = empirical slope coefficient (unitless).  The recommended default value of 0.12528
(EPA 1998a) is used (see Table 6-2).29

30
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Equation B2-411

2
Equation B2-41 calculates the rate of contaminant transfer from the liquid phase (KL).  The Columbia3
River is assumed to be a flowing river (as opposed to a quiescent lake or pond).  Therefore, the equation4
to estimate KL for flowing streams or rivers is used.  KL is used to estimate the overall transfer rate5
coefficient (see Eq. B2-38), which is used to estimate the water column volatilization rate constant (see6
Eq. B2-35), as well as the load to the water body due to dry vapor diffusion (see Eq. B2-20 and7
Eq. B2-22), which is used to estimate the total load to the water body (see Eq. 6-5 in section 6.3).  The8
equation to estimate KL for flowing streams or rivers for all constituents (Eq. 5-41A in EPA 1998a) is:9

10

2
1 CFd

uDCFK
z

w
L �

��

�  (Eq. B2-41)11

12
where:13

14
KL = liquid phase transfer coefficient (m/yr).  KL is COPC- and ROPC-specific and site-15

specific.16
CF1 = units conversion factor of 1 �  10-4 (m2/cm2)17
Dw = diffusivity of COPC or ROPC in water (cm2/s).  Dw is COPC- and ROPC-specific and18

shown in Appendix B-1, tables B1-1 (organic COPCs), B1-2 (inorganic COPCs), and19
B1-3 (ROPCs).  If no Dw value exists for a constituent, the model uses Dw = 0 cm2/s.20

u = current velocity (m/s).  u is site-specific.  The model uses a value of u = 1.5 m/s, based21
on modeling data from Columbia Basin Research 1996 (see Table 6-2).22

dz = total water body depth (m).  dz is site-specific and calculated in Eq. B2-33.23
CF2 = units conversion factor of 3.1536 �  107 (s/yr)24

25
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Equation B2-421

2
Equation B2-42 defines the rate of contaminant transfer from the gas phase (KG) for a flowing system (as3
opposed to a quiescent system).  Since the Columbia River is considered a flowing river as opposed to a4
quiescent lake or pond, parameter values for flowing streams are used for all constituents to estimate KG.5
KG is used to estimate the overall transfer rate coefficient (see Eq. B2-38) and the load to the water body6
due to dry vapor diffusion when Henry’s Law Constant is not available (see Eq. B2-21).  Note that the7
overall transfer rate coefficient is used to estimate the water column volatilization rate constant (see8
Eq. B2-35), as well as the load to the water body due to dry vapor diffusion (see Eq. B2-20 and9
Eq. B2-22), which is used to estimate the total load to the water body (see Eq. 6-5 in section 6.3).  Note10
also that the load to the water body due to dry vapor diffusion is used to estimate the total load to the11
surface water body (see Eq. 6-5 in section 6.3).  The equation for KG for all constituents (Eq. 5-42A in12
EPA 1998a) is:13

14
KG = 36,500 m/yr (Eq. B2-42)15

16
where:17

18
KG = gas-phase transfer coefficient (m/yr).  KG is constant for flowing streams.  The19

recommended default value of 36,500 m/yr for a flowing river (EPA 1998a) is used (see20
Table 6-2).21

22
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February 3, 20033
4

Dr. Richard Reiss5
Managing Editor, Risk Analysis Journal6
Sciences International, Inc7
1800 Diagonal Road, Suite 5008
Alexandria, Virginia 223149
rreiss@sciences.com10

11
12

Regarding: Daily Inhalation Rate of 30 m3/day in: Risk Analysis, Vol. 22, No. 3, pp. 513-26 (2002).13
14

Harper et al. specify a lifetime daily inhalation rate of 30 m3/day in The Spokane Tribe’s15
Multipathway Subsistence Exposure Scenario and Screening Level RME.  At first glance, it seems16
reasonable that a higher inhalation rate would be appropriate for a tribal subsistence exposure scenario17
compared with rates applied to risk assessments prepared by EPA under CERCLA for non-subsistence18
exposure scenarios.  However, upon closer examination, 30 m3/day appears biologically implausible19
based on daily caloric requirements, which are a better measure of long-term breathing rates (Layton,20
1993).21

22
The EPA Exposure Factors Handbook (Handbook) (U.S. Environmental Protection Agency,23

1997) recommendations described by (Harper et al., 2002) were taken out of context.  The Handbook24
recommendations specifically apply to short-term exposures (i.e. data derived from short-term inhalation25
studies apply to exposures of similar duration) (U.S. Environmental Protection Agency, 1997).  These26
studies measured inhalation rates within a time scale of hours.  For lifetime exposures, the EPA27
Handbook (U.S. Environmental Protection Agency, 1997) recommends inhalation rates of 11.3 and 15.228
m3/day for female and male adults, respectively based on (Layton, 1993).29

30
With the exception of (Layton, 1993), most inhalation studies estimated inhalation rates by31

determining the relationship between inhalation rate and heart rate using short-duration, controlled32
activities over a range of exertion levels for each subject.  Inhalation rates of individuals conducting daily33
activities were then derived by measuring heart rates and converting the heart rate to inhalation rate using34
the individual’s heart/inhalation rate relationship.  These studies reported hourly inhalation rates,35
appropriate for estimating short-term exposures.  An alternative approach to measuring short-term36
inhalation rates associated with various activities is to calculate inhalation rates using caloric energy37
consumption to balance inhalation with metabolic respiration (Layton, 1993).  This approach was the38
basis for the average lifetime inhalation rates recommend by the Handbook and has been expanded by39
others to develop metabolically consistent estimates of multi-route exposures (Layton, 1993; McCurdy,40
2000).  The metabolic approach is appealing because it relates caloric requirements to respiration to41
reduce the uncertainties associated with using hourly inhalation rates to estimate lifetime exposures.42
There is less uncertainty associated with daily energy consumption rates than with using short-term43
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inhalation rates to estimate average lifetime daily inhalation rates because it is easier to measure food1
intake than air intake.  Dietary and activity patterns were based upon the probabilistic National Health and2
Nutrition Examination Survey and the Nationwide Food Consumption Survey (cited by Layton).  Survey3
results were adjusted upwards to account for under reporting of foods consumed.  The most recent survey4
reported daily intakes of approximately 2,000 kilocalories (U.S. Department of Agriculture Beltsville5
Human Nutrition Research Center, 1998).6

7
Using equations developed by (Layton, 1993), and the caloric requirements of 2,500-3,0008

kilocalories specified by (Harper et al., 2002) yields inhalation rates of 14.3-17.1 m3/day, respectively,9
which contradict the 30 m3/day rate.  A lifetime inhalation rate 30 m3/day is not supported by any of the10
studies evaluated by the Handbook (U.S. Environmental Protection Agency, 1997) or by more recent11
studies (Marty et al., 2002).  Furthermore, 30 m3/day equates to 5,250 kilocalories/day, an implausibly12
high value for a lifetime and approximately double the energy requirements specified by (Harper et al.,13
2002).14

