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Exposure Scenarios and Unit Dose Factors for 
Ilanford Tank Waste Performance Assessments 

by Paul D. Rittmann PhD CHP 

1.0 INTRODUCTION 

Risk assessment calculations involve models and panmeters from many disciplines to 
predict the migration of hazardous materials (both radioactive and non-radioactive) from low- 
level waste disposal sites and the potential impacts this may have on members of the public some 
time after the disposal site is closed. Of particular interest in this report are the dose and risk 
calculations employed for the Hanford Immobilized Low-Activity Tank Waste (ILAW) 
Performance Assessment (PA). Other risk assessments, such as those supporting tank f m  
closure. should also find these appropriate. Exposure scenarios and model parameters have been 
selected that are acceptable to the DOE as well as local technical experts at the Hanford Site. An 
additional set of modeling assumptions is provided in the Hanford Site Risk Assessment 
Methodology report (DOERL-91-45 Rev 3). All of these exposure models are included in the 
present document. 

The purpose of this document is to provide unit dose factors, unit risk factors. and unit 
hazard index factors for evaluating potential exposures to tank waste materials long afier site 
closure. The contaminants ofconcem are listed in Section A1.O and A2.0. The unit factors are 
applied to combinations of hazardous materials in the waste to calculate the potential radiation 
dose, cancer induction risk. and hazard index to individuals or populations exposed to the 
hazardous materials as a result of various exposure scenarios. The unit factors are derived from 
standard formulas using data considered to be the most recent. 

The particular combination of activities by which an individual accumulates doses of the 
hazardous materials in a disposal site is known as an exposure scenario. For the tank waste risk 
assessment the exposure scenarios are constructed from the land use scenarios (HNF-EP-0828, 
Rev 2). of which there are three general categories. These three are used in the present report to 
establish exposure scenarios. 

(1) The water infiltration rate at the disposal site is extremely low. Ground water 
contamination is expected to be insignificant and will be ignored. The main contaminants 
leaving the waste site are gases and vapors, which difhse upward through the soil to the 
ground surface. Potential exposure scenarios involve individuals living 100 meters 
downwind from the waste, or directly above the waste, where thc contaminant emission 
rate is greatest. 

(2) The water infiltration rate at the disposal site remains similar to present natural infiltration 
rates. Large-scale irrigation for commercial fanning is excluded. Potentia! exposure 
scenm'os include people living near the waste disposal facility once contamination has 
reached the groundwater, and individuals living above the waste who drill a well through 
it. 
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(3) The water infiltration rate at the disposal site is much larger than the present natural 
infiltration rate due to widespread irrigation of the central plateau of the Hanford Site. 
Potential exposure scenarios involve ways that water from a well near the waste disposal 
facility may be used. 

The radiation dose, cancer induction risk, and hazard index calculated for a given scenario 
is then compared with the appropriate performance objective for the facility being evaluated. 
The performance objectives for the ILAW PA are found in RPP-13263, Rev 0. The performance 
objectives for the tank farm closure risk assessments are found in RPP-14283, Rev 0. 

Since many waste disposal site performance assessments have been prepared, both for the 
Hanford Site and other DOE-managed facilities, there is a body of knowledge associated with 
these assessments. Future PA documents must be consistent with previous PA documents to a 
considerable degree. However, there is always room for improvement. One such area is the 
range of potential doses to individuals who may live on or near the disposal site some time in the 
future. The reason for doing this is to ensure that potential doses are not underestimated. The 
low end of the dose range will be zero. The high end depends on the assumed exposure 
scenarios and the model panmeters selected to dcscribe the scenario. This report describes 
possible exposure scenarios, presents model parameters, and calculates unit dose factors for these 
scenarios. This approach enables meaningful comparisons between scenarios, and provides 
assurance that bounding eases have indeed been considered. 

2.0 EXPOSURE SCENARIOS OVERVJEW 

The potential exposure scenarios are divided into two general categories, away from the 
disposal site (offsite) and at the disposal site (onsite). These originated by considering the delays 
between the time of site closure and the time that individuals may bc receiving some dose. The 
time delay affects the amount ofradioactivity that may be present because the radioactivity is 
continually decreasing as isotopes decay. The amount of the hazardous chemicals changes very 
slowly by comparison. 