15
Using the equations from (Layton, 1993), yields the following results:16
VE = E x H x VQ17

18
VE = minute ventilation volume liters per minute (1 L/min = 1.44 m3/day)19
H = volume of O2 in liters consumed per kJ expended .05 L O2 /kJ20
E = energy expenditure kJ per day (1 kJ = .239 kcal)21
VQ = ventilatory equivalent ratio of VE to VO2 unitless (both quantities are liters per minute)22

VQ = 2723
24

Daily Kilocalories Consumed Estimated Daily Inhalation Rate
2,000 11.4 m3/day
2,500 14.3 m3/day
3,000 17.1 m3/day
3,500 20 m3/day
5,250 30 m3/day

25
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Response to Stifelman1
2

Harper et al.3
4

We would like to address several points raised in Stifelman’s letter.  He says that the Layton metabolic5
approximation, developed via studies performed by others on the general population, indicates that a6
long-term inhalation rate of 30 m3/d is biologically implausible relative to the Spokane Tribe’s diet and7
traditional lifeways.  Stifelman would apply national (urban and suburban) averages for respiratory and8
metabolic parameters, average suburban activity levels, and average suburban dietary values to people9
who maintain an active outdoor lifestyle throughout their entire adult lives (through age 70) and eat a10
native diet.  However, we documented both the diet and its caloric content as well as the activity levels in11
the traditional lifestyle.  In other words, instead of estimating inhalation rates based solely on caloric12
intakes (Layton's approach), we documented caloric intake rates and estimated inhalation rates from13
activity tables. This approach is preferred when activity data are available; otherwise, spirometry would14
no longer be necessary--one would only need caloric intake to calculate inhalation rates.  Stifelman15
merely confirms that the parameters Layton used for the general population do not apply to traditional16
tribal members and their active, outdoor lifestyle and native diet.17

18
1.  What are traditional lifeways?19

20
The exposure factors in the Spokane Tribe’s scenario are based on the lifestyles of traditional tribal21
members, including youth who are learning traditional subsistence skills, adult outdoor workers who also22
hunt, gather, and fish, and elders who gather plants and medicines, and prepare and use them (e.g.,23
making medicines or baskets, etc.) and who teach a variety of indoor and outdoor traditional activities.24
This may be hard for modern office workers to conceptualize, but traditional tribal communities have no25
sedentary members except the frail elderly, whereas one-quarter of modern American adults of all ages26
report no leisure time physical activity at all.1  We provided EPA with a description of typical “days in the27
life of” and “years in the life of” each age group, including seasonal variations, for use in the Midnite28
Uranium Mine Baseline Human Health Risk Assessment.  We further documented this lifestyle and diet29
with published anthropological studies specific to the Spokane Indians, and ethnographic literature on30
foraging theory, hunting-gathering lifestyles, and tribal recommendations on diabetes prevention.31

32
2.  Use of the Layton metabolic equation to calculate inhalation rate from dietary calories, rather33
than direct observation of activity levels and breathing rates.34

35
EPA (1997) thoroughly reviewed the Layton method in the Exposure Factor Handbook.  It is an36
alternative method, not necessarily a better method, and as noted by EPA “the lower [inhalation rate]37
level obtained with the metabolic approach (25%) compared to the activity pattern approach is not well38
supported by the data…” (Exposure Factors Handbook, page 5-16).  The equation employed by Layton39
assumes such a tight link between ventilation rate and caloric intake, that caloric intake can be used to40
estimate ventilation rate and vice versa, by using national averages for the equation’s simplifying factors.41
Stifelman asserts that this relationship can be extended to traditional tribal members and their unique42
genetics and lifestyle.  We disagree.  Any of a dozen variables for respiratory physiology, oxygen43
transport and oxidative processes in muscle cells may be different for people practicing active traditional44
lifeways, and some of these are known to be different in certain indigenous populations (e.g., Andes45
Quechan and Tibetan peoples and their genetically-based altitude adaptations for oxygen utilization).46
Another set of variables for metabolism and native diets need to be considered as well.  All of these47

                                                     
1 (http://www.cdc.gov/brfss/pdf/ 2001prvrpt.pdf and http://www.cdc.gov/brfss/pubrfdat.htm).
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variables are well known, but it is not known how these variables cluster in various ethnic populations.1
We believe it is improper to assume all ranges of ages, genders, ethnicities, fitness levels, and pulmonary2
conditions are captured in single national averages.  Tribal populations are not represented  by a “high end3
tail” of a national melting pot of ethnicities, but discrete lifestyles protected by Treaties and/or federal4
Trusteeship obligations.5

6
Perhaps the most relevant factors associated with ethnic-specificity are the thrifty genotype(s), insulin7
use, and oxidation and adiposity patterns (Goran, 2000; Fox et al., 1998; Muzzin et al., 1999; Rush et al.,8
1997; Saad et al., 1991; Kue Young et al., 2002), as well as ethnic differences in spirometry (Crapo et al.,9
1988; Lanese et al., 1978; Mapel et al., 1997; Aidaraliyev et al., 1993; Berman et al., 1994).  Research on10
the thrifty genotype suggests that there may be several stress response genes that enable indigenous11
populations to respond to environmental stresses and to the rapid transition between extremes, including12
feast and famine, heat and cold, disruption in circadian rhythms, dehydration, seasonality, and explosive13
energy output or rapid transitions between minimum and maximum exercise and VO2max (Kimm et al.,14
2002; Snitker et al., 1998).  These genes “uncouple” several energy expenditure parameters (Kimm et al.,15
2002) embedded in Layton’s equation, further indicating that ethnic-specific data should be developed if16
Layton’s equation is used.17

18
Similarly, the national average diet cited by Stifelman is not relevant to populations who eat traditional19
diets.  Most tribes are recommending a return to native diets wherever possible for people who are not20
already eating traditionally.  We agree with Stifelman’s implication that our caloric intake (we used 250021
kcal/day) might be somewhat underestimated (see, for instance, Steegman et al., 2002).  However, we22
believe that the thrifty genotype, with its more efficient energy utilization, alters the ratios of ventilation23
rate, calorie needs, and activity levels so that the documented Spokane diet (2500 Kcal/d or a little more)24
and observed activity levels are compatible with an inhalation rate of 30 m3/d.25

26
3.  Short-term versus long-term inhalation rates.27

28
Most federal and state agencies use either the EPA default value of 20m3/d or use activity levels to29
estimate long-term inhalation rates.  We found no examples of federal or states agencies that rely on a30
metabolic equation to derive inhalation rates.  When we developed the Spokane exposure scenario, we31
evaluated activity levels through anthropological data and confirmatory interviews, and used the CHAD-32
based EPA recommendations for ventilation rate for the different activity levels.  Several examples of33
similar approaches are:34

35
� EPA’s National Air Toxics Assessment (homepage: http://www.epa.gov/ttn/atw/nata/36

natsa3.html) uses the CHAD database in its HAPEM4 model to estimate national average air37
toxics exposures even though “the lack of activity pattern data that extend over longer periods of38
times presents a challenge for HAPEM4 to predict the long-term (yearly) activity patterns that are39
required to determine chronic exposures.”  Therefore, “an approach of selection of a series of40
single day's patterns (from CHAD) to represent an individual's activity pattern for a year was41
developed.”42

� The California Air Resources Board (CARB, 2000) reviewed daily breathing rates based on43
activity levels and measured ventilation rates for many activities in the CHAD database.  The44
average hourly rate for sleeping was 0.5 m3/hr, light activities at 0.55 m3/hr, moderate activities at45
1.4 m3/hr, and heavy rates of activity levels at 3.4 m3/hr.  The CARB concluded that 20 m3/d46
represents an 85th percentile of typical adult sedentary/light activity lifestyles.  This is based on 847
hours sleeping and 16 hours of light activity with no moderate or heavy activity, or 1 hour day of48
moderate and heavy activity each.49
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� In their technical guidance document, "Long-term Chemical Exposure Guidelines for Deployed1
Military Personnel," the US Army Center for Health Promotion and Preventive Medicine2
(USACHPPM) recommended an inhalation rate of 29.2 m3/d for US service members.  Deployed3
personnel were assumed to spend 6 hours sleeping at an inhalation rate of 0.4 m3/hr, 4 hours in4
sedentary activities (at 0.5 m3/hr), 6 hours in light duties (at 1.2 m3/hr), and 8 hours in moderate5
duties (at 2.2 m3/hr).26

� EPA used 30 m3/day for a year-long exposure estimate for the general public at Hanford, based7
on a person doing 4 hours of heavy work, 8 hours of light activity, and 12 hours resting.38

� The DOE’s Lawrence Berkeley Laboratory also used 30 m3/d:  “the working breathing rate is for9
8 hours of work and, when combined with 8 hours of breathing at the active rate and 8 hours at10
the resting rate, gives a daily equivalent intake of 30 m3 for an adult.”411

� For radionuclide exposures, EPA recommends using a lifetime average value of 19.2 m3/day for12
men and 16.5 m3/day for women, based on the Third NHANES (EPA, 1999). They also reviewed13
the Layton paper and pointed out that the single VQ number proposed for all ages and activity14
levels and both genders poses great uncertainty, and stated that because “reliable age- and gender-15
specific central values for VQ have not been established, the ICRP’s recommended age- and16
gender-specific inhalation rates, rather than rates derived from Layton’s method, are applied in17
[this FGR 13 document]” (EPA, 1999, page 139).18

19
4.  The use of population-specific information rather than national averages.20

21
EPA instructs risk assessors to identify the receptor population and their activities or land use.522
“Assessors are encouraged to use values which most accurately reflect the exposed population.”6   The23
OSWER Land Use Directive7 requires the identification of land uses for the baseline risk assessment;24
when the affected resources are on reservations or areas where tribes retain usory rights, a25
subsistence/residential land use must be assumed if the Tribe so indicates.  Executive Order 12898826
requires the identification of subsistence consumption of natural resources, and for Indian Tribes this27
includes the activities required to obtain those resources.28

29
EPA recognizes that inhalation rates may be higher in certain populations, such as athletes or outdoor30
workers, because levels of activity outdoors may be higher over long time periods.  “If site-specific data31
are available to show that subsistence farmers and fishers have higher respiration rates due to rigorous32
physical activities than other receptors, that data may be appropriate.”9  Such subpopulation groups are33

                                                     
2 http://www.gulflink.osd.mil/particulate_final/ particulate_final_s06.htm and

http://www.gulflink.osd.mil/pm/pm_en.htm.
3 (http://yosemite.epa.gov/r10/AIRPAGE.NSF/

1887fc8b0c8f2aee8825648f00528583/f8e7130584971528882569300072cd00?OpenDocument).
4 (www.lbl.gov/ehs/epg/tritium/TritAppB.html)
5 http://www.epa.gov/superfund/programs/risk/ragsd/table4instructions.pdf.
6 Exposure Factor Handbook, Volume 1, page 5-23
7 OSWER Directive 9355.7-04, "Land Use in the CERCLA Remedy Selection Process"

(May 25, 1995)
8 White House, 1994.  Federal Actions To Address Environmental Justice In Minority Populations And
Lowincome Populations: Feb. 11, 1994; 59 FR 7629, Feb. 16, 1994.
9 EPA (OSWER) “Human Health Risk Assessment Protocol for Hazardous Waste Combustion Facilities,

Support Materials Volume 1: Human Health Risk Assessment Protocol for Hazardous Waste
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considered ‘high risk’ subgroups.10  EPA (1997) recommends calculating their inhalation rates using the1
following median hourly intakes for various activity levels (in m3/hr): resting = 0.4, sedentary = 0.5, light2
activity = 1, moderate activity = 1.6, heavy activity = 3.2.  EPA’s median rate for outdoor workers is 1.33
m3/hr, with an upper percentile  of 3.3 m3/hr, depending on the ratio of light, moderate and heavy4
activities during the observation time.  Other EPA risk assessments typically use 4.8 m3/hr for5
construction workers, 2.5 m3/hr for groundskeepers, and similar values applied to an 8 hour work day and6
extended for an entire worklife.7

8
Since we have population-specific data, we believe that EPA is required to use it in order to meet its9
statutory mandate to protect human health – and particularly if members of an explicit population are10
identifiably discrete.  Using EPA guidance on hourly inhalation rates for different activity levels, a11
reasonable inhalation rate for an average tribal member’s active lifestyle is a median rate of  26.2 m3/d,12
based on 8 hours sleeping at 0.4 m3/hr, 2 hours sedentary at 0.5 m3/hr, 6 hours light activity at 1 m3/hr, 613
hours moderate activity at 1.6 m3/hr, and 2 hours heavy activity at 3.2 m3/hr.14

15
16

5.  Conclusion17
18

Unlike other exposure factors, which are upper bounds, the inhalation rate is a median rate.19
20

EPA says “an upper percentile is not recommended”11 with no reason given.  This is inconsistent with the21
usual RME approach used in Superfund risk assessments, and could result in under-protection of children,22
the elderly, athletes, asthmatics, and the half of the population with above-average inhalation rates.  Due23
to a tribal desire to protect more than just the average traditional person, we have chosen to round up the24
value of 26.2 m3/d to 30 m3/day.  We are continuing to collect data on tribal activities analogous to25
CHAD categories, and will continue to follow EPA’s general HAPEM4 approach. We should note that26
we are not focusing on a cross-section of tribal members, some of whom have westernized lifestyles, but27
specifically on traditional lifeways, subsistence activities, and native diets which were reserved between28
the United States and the tribal governments and which continue to be protected by federal law.29