The offsite location receives the majority of the dose after Contaminants have migrated 
from the disposal site into the groundwater and are brought to the surface through a well. 
Exposure of the offsite individual requires considerable delay between site closure and the 
eventual appearance of hazardous substances in the ground water. Only radionuclides with long 
half-lives, such as technetium-99 and uranium isotopes, will be significant hazards. 
Radionuclides with shorter half-lives, such as cesium-137 and strontium-90, normally will decay 
to insignificant amounts before becoming part of the groundwater contamination. In order for 
the short half-life nuclides to be significant exposure hazards, someone must actively expose 
themselves to the buried waste by moving onto the disposal site and digging into it. Hence the 
onsite scenarios were developed. 

The offsite exposures occur as a result of the environmental transport of hazardous 
materials from the waste disposal site. If some form ofaccess control is present in the distant 
future, the nearest offsite location is the boundary of the controlled area. If access control cannot 
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Onsite Receptor 

be guaranteed, the nearest offsite location is the facility boundary, or 100 meters from the edge 
of the buried waste. The offsite locations are chosen to maximize the potential exposure to 
ground water contaminants, consistent with the realities of access and ground water flow. 

The principal transport mechanism is the migration of contaminants from the waste 
through the vadose soil and into the ground water. For most waste materials this involves a 
considerable time delay (Le., thousands of years) between site closure and arrival of the 
contamination. In addition. different substances travel at different rates through the soil, so they 
arrive at the well at times that may differ by more than the projected 70-year lifetime of the 
offsite individual. The offsite individual may also be exposed to any airborne emissions from the 
waste disposal site. The airborne emissions result from the upward migration of gaseous 
radionuclides and volatile chemicals. The airborne emissions normally lead to considerably less 
dose than is received from drinking the ground water. 

The general features of the exposure scenarios used in performance assessments are 
summarized in Table 1. 

Offsite Receptor 

Table I. General Features of Performance Assessment Exnosure Scenarios. 

no less than 100 years 

directly over the waste disposal site 

Feature 

any time after site closure 

no closer than 100 meters from 
the edge of the buried waste, or 

Time delay 
following site 

closure 

- 
upward from t i e  waste 
(2) direct radiation exposure 
(3) well water 

Receptor location 

Sources of 
exposure 

(1) gases & vapors carried by the 
wind to the offsite location 
(2) well water 

Exposure 
scenarios 

( I )  well driller - person actually 
drilling through the waste 
(2) residential -person living near 
the well 
(3) basement excavation - person 
lives in a dwelling with a 
foundation directly over the waste 

some commercial enterprise 
(2) recreational - people who 
spend time near the site doing 
typical recreational activities 
(3) residential -person living 
near the well 
(4) farmer - subsistence farming 
operation that provides a portion 
of the individual diet 
( 5 )  native American Indian 

I the fenceline of the facility 
(1) gases & vapors that migrate 

. .  
(4j exhumcd waste 

I (1) industrial -people working at 

The onsite exposures are the result ofhuman activity directly over the buried waste, for 
example, a residence. Since current regulations would prohibit such activities, the onsite 
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exposure scenarios are assumed to be delayed for 100 years following site closure. After this 
delay, it is assumed that knowledge of the disposal site location is lost or ignored, and 
individuals unknowingly trespass. To establish bounding doses for these individuals, it is 
assumed that a well is drilled through the waste. The waste materials brought to the surface are 
not recognized as waste. It is assumed that the appearance of the exhumed waste differs little 
from the native soil, and it becomes part of a garden. A second onsite situation is the excavation 
of the foundation for a structure. Direct contact with the waste does not occur because the waste 
is covered with more than 5 m of soil. 