30
We believe the real motivation for challenging the tribes’ inhalation rate is EPA’s concern for setting31
precedent for other applications, such as air emissions from the Umatilla Army Chemical Munitions32
Incinerator (and other point sources affecting tribal lands) and the national tribal air quality rule.  EPA’s33
Tribal Consultation Policy12 requires genuine consultation before changing exposure factors developed by34
tribal scientists and promulgated through tribal law.35

36
37
38
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Table C1-1 Common Vascular Plants Found on the Hanford Site

Scientific Name Common Name

Shrub-Steppe Species Shrubs

Artemisia tridentata big sagebrush

Chrysothamnus nauseous grey rabbitbrush

Chrysothamnus viscidiflorus green rabbitbrush

Eriogonum niveum snowy buckwheat

Grayia (Atriplex) spinosa spiny hopsage

Purshia tridentata bitterbrush

Perennial Grasses

Agropyron dasystachyum thick-spike wheatgrass

Agropyron desertorum (cristatum) crested wheatgrass

Agropyron sibericum Siberian-wheatgrass

Agropyron spicatum bluebunch wheatgrass

Oryzopsis hymenoides Indian-ricegrass

Poa sandbergii (secunda) Sandbergs bluegrass

Sitanion hystrix bottlebrush squirreltail

Sporobolus cryptandrus sand dropseed

Stipa comata needle-and-thread grass

Perennial Forbs

Achillea millefolium yarrow

Arenaria franklinii sandwort

Astragalus caricinus buckwheat milkvetch

Astragalus sclerocarpus stalked-pod milkvetch

Balsamorhiza careyana balsamroot

Brodiaea douglasii cluster lily

Comandra umbellata comandra

Cymopterus terebinthinus turpentine cymopterus

Erigeron filifolius threadleaf milkbane

Frittillaria pudica yellow bell

Helianthus cusickii Cusick’s sandflower

Lomatium grayi Gray’s desert-parsley

Machaeranthera canescens hoary aster

Oenothera pallida pale evening primrose
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Table C1-1 Common Vascular Plants Found on the Hanford Site

Scientific Name Common Name

Penstemon acuminatus Beard tongue

Phlox longifolia long-leaved phlox

Psoralea lanceolata scurf pea

Rumex venosus sand dock

Sphaeralcea munroana desert mallow

Thelypodium lanciniatum thelypody

Annual Forbs

Ambrosia acanthicarpa ragweed

Amsinckia lycopsoides fiddleneck tarweed

Chaenactis douglasii false yarrow

Chorispora tenella purple mustard

Crepis atrabarba hawk beard

Cryptantha circumscissa matted cryptantha

Cryptantha pterocarya cryptantha

Descurainia pinnata tansy mustard

Draba verna spring draba

Epilobium paniculatum willow-herb

Erodium cicutarium filaree (cranes bill)

Erysimum asperum western wall flower

Holosteum umbellatum jagged chickweed

Lastuca serriola prickly lettuce

Lepidium perfoliatum pepperweed

Annual Grasses

Bromus tectorum cheatgrass

Festuca microstachys small fescue

Festuca octoflora six-weeks fescue

Riparian Plants Trees and Shrubs

Apocynum cannabinum dogbane

Morus alba white mulberry

Populus trichocarpa black cottonwood

Prunus spp. peach, apricot, cherry

Robinia pseudo-acacia black locust
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Table C1-1 Common Vascular Plants Found on the Hanford Site

Scientific Name Common Name

Salix amygdaloides peachleaf willow

Salix exigua sandbar willow

Salix spp. willow

Perennial Grasses and Forbs

Allium spp. wild onion

Artemisia campestris Pacific sage

Artemisia ludoviciana prairie sage

Carex spp. sedge

Centurea repens Russian-knapweed

Coreopsis atkinsonia tickseed

Eleocharis spp. wiregrass

Equisetum spp. horsetail

Gaillardia aristata gaillardia

Grindelia columbiana gumweed

Heterotheca villosa golden aster

Juncus spp. rushes

Lupinus spp. lupine

Phalaris arundinacea reed canary grass

Polygonum persicaria smartweed

Scirpus spp. bulrushes

Solidago occidentalis goldenrod

Typha latifolia cattail

Veronica anagallis-aquatica speedwell

Aquatic Vascular

Elodea canadensis waterweed

Lemna minor duckweed

Myriophyllum spicatum water milfoil

Potamogeton spp. pondweed

Rorippa nasturtium-aquaticum watercress

Rorippa columbiae Columbia yellow cress

Source: Cushing 1992 in Hanford Environmental Impact Statement.

1
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Table C1-2 List of Mammals Occurring on the Hanford Site

Scientific Name Common Name

Antrozous pallidus pallid bat

Brachylagus idahoensis pygmy rabbit

Canis latrans coyote

Castor canadensis beaver

Cervus elaphus elk

Erethizon dorsatum porcupine

Eutamias minimus least chipmunk

Lagurus curtatus sagebrush vole

Lasionycteris noctivagans silver-haired bat

Lasiurus cinereus hoary bat

Lepus californicus black-tailed jackrabbit

Lepus townsendi white-tailed jackrabbit

Lutra canadensis river otter

Lynx rufus bobcat

Marmota flaviventris yellow-bellied marmot

Mephitis mephitis striped skunk

Microtus montanus montane meadow mouse

Mus musculus house mouse

Mustela erminea short-tailed weasel

Mustela frenata long-tailed weasel

Mustela vison mink

Myotis californicus California brown bat

Myotis lucifugus little brown bat

Myotis yumanensis Yuma brown bat

Neotoma cinerea bushy-tailed woodrat

Odocoileus hemionus mule deer

Odocoileus virginianus white-tailed deer

Ondatra zibethicus muskrat

Onychomys leucogaster northern grasshopper mouse

Perognathus parvus Great Basin pocket mouse

Peromyscus maniculatus deer mouse

Plecotus townsendii townsendii Pacific western big-eared bat
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Table C1-2 List of Mammals Occurring on the Hanford Site

Scientific Name Common Name

Procyon lotor raccoon

Rattus norvegicus Norway rat

Reithrodontomys megalotis western harvest mouse

Sorex merriami Merriam shrew

Sorex vagrans vagrant shrew

Spermophilus townsendii Townsend ground squirrel

Sylvilagus nuttallii Nuttall cottontail rabbit

Taxidea taxus badger

Thomomys talpoides northern pocket gopher

Source: Cushing 1992 in Hanford Environmental Impact Statement.

1
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Table C1-3 Common Birds Occurring on the Hanford Site

Scientific Name Common Name

Ageless phonics red-winged blackbird

Alas aceta northern pintail

Alas americana American wigeon

Anas clypeata northern shoveler

Anas platyrhynchos mallard

Ardea herodias great blue heron

Aythya americana edhead

Branta canadensis Canada goose

Bucephala albeola bufflehead

Calidris mauri western sandpiper

Calidris minutilla least sandpiper

Carpodacus mexicanus house finch

Charadrius vociferus killdeer

Chordeiles minor common nighthawk

Columba liviarock dove

Corvus corax common raven

Dendroica coronata yellow-rumped warbler

Eremophila alpestris horned lark

Fulica americana American coot

Hirundo pyrrhonota cliff swallow

Hirundo rustica barn swallow

Junco hyemalis dark-eyed junco

Larus californicus California gull

Larus delawarensis ring-billed gull

Limnodromus scolopaceus long-billed dowitcher

Mergus merganser common merganser

Numenius americanus long-billed curlew

Passer domesticus house sparrow

Pica pica black-billed magpie

Podilymbus podiceps pied-billed grebe

Sturnella neglecta western meadowlark

Sturnus vulgaris European starling
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Table C1-3 Common Birds Occurring on the Hanford Site

Scientific Name Common Name

Turdus migratorius American robin

Tyrannus verticalis western kingbird

Zenaida macroura mourning dove

Zonotrichia leucophrys white-crowned sparrow

Source: Cushing 1992 in Hanford Environmental Impact Statement.

1



24590-WTP-RPT-ENS-03-006, Rev 0
Environmental Risk Assessment Work Plan for the

Hanford Tank Waste Treatment and Immobilization Plant

Page C1-8

Table C1-4 Amphibians and Reptiles Occurring on the Hanford Site

Scientific Name Common Name

Amphibians

Bufo woodhouseii Woodhouse’s toad

Hyla regilla Pacific treefrog

Spea intermontana Great Basin spadefoot

Reptiles

Chrysemys picta painted turtle

Coluber constrictor western yellow-bellied racer

Crotalus viridis western rattlesnake

Hyspiglena torquata desert night snake

Masticophis taeniatus striped whipsnake

Phrynosoma douglassii short-horned lizard

Pituophis melanoleucus gopher snake

Sceloporus graciosus sagebrush lizard

Uta stansburiana side-blotched lizard

Source: Cushing 1992 in Hanford Environmental Impact Statement.

1
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Table C1-5 Plant Species of Concern on the Hanford Site

Scientific Name Common Name Status*

Allium robinsonii Robinson’s onion M3

Allium scillioides squill onion M3

Arenaria franklinii v. thompsonii Tompson’s sandwort FC3b, M2

Artemisia campestris var. wormskioldii northern wormwood FC1, SE

Artemisia lindleyana Columbia River mugwort M3

Astragalus columbianus Columbia milkvetch FC2, ST

Astragalus sclerocarpus stalked-pod milkvetch M3

Astragalus speirocarpus medick milkvetch M3

Astragalus succumbens crouching milkvetch M3

Balsamorhiza rosea rosy balsamroot M3

Carex densa dense sedge S

Cirsium brevifolium palouse thistle M3

Cryptantha interrupta bristly cyptantha S

Cryptantha leucophaea gray cryptantha S

Cuscuta denticulata desert dodder M1

Cyperus rivularis shining flatsedge S

Erigeron piperianus Piper’s daisy S

Limosella acaulis southern mudwort S

Lindernia anagallidea false-pimpernel S

Lomatium tuberosum Hoover’s desert-parsley FC2, ST

Oenothera pygmaea dwarf evening-primrose S

Pellaea glabella smooth cliffbrake M3

Penstemon eriantherus fuzzy beardtongue M3

Rorippa columbiae Columbia yellowcress FC2, SE

* Plant species of concern status definitions:

State Definitions (WSDNR 1990)

SE - State endangered: Plant taxa that are in danger of becoming extinct or extirpated within the near future if factors
contributing to their decline continue.

S - State threatened: Plant taxa that are likely to become endangered within the near future if factors contributing to their
population decline or habitat degradation continue.

S - Sensitive: Plant taxa that are vulnerable or declining, and that could become endangered or threatened without active
management or removal of threats.

M1 - Monitor group 1: Plant taxa in need of further field work before a status can be assigned.
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Table C1-5 Plant Species of Concern on the Hanford Site
M2 - Monitor group 2: Plant taxa with unresolved taxonomic questions.

M3 - Monitor group 3: Plant taxa that are more abundant and less threatened than previously assumed.

Federal Definitions (50 CFR 17)

FC1 - Candidate plant taxa for which enough substantial information on biological vulnerability and threat is available to
support listing as threatened or endangered by the federal government.

FC2 - Candidate plant taxa for which there is some evidence of vulnerability, but not enough data to support listing proposals at
this time.

FC3 - Candidate plant taxa that were once considered for listing as threatened or endangered but are no longer candidates for
listing.

Subcategory (FC3b) includes names that, on the basis of current taxonomic understanding, do not represent distinct taxa meeting
the Endangered Species Act of 1973 definition of species.

Source: Sackschewsky and others 1992 in Hanford Environmental Impact Statement.

1
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Table C1-6 Wildlife Species of Concern on the Hanford Site

Scientific Name Common Name Status*

Mammals

Antrozous pallidus pallid bat SM

Brachylagus idahoensis pygmy rabbit FC2, ST

Lagurus curtatus sagebrush vole SM

Onychomys leucogaster northern grasshopper mouse SM

Plecotus townsendii Pacific western big-eared bat FC2, SC

Sorex merriami Merriam’s shrew SC

Birds

Accipter gentilis northern goshawk FC2, SC

Aechmophorus clarkii Clark’s grebe SM

Aechmophorus occidentalis western grebe SM

Ammodramus savannarum grasshopper sparrow SM

Amphispiza belli sage sparrow SC

Aquila chrysaetos golden eagle SC

Ardea herodias great blue heron SM

Athene cunicularia burrowing owl SC

Branta canadensis leucopareia** Aleutian Canadian goose FE, SE

Buteo regalis ferruginous hawk FC2, ST

Buteo swainsoni Swainson’s hawk SC

Caserodius albus great egret SM

Cathartes aura turkey vulture SM

Centrocercus urophasianus western sage grouse FC2, SC

Chlidonias niger black tern FC2, SM

Falco columbarius merlin SM

Falco mexicanus prairie falcon SM

Falco peregrinus peregrine falcon FE, SE

Falco rusticolus gyrfalcon SM

Gavia immer common loon SC

Grus canadensis sandhill crane SE

Haliaeetus leucocephalus bald eagle FT, ST

Himantopus mexicanus black-necked stilt SM

Lanius ludovicianus loggerhead shrike FC2, SC
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Table C1-6 Wildlife Species of Concern on the Hanford Site