The intent of these exposure assumptions is to establish reasonable bounds on the potential 
doses resulting from the waste disposal site. The onsite individuals have average intakes, but are 
in an unlikely situation. Most of the wells and basements will not be near the disposal site. 
Using maximum consumption parameters for the intruders makes the onsite scenarios 
ureasonable. The offsite individuals are more likely, but still use average intakes for many of the 
pathways. The Native American scenario uses bounding intake assumptions for perspective on 
how significant the exposures might be. Numerous other special groups of individuals can be 
studied, but the individuals selected are believed to span the range of potential exposures. 

2.1 NO WATER INFILTRATION EXPOSURE SCENARIOS 

For this land use category, the water infiltration rate is expected to be extremely low. 
Thus, none of the waste materials in the disposal facility reach the ground water. However, 
gases and vapors will diffuse from the waste through the soil. These gaseous contaminants enter 
the air above the disposal site and may be carried by the wind to receptors located near the site. 
In addition, there may be inadvertent intrusion into the disposal site. To maximize the vertical 
diffusion out of the waste, no water infiltration into the waste is assumed. 

Table 2 summarizes the various exposure scenarios analyzed for the no water infiltration 
case. Note that dermal absorption refers to materials on the skin being absorbed into the body by 
passage through the skin. Note also that the first scenario (Offsite Fanner) applies any time after 
site closure, while the remaining scenarios require a minimum of 100 years delay (for loss of 
access control) before they can occur. 

The first exposure scenario requires modeling the average dilution and dispersion of gases 
released from the surface as they travel downwind to someone living nearby. Since the airborne 
emission from the disposal site is in the form of gases and vapors, there will be no appreciable 
dcposition on the ground surfacc. However, plants and animals do absorb certain gases dircctly 
from the air, leading to an ingestion dose to individuals consuming such produce. The emission 
rate from the ground surface may vary with time as the waste ages and radioactivity dccays. Thc 
bounding doses for this scenario are achieved sometime after site closure. 

A second exposure scenario involves a residence located above the disposal site with a 
somewhat porous basement floor. Gas concentrations in the dwelling would depend on the 
emission rate from the soil and the assumed ventilation rate in thc dwelling. For an individual to 
be living above the disposal site, all knowledge of the site must have been lost. The dose 
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calculation cannot begin until 100 years have elapsed from site closure. The waste will be 
covered with at least 5 m of soil. Including the coarser components (Le. rocks) ensures that wind 
erosion will not lessen this thickness during the first 1000 years. The assumed depth of 
excavation is less than 3 m. Thus, 2 m of soil still separates the waste and the dwelling. The 
potential exposures to the basement dweller are very small compared to the other exposure 
scenarios. 

Table 2. Exposure Scenarios for the No Water Infiltration Case. 

Notes: "Dermal absorption" refm IO matenals on the skin being absorbed into the body 
by passage through the skin. The first scenario applies any timc ancr sitc closure, while the othn 
three require a delay of at least IO0 years beforc they can occur. 

The third and fourth exposure scenarios listed on Table 2 assume the waste is 
unintentionally disturbed by human activity such as drilling a well through it. It is assumed that 
such intrusion is prevented for the first 100 years following site closure. After this period, it is 
assumed that knowledge of the disposal site becomes unavailable or is ignored. In addition, any 
markcrs or warnings are ignorcd. Compliancc with pcrformancc objcctives for the intrudcr 
(RPP-14283) is measured through reasonable exposure scenarios during and aftcr the inadvcrtcnt 
intrusion. 

Exposure scenario development begins with listing various ways the intruder can be 
exposed to the exhumed waste. These include inhalation of resuspended dust & gaseous 
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emissions, ingestion of trace amounts of soil in the course of other activities, ingestion of garden 
produce, external radiation exposure, and absorption of contaminants that come in contact with 
skin. 

There are two primary exposure scenarios for the intruder (the 3d and 4" exposure 
scenarios in Table 2). The first describes the exposure to an individual digging a well through 
the disposal site. The second describes the exposure to an individual residing near the well 
afterward. Other forms of intrusion. such as digging footings for buildings, are considered 
unlikely due to the depth of the waste. 