Scientific Name Common Name Status*

Melanerpes lewis Lewis’ woodpecker SC

Myiarchus cinerascens ash-throated flycatcher SM

Numenius americanus long-billed curlew SM

Nyctea scandiaca snowy owl SM

Nycticorax nycticorax black-crowned night heron SM

Oreoscoptes montanus sage thrasher SC

Otus flammeolus flammulated owl SC

Pandion haliaetus osprey SM

Pelecanus erythrorhychos white pelican SE

Podiceps auritus horned grebe SM

Podiceps grisegena red-necked grebe SM

Sialia mexicana western bluebird SC

Sterna caspia Caspian tern SM

Sterna forsteri Forster’s tern SM

Sterna paradisaea arctic tern SM

Strix varia barred owl SM

Reptiles

Hypsiglena torquata desert night snake SM

Masticophis taeniatus striped whipsnake SC

Amphibians

Bufo woodhousei Woodhouse’s toad SM

Fish

Catostomus platyrhynchus mountain sucker SM

Cottus beldingi Piute sculpin SM

Cottus perplexus reticulate sculpin SM

Percopsis transmontana sand roller SM

Mollusks
Fisherola nuttalli short-faced lanx FC2, SC
Fluminicola columbiana Columbia pebble snail FC2, SC

Insects
Cicindela columbica Columbia River tiger beetle SC

1
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Table C1-6 Wildlife Species of Concern on the Hanford Site
* Species of concern status definitions:

Federal Definitions (from Endangered Species Act, as amended by PL 100-207, November 23, 1988; Federal Register, Vol. 54,
No. 4, January 6, 1989, Notice of Review–Animals, US Fish and Wildlife Service).

FE - Federal endangered: A species in danger of extinction or extirpation throughout all or a substantial portion of its range.

FT - Federal threatened: A species that is likely to become endangered within the near future because of threats to its
population.

FC2 - Federal candidate for listing, Category 2: A species for which there is some evidence of vulnerability, but for which there
are not enough data to support listing proposals at this time.

State Definitions (WSDW 1991)

SE - State endangered: A species native to Washington State that is seriously threatened with extinction throughout all or a
substantial portion of its range within the state.  Endangered species are designated in WAC 232-12-014.

ST - State threatened: A species native to Washington State likely to become endangered within the foreseeable future
throughout substantial portions of its range within the state without cooperative management or the removal of threats.
Threatened species are designated in WAC 232-12-011.

SC - State candidate: A wildlife species native to Washington State that the Department of Wildlife will review for possible
listing as endangered, threatened, or sensitive.

SM - State monitor: A wildlife species native to Washington State of special interest because at one time it was classified as
endangered, threatened, or sensitive; it requires habitat that has limited availability during some portion of its life cycle; it
is an indicator of environmental quality; further field investigations are required to determine its population status; there
are unresolved taxonomic problems that may bear upon its status classification; it may be competing with and impacting
other species of concern; and it has substantial popular appeal.

** Rare migrant or accidental occurrence on the Hanford Site (Downs and others 1993).

Source: Downs and others 1993, Stengen 1993, Landeen and others 1992 in Hanford Environmental Impact Statement.

1
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Annotated Contents of Appendix C-2 Tables1
2

Table C2-1, Ecological Transfer Factors for COPCs and ROPCs3
4

This table contains values of log Kow and log Koc for organic COPCs; ecological bioconcentration factors5
for uptake from soil to plants; bioaccumulation factors for uptake from soil to terrestrial invertebrates;6
transfer factors from ingested material to mammals; and bioconcentration factors from water to aquatic7
biota, aquatic plants, aquatic invertebrates, and benthic invertebrates.  The preferred source of data for8
each type of factor was EPA (1999).  For plants and mammals, Baes and others (1984) was next in order9
of preference for inorganic COPCs and ROPCs.  For organic COPCs for which no measured data were10
available, uptake factors were estimated by using equations derived by regression analysis of uptake of11
organic compounds under controlled conditions.  Equations for uptake factors and for radiation dose12
factors, their numbers in the text, the locations of their descriptions in the text, and their sources follow:13

14
Terrestrial plants- bioconcentration factor for uptake of organic COPCs from soil to terrestrial plant15
tissue (SPv):16
log SPv = 1.588 - (0.578 × log Kow)17
Equation 8-60, section 8.2.5.3 (Travis and Arms 1988).  Terms are defined in section 8.2.5.3 and in the18
notes to Table C2-1.19

20
Terrestrial invertebrates – bioaccumulation factors for uptake of organic COPCs from soil to terrestrial21
invertebrates (BAF-S):22
log BAF-S = 0.819 × log Kow - 1.14623
Equation 8-63, section 8.2.5.3 (Southworth and others 1978).  Terms are defined in section 8.2.5.3 and in24
the notes to Table C2-1.25

26
Mammals and birds - transfer factors from ingested material to animal tissue (Ba):27
For mammals, log Ba = log Kow -7.628
Equation 8-66, section 8.2.5.3 (Travis and Arms 1988).  Terms are defined in section 8.2.5.3 and in the29
notes to Table C2-1.30
For birds, Ba = 0.8 × Ba for mammals31

32
Aquatic plants - bioconcentration factors for uptake of organic COPCs from water to plant tissue (WP):33
log WP = 0.819 × log Kow - 1.14634
Equation 8-72, section 8.2.5.4 (Southworth and others 1978).  Terms are defined in section 8.2.5.4 and in35
the notes to Table C2-1.36

37
Aquatic plants - bioconcentration factor for uptake of organic COPCs from sediment to rooted aquatic38
plant tissue (SP):39
log SP = 1.588 - (0.578 × log Kow)40
Equation 8-73, section 8.2.5.4 (Travis and Arms 1988).  Terms are defined in section 8.2.5.4 and in the41
notes to Table C2-1.42

43
Aquatic invertebrates - bioconcentration factors for uptake of organic COPCs from water to invertebrate44
tissue (BCFinv):45
log BCFinv = 0.819 log Kow - 1.14646
Equation 8-74, section 8.2.5.4 (Southworth and others 1978).  Terms are defined in section 8.2.5.4 and in47
the notes to Table C2-1.48

49
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Fish - bioconcentration factors for uptake of organic COPCs from water to invertebrate tissue (BCFfish):1
log BCFfish = 0.91 × log Kow - 1.975 × log (6.8 × 10-7 × Kow + 1.0) - 0.7862
Equation 8-75, section 8.2.5.4 (Bintein and others 1993).  Terms are defined in section 8.2.5.4 and in the3
notes to Table C2-1.4

5
Benthic invertebrates - bioaccumulation factors for uptake of organic COPCs from sediment to benthic6
invertebrates (BASF):7
log BASF = 0.819 × log Kow - 1.1468
Equation 8-76, section 8.2.5.4 (Southworth and others 1978).  Terms are defined in section 8.2.5.4 and in9
the notes to Table C2-1.10

11
Table C2-2, Bioaccumulation Factors for Accumulation of COPCs and ROPCs from Soil by12
Mammals and Birds13

14
Bioaccumulation factors for uptake from ingested soil by mammals and birds (BAF-Ts) was calculated15
as:16
BAF-Ts = Ba × IRF × SF × BW17
Equation 8-10, sections 8.2.3.1 and 8.2.5.3 (EPA 1999).18
Terms are defined in sections 8.2.3.1 and 8.2.5.3 and in the notes to Table C2-2.19

20
Table C2-3, Bioaccumulation Factors for Accumulation of COPCs and ROPCs from Food by21
Mammals and Birds22

23
Bioaccumulation factors for uptake from ingested plant tissue by mammals and birds (BAF-Tp) was24
calculated as:25
BAF-Tp = Ba × IRF × PF × BW26
Equation 8-11, sections 8.2.3.1 and 8.2.5.3 (EPA 1999).27
Terms are defined in Sections 8.2.3.1 and 8.2.5.3 and in the notes to Table C2-3.28

29
Table C2-4, Bioaccumulation Factors for Accumulation of COPCs and ROPCs from Water by30
Mammals and Birds31

32
Bioaccumulation factors for uptake from ingested water by mammals and birds (BAF-Tw) was calculated33
as:34
BAF-Tw = Ba × IRW × BW35
Equation 8-42, sections 8.2.4.1 and 8.2.5.3 (EPA 1999).36
Terms are defined in sections 8.2.4.1 and 8.2.5.3 and in the notes to Table C2-4.37

38
Table C2-5, Food Chain Multipliers for Bioaccumulation of Organic COPCs by Mammals and39
Birds40

41
Food chain multipliers (FCMs) for bioaccumulation of organic COPCs to receptors at different trophic42
levels (section 8.2.5.3) were developed for aquatic biota by EPA (1995) and are applied in the Risk43
Assessment Work Plan for terrestrial biota as described by EPA (1999).  They are used in44
sections 8.2.3.1, 8.2.3.3, 8.2.4.1, and 8.2.4.3.45

46
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Table C2-6, Dose Conversion Factors, Decay Energies, Absorption Factors, and Radiation Dose1
Factors for ROPCs2

3
Dose factors (DFs) are factors for ROPCs that convert activities of ROPCs in air, soil, and water to4
external radiation doses.5
Dose factor for external radiation from soil (DFsoil):6
DFsoil = Fabove × Fruf × DCF × CFb × ECF + 1.05 × Fbelow × E�n� × �� × CFa7
Equation 8-24, section 8.2.3.4 (Sample and others 1997).8

9
Dose factor for external radiation from air (DFair):10
DFair = 3.2 × 105 × DCF11
Values of DCF are given in Eckerman and Ryman (1993).12

13
Dose factor for external radiation from immersion in water (DFwater, imm)14
DFwater, imm = Cwctot × (1-Fs-Fin) × 0.001 × CFa × [(1-��) × E�n� + (1-��) × E�n�]15
Equation 8-55, section 8.2.4.4 (Blaylock, Frank, and O’Neal 1993).16

17
Dose factor for external radiation from sediment (DFsediment)18
DFsediment = Cs × (0.5 × Fs + Fin) × CFa × [(1-��) × E�n� + (1-��) × E�n�]19
Equation 8-56, section 8.2.4.4 (Blaylock, Frank, and O’Neal 1993).20

21
Dose factor for external radiation from proximity to water (DFwater, prox)22
DFwater, prox = Cwctot × Fnear × 0.001 × CFa × [(1-��) × E�n�],23
Equation 8-58, section 8.2.4.4 (Blaylock, Frank, and O’Neal 1993).24

25
The DF for internal exposure is:26
DFint = CFa × (QF × E�n� × �� + E�n� × �� + E�n� × ��).27
Equation 8-28, sections 8.2.3.4 and 8.2.4.3 (Sample and others 1997).  Terms are defined in28
sections 8.2.3.4 and 8.2.4.4 and in the notes to Table C2-6.29

30
Radiation dose factors (DFs) are ROPC-specific because the decay energy is ROPC-specific and are31
receptor-specific because the absorption fraction is receptor-specific.  The decay energies (E�n�, E�n�,32
and E�n�) are the product of the energy of disintegration and the fraction of disintegrations that produce33
the specific type of radiation (� or � particles) or the photon energy emitted during transition from a34
higher to a lower energy state (� radiation) (Eckerman and Ryman 1993), and absorption factors (��,��,35
and ��) are the receptor-specific fraction of the decay energy absorbed by tissue (Blaylock, Frank, and36
O’Neal 1993; Sample and others 1997).37

38
Table C2-7, Dose Conversion Factors, Decay Energies, Absorption Factors, and Radiation Dose39
Factors for Non-ROPC Daughter Radionuclides in Sediment40

41
Radiation dose factors for non-ROPC daughter radionuclides have the same definitions as the dose42
factors for ROPCs.  Non-ROPC daughter radionuclides are radionuclides that are produced by radioactive43
decay of ROPCs.  They are included in dose assessment for exposure to sediment because they may44
accumulate in sediment.45

46
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Acronyms and Terms used in Appendix C-21
2

BW Body weight of receptor (kg).3

COPC Chemical of potential concern.4

FCM Food chain multiplier.5

IRF Receptor-specific daily ingestion rate of food (kg fresh weight of food/d).6

IRW Receptor-specific daily ingestion rate of water (L/d).7

log Kow logarithm of the octanol-water partitioning coefficient (L/kg).8

log Koc organic carbon-water partitioning coefficient (L/kg).9

PF Fraction of IRF that is plant tissue.10

QF Quality factor to adjust radiation dose for relative abilities of �, �, and � radiation to harm11
tissue.12

ROPC Radionuclide of potential concern.13

SF Fraction of IRF equal to the daily soil consumption rate.14
15

Uptake factors are defined on pages C2-iii through C2-v and in the notes to the Appendix C2 tables.16
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References for Appendix C-21
2

Project Documents3

None4
5

Codes and Standards6

None7
8
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Baes CF, III, Sharp RD, Sjoreen AL, and Shor RW.  1984.  A Review and Analysis of Parameters for10
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Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA.12

Bintein S, Devillers J, and Karcher W.  1993.  “Nonlinear Dependence of Fish Bioconcentration on13
n-Octanol/Water Partition Coefficients,” SAR and QSAR in Environ. Res., Volume 1, p 29–39.14

Blaylock BG, Frank ML, and O’Neal BR.  1993.  Methodology for Estimating Radiation Dose Rates to15
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US Environmental Protection Agency, Washington, DC, USA.28

Sample BE, Aplin MS, Efroymson RA, Suter II GW, and Welsh CJE.  1997.  Methods and Tools for29
Estimation of the Exposure of Terrestrial Wildlife to Contaminants, ORNL/TM-13391.  Environmental30
Sciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA.31
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Appendix C-31

2

Toxicity Reference Values for Plants, Terrestrial3

Invertebrates, Mammals, Birds, Surface Water Organisms4

and Sediment-Dwelling Biota5
6
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Appendix C-31

Toxicity Reference Values for Plants, Terrestrial2

Invertebrates, Mammals, Birds, Surface Water Organisms3

and Sediment-Dwelling Biota4

Contents5

Acronyms and Terms used in Appendix C-3 ......................................................................C3-iii6