In this scenario, one or more individuals are exposed to the waste because the waste site 
has been returned to the public and no restrictions on land use prevent such an event. The 
drilling of water wells is a fairly common occurrence. However, the likelihood of a driller 
actually encountering the buried waste is low. since there are many places to drill, but few are 
over the buried waste. In addition, the presence o f a  thick soil barrier over the waste raises the 
surface, making the higher elevation less attractive as a site for a well. 

The well extends from thc ground surfacc to the unconfined aquifer. The diamctcr of thc 
well could range from 4 inches up to 12 inches. The larger the diameter, the more waste will be 
brought to the surface. Prior Hanford performance assessments assumed that the well diameter 
is 12 inches (30 cm). This value certainly establishes an upper bound on the volume exhumed by 
a well-drilling operation. A well diameter of 8 inches (20.3 cm) will be assumed in this report 
when example calculations are presented. Well diameter is not part of the dose, risk, or hazard 
index unit factors. 

The total volume of soil produced by the well drilling is the product of the well cross 
sectional area and the thickness ofsoil between the unconfined aquifer and the ground surface. 
In the 200 East Area, for example, this thickness is about 100 mctcrs. Thus, the total volume of 
soil excavated by drilling an 8-inch diameter hole is 3.2 m3. In addition, this volume must be 
adjusted for the decrease in density of the soil. Using an initial density of2 k g L  and a final 
density of 1.5 k g L ,  the volume of soil on the surface is 4.3 m3, as shown below. 

Soil Volume = (3.141 5910.1 016 m)2(lOO m ( ~ ~ ~ ~ ~ )  = 4.3 m3 

The volume of waste exhumed is the product of the well cross sectional area and the waste 
thickness. The disposal facility design will determine the waste thickness. By way ofexample, 
if the waste were 8 meters thick, then the total volume of waste excavated by the drilling 
operation would be 0.26 m3. For comparison, the Grouted Waste PA (WHC-SD-WM-EE-004) 
used a waste volume of 0.64 m3. 

The individuals doing thc drilling are exposed to the wastc through inhalation of 
resuspended dust and gaseous emissions, ingestion of trace amounts, external exposure to the 
contamination, and dermal contact with the contaminated soil. Thc total exposure time is 
assumed to be 5 working days, or 40 hours. At the time ofdrilling, a portion of the waste may be 
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in a form that cannot be resuspended and inhaled. An example is waste in the form of glass 
beads, which are corroding slowly with time. 

Grouted Waste PA and the 2001 ILAW PA the area used was 100 m2. The 200 West Area 
Burial Ground performance assessment (WHC-EP-0645, Rev 0) did not consider doses to the 
driller in detail, because the dose to the driller is less than the dose to the post-drilling resident 
for all nuclides. Previous PAS that calculate dose to the driller also assumed the activity is 
uniformly mixed in the top 15 cm of soil. Thus the exhumed waste was diluted to a total volume 
of (100 m2)(0.15 m)=15 m3. In the present document, the dose is calculated using the volume of 
the borehole only. The dose received vanes from hour to hour according to the depth of the well. 
The avenge dose nte is based on the average concentration of soil and waste removed from the 
borehole. Because the borehole volume is typically an order of magnitude smaller than 15 m3, 
the unit dose factors are an order of magnitude greater than used in previous performance 
assessments. 

The dose to the driller depends on the area over which the contamination is spread. In the 

Aner the drillers leave, the exhumed material is assumed to bc spread around to level the 
arm. The contaminatcd arca is then included in a gardcn, or in a pasture for grazing milk cows, 
or in a field for production of hay for the cow or some commercial agricultural product. It will 
bc assumed that the exhumed waste appears no different than soil. A number of parameters 
affect the eventual dose received by the individual who works in the contaminated area. These 
include the depth of contamination in the soil, the area over which the contamination is spread, 
the portion of the person's diet that may be contaminated, and the amounts of soil inhaled and 
ingested. This section discusses these panmeters. 

The customary tilling to prepare the soil for planting is assumed to only affect the top 
15 cm (G  inches) of soil. This 15 cm tilling depth has been used in prior Hanford Site 
performance assessments. The greatest tilling depth likely to be encountered is about 60 cm, 
while the most shallow depth would be no tilling at all. The deeper the soil is tilled, the more 
dilute the waste becomes in the surface layer. The 15 cm depth is typical for root systems of 
garden vegetables. The nuclide concentration in plants due to root uptake is based on the 
average concentration to which the roots are exposed. If the tilling depth were greater than the 
root depth, the lower soil concentration would reduce the doses received. Ifthe tilling depth 
were less than the root depth, then the plant concentrations would be reduced by the fraction of 
roots in the contaminated layer, offsetting the effect ofthe increased soil concentration. The 
15 cm tilling depth will be assumed in this report. The upper bound on the soil concentration 
will be assumed to be the 10 cm depth, while the lower bound will be assumed to be the GO cm 
depth. Many garden plants have root systems, which penetrate deeper than 15 cm. However, it 
will be assumed that most ofthc nutrients taken from the soil will come from the top 15 cm, so 
that corrections for root depth will not be necessary. 

Having chosen a tilling depth, the dose received by the exposed individual is proportional 
to the product of the soil concentration and the quantity of soil that is ingested, inhaled, absorbed 
through the skin, or incorporated into any food items. In addition, there is the external radiation 
dose from simply being in the contaminated area. These are summarized as the internal (Le. 
inside the body) and external (Le. outside the body) dose contributions. The proportionality with 
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soil concentration assumes the contaminants are present in trace amounts which neither affect the 
growth ofthe plant, nor exceed solubility limits in the plant tissues. The waste in the 
contaminated area looks and acts like normal soil. This relationship is summarized in the 
equation below. 

Resident’s Dose (Soil Conc)(Internal & External Exposures) 

In general, the soil concentration is inversely proportional to the area over which the waste 
is spread. For estimating soil concentration in a garden, the smallest and largest areas can be tied 
to reasonable spreading thicknesses. The smallest reasonable thickness is 1 cm, because thinner 
layers require excessive effort to achieve. Spreading a volume of 4.3 m3 to a uniform depth of 
5.08 cm (2 inch) would cover an area of 85 m’. The largest useful thickness is the tilling depth, 
15 cm (6 inch). Spreading a volume of4.3 m3 uniformly to a depth of 15 cm would cover an 
area of 29 m*. Note that an increase in hole diameter from 8 inches to 12 inches would increase 
the volume exhumed as well as the spreading area by a factor of 2.25. If the hole diameter were 
decreased from 8 inches to 6 inches, the volume exhumed and the spreading are would decrease 
by a factor of of 0.56. 

The garden area may be larger or smaller than the tailings area, depending on how much 
food will be grown. If the garden is smaller than the tailings area, the garden concentration 
could be zero if the contamination is located outside the garden. With a garden that is larger than 
the tailings area, the soil concentration depends on the activity exhumed, the gardcn area, and the 
tilling depth. Note that the distribution of exhumed waste materials in the garden will be non- 
uniform. Some parts will have more contamination than others. However, garden produce is 
consumed from all parts of the garden. Thus, the average concentration in the garden reflects the 
average concentration in the food. 

The assumed garden area not only determines the average concentration of contaminants 
in the soil, it also limits the internal and external exposures. Smaller gardens mean less time in 
the garden and less food from the garden. The smaller exposure times mean smaller inhalation 
and ingestion intakes, less external exposure, and less contact with skin. The exposure times are 
discussed in greater length in Appendix A, Section A3.0. 

The gardcn size nccdcd to supply a person’s entirc annual vegetable. fruit, and grain intake 
was estimated using two approaches. The first is commercial food production in Washington 
State (WA Department ofAgriculture 1994). Using the statewide food production per acre 
figures, the estimated garden area can be computed. The computed total garden area (233 m’) is 
mostly for production of grains (138 m’). 