References for Appendix C-3................................................................................................. C3-v7
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Codes and Standards...................................................................................................................................C3-v9
Other Documents.........................................................................................................................................C3-v10

Hierarchy of References for Toxicity Data......................................................................... C3-vii11
12
13

Tables14

Table C3-1 Derivation of Soil Toxicity Reference Values (TRVs) for Exposure of Plants15
to COPCs and ROPCs................................................................................................C3-116

Table C3-2 Derivation of Soil Toxicity Reference Values (TRVs) for Exposure of17
Terrestrial Invertebrates to COPCs and ROPCs ..................................................C3-1318

Table C3-3 Derivation of Toxicity Reference Values (TRVs) for Exposure of Mammal19
Species to COPCs and ROPCs ................................................................................C3-3120

Table C3-4 Derivation of Toxicity Reference Values (TRVs) for Exposure of Bird21
Species to COPCs and ROPCs ................................................................................C3-4622

Table C3-5 Derivation of Surface Water Toxicity Reference Values (TRVs) for23
Exposure of Aquatic Biota to COPCs and ROPCs................................................C3-5824

Table C3-6 Derivation of Surface Water Toxicity Reference Values (TRVs) from Data25
for Sensitive Species for Exposure of Chinook Salmon and Other Salmonids26
to COPCs and ROPCs..............................................................................................C3-7227

Table C3-7 Derivation of Sediment Toxicity Reference Values (TRVs) for Exposure of28
Sediment-Dwelling Invertebrates to COPCs and ROPCs.....................................C3-8729
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Acronyms and Terms used in Appendix C-31
2

AET Washington State Department of Ecology apparent effects threshold3
(Ecology 1994; Ecology 1997)4

CAS Chemical Abstracts Service5

COPC chemical of potential concern6

DCF duration conversion factor; 1 if chronic, 0.1 if subchronic (Sample and7
others 1996) or inferred from information presented in EPA (1999), Table E-58

DEHP Bis (2-ethylhexyl) phthalate9

EC concentration that caused the reported effect10

EC20 concentration at which an effect was observed in 20 % of tested individuals11

EC50 concentration at which an effect was observed in 50 % of tested individuals12

ECF endpoint conversion factor; 1 if NOAEL, 0.1 if LOAEL (Sample and13
others 1996) or inferred from information presented in EPA (1999), Table E-514

ED dose that caused the reported effect15

EqP equilibrium partitioning, assumes:16

1 toxicity of sediment is due to COPC dissolved in porewater17

2 toxicity in porewater is the same as toxicity in surface water18

3 concentration of COPC in porewater is equal to concentration in19
sediment divided by Koc (Jones and others 1997)20

The sediment TRV is calculated by multiplying the freshwater TRV by21
Koc and TOC.22

ER-L National Oceanic and Atmospheric Administration effects range-low (Long and23
others 1995; Ingersoll and others 1996)24

Koc soil carbon partition coefficient25

LC50 concentration lethal to 50 % of tested individuals26

LC100 concentration lethal to 100 % of tested individuals27

LCV lowest chronic value28

LEL Ontario Ministry of the Interior lowest effect level (Persaud and others 1993)29

LOEC lowest concentration at which an effect was observed30

LOEL lowest exposure level at which an effect was observed31

LOAEL lowest observed adverse effects level32

NAWQC National Ambient Water Quality Criteria33

NOAEL no observed adverse effects level34

NOEC highest concentration at which an effect was not observed35
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PCDD Polychlorinated dibenzo-p-dioxin1

ROPC radionuclide of potential concern2

Tier II SCV secondary chronic value calculated according to Great Lakes Initiative methods3

TOC total organic carbon4

TRV toxicity reference value5

6
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References for Appendix C-31
2

Project Documents3

None4
5

Codes and Standards6

None7
8
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Freshwater Apparent Effects Thresholds, June 1994.  Washington State Department of Ecology,15
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Ecology.  1997.  1997 Model Toxics Control Act Annual Report, Publication 97-606. Washington State17
Department of Ecology, Olympia, Washington, USA.18
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Cleanup Regulation (CLARC) Version 3.1, pp. 94–145, February 2001.  Washington State Department of20
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Hierarchy of References for Toxicity Data1

Table C3-1, Terrestrial plants (section 8.3.1.1) - the hierarchy of choices is: 1) EPA (1999), 2) Model2
Toxics Control Act (MTCA) (Ecology 2001), 3) Efroymson and others (1997a), and 4) the Phytotox3
database.4

5
Table C3-2, Terrestrial invertebrates (section 8.3.1.1) - the hierarchy of choices is: 1) EPA (1999),6
2) MTCA (Ecology 2001), 3) Efroymson and others (1997b), and 4) other published literature.7

8
Table C3-3, Ingestion TRVs for terrestrial mammals (sections 8.3.1.2 and 8.3.2.2) - the hierarchy of9
choices is: 1) EPA (1999), 2) Sample and others (1996), and 3) ECOTOXicology database system10
(EPA 2002).11

12
Table C3-4, Ingestion TRVs for terrestrial birds (section 8.3.1.2 and 8.3.2.2) - the hiearchy of choices13
is: 1) EPA (1999), 2) Sample and others (1996), and 3) ECOTOXicology database system (EPA 2002).14

15
Table C3-5, Aquatic biota (section 8.3.2.1) - the hierarchy of choices is: 1) EPA (1999), 2) MTCA16
(Ecology 2001), 3) National Ambient Water Quality Criteria, (NAWQC) (tabulated by Suter and Tsao17
1996), 4) final chronic values (tabulated by Suter and Tsao 1996), 5) Tier II secondary chronic values18
(SCV) (tabulated by Suter and Tsao 1996), and 6) other published data.  Methods to calculate NAWQC19
and Tier II SCV values are presented in Suter and Tsao (1996).20

21
Table C3-6, Chinook salmon and other salmonids (section 8.3.2.1) - the hierarchy of choices is:22
1) sensitive species EC20 from Suter and Tsao (1996), 2) other published data in which salmonid TRVs23
are lower than general aquatic TRVs, 3) EPA (1999), 4) NAWQC, 5) Tier II chronic values, and 6) other24
published data.  Methods to calculate NAWQC and Tier II SCV values are presented in Suter and Tsao25
(1996).26

27
Table C3-7, Benthic invertebrates (section 8.3.2.1) - the hierarchy of choices is: 1) EPA (1999), 2) no28
effect levels and lowest effect levels from Persaud and others (1993), 3) apparent effects thresholds29
(Ecology 1994), and 4) values published by Ingersoll and others (1996).  For values not found in those30
sources, an equilibrium partitioning approach was used as described by Jones, Suter, and Hull (1997).31

32
Values for hexavalent chromium, which is more toxic than trivalent chromium, were used for all33
receptors.34

35
Data for Aroclor-1254 was used as representative of polychlorinated biphenyl mixtures.36

37
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