The second approach to estimating garden size uses garden production estimates published 
by the Washington State University (WSU) Cooperative Extension (1980). The document 
provides estimates of pounds of produce per 10-foot row in a garden. In addition, it gives 
recommended row spacings. The spacing was treated as the row width to compute production 
per unit area. The WSU production estimates are higher than the commercial production 
averages hence the needed garden area is smaller (207 m’). Again, the grains occupy most of 
this area (140 m’). 
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From these references it will be assumed that an efliciently planned and maintained garden 
of 100 m2 can supply most of one average person’s vegetable needs. This is a typical residential 
garden containing various vegetables and some fruit, but no grains. The quantity of food 
obtained from the garden by one person is proportional to the area of the garden up to a 
maximum of 100 m2. Beyond 100 m2 there is more food than the individual can eat. With more 
than one person in the household, the needed garden area increases proportionately. However, as 
discussed in Appendix A Section A3.1.1. the typical gardener obtains about 25% of his vegetable 
diet from a garden. A family of four would likely have a garden no larger than 100 m2. 

Recall that (1) the soil concentration is inversely proportional to the area over which the 
tailings are spread, (2) the garden area is typically larger than the tailings area, and (3) the 
quantity eaten is directly proportional to the garden area. Thus, the gardenefs ingestion dose is 
largely independent of the garden area up to a maximum area of about 100 m2. When the garden 
area exceeds this maximum area, the amount of food consumed does not increase, but the 
concentration of the soil decreases. Thus, the ingestion dose decreases in proportion to the area. 
This maximum garden area of 100 m2 for the post-intrusion suburban garden scenario will be 
used in this document. 

The chosen garden area of 100 m2 differs considerably from prior Hanford performance 
assessments (e.g., WHC-SD-WM-EE-004 and WHC-EP-0645), which have used a garden area 
of 2,500 m2. The more realistic area of 100 m2 leads to average soil concentrations that are about 
25 times greater for the same volume of waste exhumed. One justification for the larger area 
assumption used in prior performance assessments is that afler a few hundred years the waste has 
not yet decomposed into fine particles suitable for uptake into plants or suspension in air. In 
effect, the dilution factor is one or more orders of magnitude greater. In the present performance 
assessment, the unavailable portion will be estimated from waste corrosion characteristics. 

The chosen garden area is consistent with recent performance assessments at other DOE 
sites. The Class L-11 disposal facility at the Oak Ridge Reservation has an intruder garden area 
of200 m2 (ORNL-TWl3401). This garden area was judged adequate “to provide half the entire 
yearly intake of vegetables” (page (3-50). A performance assessment for the Nevada Test Site 
(SAND2001-2977) uses an intruder gardcn area of 70 m2 bascd on food consumption. 

The tilling assumption affects the dose calculations only by making the surface soil 
concentrations more uniform. Without tilling, the contaminant concentrations in the surface soil 
could range from that of the waste matrix to zero (exposure to naturally occumng hazardous 
materials such as radon are not considered). Conceivably some plants might be unable to grow 
in certain parts ofthe gardcn duc to the high waste concentration. The tilling assumption ensurcs 
suflicient dilution occurs. 

The suburban garden assumption is unlikely because the 200 Area plateau has never been 
the site o f a  permanent community. Historically, people settle near the Columbia River. Areas 
like the 200 Area plateau are most likely to end up as a commercial farm in which some 
agricultural product is raised for sale. With the rural setting in mind, two additional post- 
intrusion scenarios were developed, the rural pasture and commcrcial farm. 
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One alternate use for the tailings that would generate some food chain dose is to spread 
them into a cow pasture. The area needed for the cow is 5,000 mz. as estimated in Section A4.1. 
About half of this is used for grazing during the irrigation season. The other half is used to raise 
hay and grain for the non-irrigation season. These are approximate areas derived from the milk 
cow parameters presented in Table A31. It is assumed the cow tramples 40% of the standing 
biomass, making it unavailable. It is also assumed the cow eats only half of the remaining 
biomass. The cow grazes in different parts of the pasture to allow time for the grass to regrow. 
The pasture area is much larger than the spreading area for the well tailings. Thus, the averaging 
is not based on physical mixing ofthe contamintion into the pasture, but rather on the grazing 
habits of the cow. 

The most likely alternate use for the tailings is based on historical land use in areas 
surrounding the Hanford Site, namely, a commercial farm. The tailings are assumed to be 
present in a field producing some crop for the market. The field area is assumed to be a typical 
land unit, 160 acres (647,500 m'). The exposed individual spends time in various parts of the 
field, so his average dose is bascd on the average concentration in the field. The individual 
consumes nonc of the crop produced in this manncr. 

In summary, it is unlikely that a well would be driven through the waste disposal site due 
to its elevation above the surrounding land, and due to the small fraction ofthe available land 
surface that lies above the waste. The presence of an asphalt layer. that might be part o f a  RCRA 
surface barrier for the disposal site, would cause the driller to reconsider this location. In 
addition, it is unlikely that the tailings would end up in a vegetable garden. First, because 
material from deeper layers contains gravel and such coarse material is undesirable in a garden. 
Second, because typical land use near Hanford indicates the tailings would be spread in a field of 
a commercial farm. 

2.2 LOW WATER INFILTRATION EXPOSURE SCENARIOS 

In this land use category, the natural water infiltration causes contaminants in the disposal 
site to migrate into the ground water. This would be the situation aRer a water infiltration barrier 
placed over the waste disposal sitc begins to degrade, allowing natural precipitation to migrate 
through the waste. Two general categories for the exposure scenarios are human intrusion by 
well-drilling through the waste and ground water use following well-drilling down gradient from 
the waste. 

The intrusion scenarios discussed in the preceeding section can be used here with the same 
results. However, at grcat timcs after disposal. Le., morc than 1000 years, the mobilc chcmicals 
will begin to reach the ground water and can thus contributc dose to the intruder. Calculating 
such doses is outside the scope of this report. Performance assessments required by the US. 
Department of Energy (DOE Order 435.1) use intruder analyses at times less than 1000 y. 
Groundwater contamination is evaluated at later times. In addition, down-gradient locations are 
chosen rather than onsite locations because these are morc likely to occur. 
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The offsite scenarios establish compliance with performance objectives at the point of 
highest projected dose or concentration beyond a buffer zone surrounding the disposal site 
(RPP-14283). Exposure scenario development begins with listing various ways the well water 
could be used and selecting those activities that could lead to significant radiation exposure. 
Table 3 lists potential dose contributors. Some of the listed pathways turn out to be insignificant. 
Because the irrigation activities are not directly over the disposal site water infiltration at the 
disposal site is not affected. Also note that dermal absorption refers to materials on the skin 
being absorbed into the body by passage through the skin. 

Table 3. Exposure Pathways for the Low Water Infiltration Case. 
I (1) Drinking the water (also cooking with it) 1 . ingestion 

. inhalation (sprays and vapors) . ingestion (small amounts) 
external radiation exposure (from water & shoreline sediments) 
dermal absorption (contact with water and shoreline scdiments) 

(2) Showering, bathing, swimming and boating 

> 

(3) Irrigation (and working the soil) . inhalation (sprays & resuspended dust) . ingestion (produce 8: trace amounts of soil) . external radiation exposure . demal absorption (contact with soil) 

. ingestion (e.g., eggs, poultry, beef. milk, fish. deer. and waterfowl) . external radiation exposure (proximity to domesticated animals) 

. inhalation (sprays 8; resuspended dust) 

(4) Water used by animals 

(5) Irrigating livestock pastures 

. ingestion (e.g., beef and milk) . external radiation exposure (while in pasture) 
(6) Sweat lodgdwet sauna . inhalation (steam) . dermal absorption (contact with steam) 

external radiation exposurc (soil, walls, steam) 

The per capita water withdrawal rate from domestic wells mentioned on page 27 ofMiller 
(1980) is 65 gallons per day, or 90.000 liters per year. This number covers the principal 
domestic uses, namely, washing and bathing, drinking and cooking for one person. For the 
farming operation, the expected irrigation rate of 82.3 c d y e a r  (32.4 incheslyear) is applied over 
a minimum area of 2 hectare (5 acres), the total annual water need for the farmer is 
approximately 1.7~10’ liters. This value was assumcd in prior Hanford performance 
assessments. The ability of a well to supply water at this rate must be confirmed before dose 
calculations based on it are carried out. 
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As ground water enters the Columbia River, it is diluted by the large flow of surface water. 
From 1989 to 1999 the average flow rate measured at Priest Rapids Dam is about 3,360 cubic 
meters per second (PNNL-6415). Hazardous materials in the ground water would then be 
transported to various water intakes for use as irrigation and public drinking supplies. Due to the 
dilution that occurs when the ground water enters the Columbia River, doses to an individual 
irrigating from the river are orders of magnitude smaller than doses to the same farmer irrigating 
from a well down gradient from the waste site. The addition of the fish pathway offsets this 
decrease somewhat. Finally, since 3 large number of people would be affected by contamination 
in the river, a total population dose will be estimated. 

As in prior performance assessments (e.g., WHC-SD-WM-EE-004, WHC-EP-OMS, and 
DOYORP-2000-24) a total population of 5 million people between the Hanford Site and the 
Pacific Ocean will be assumed to derive all of their drinking water from the Columbia River. 
The population estimate is a realistic upper bound and will be used in this report also. 

Offsite exposure scenarios will use one or more of the listed pathways. Some pathways 
may be ruled out by charactcristics of thc environmcntal sctting. For example, irrigation of a 
gardcn from a well is rcasonablc, but irrigation of pasturcs may not bc possiblc, dcpcnding on the 
bounding pumping rate from the well. Possible exposure scenarios have been selected to 
represent future uses of the land. They are listed in Table 4. The contaminated water source 
may bc either a well or the Columbia River. 

Table 4. Exposure Scenarios for the Low Water Infiltration Case. 
Industrial Scenario - rcprcscnts potential doses to workers in a commercial 

industrial settini Exposire pathways includc drinking water (I) ,  
showering (2). and contact with irrigated portions (3) of the property. 

recreation area. Exposure pathways include drinking water (l), 
showering and swimming (2), contact with irrigated portions and 
shoreline sediment (3). and game animals (4). 

Residential Scenario - represcnts potential doscs to individuals living in a 
community near the disposal site. Exposurc pathways includc drinking 
water (I) ,  showering and swimming (2). irrigating a garden (3), and 
fishing (4). 

up rcsidcncc on the Hanford Sitc to opcratc a subsistence farm. Exposurc 
pathways include drinking water (I) ,  showering and swimming (2). 
irrigating a garden 13). and fishing 14). and raising livestock 15). This 

Recreational Scenario -represents potential doses to individuals visiting a 

Agricultural Scenario - represents potential doses to individuals who may take 

- - -  1 . ,. I . I  

scenario includes ail of thc pathways listed in Table 3 except the sauna. 
Native American Scenario - represents bounding doscs to special Eroups of - .  

individuals. Exposure pathways include iunting, fishing, gathering wild 
produce, and using a sweat lodge. All of the pathways listed in Table 3 
are used. 

The exposure sccnarios listed in Table 4 usc thc naming convention of DOEIRL-91-45, 
tlunford Sife Risk Assessrnenf Mefltodologv (HSRAM), Revision 3. The customary disposal site 
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performance assessment all-pathways scenarios are included as an alternate for the agricultural 
scenario. Differences in modeling assumptions are discussed in later sections. 

The Native American is based on discussions presented in the Columbia River Comprehensive 
Impact Assessment (CRCIA) (DOIXU-96-16). This individual represents a bounding case 
whose intakes of contaminated foodstuffs and exposures to environmental contamination are 
maximized. 

2.3 IIIGH WATER INFILTRATION EXPOSURE SCENARIOS 

In this land use category, the water infiltration rate at the disposal site is much larger than 
the present natural infiltration rate due to irrigation of the land over the waste disposal site. The 
higher infiltration rate changes the rate at which hazardous materials are released from the 
disposal site in addition to the rate at which they travel through the vadose zone. The higher 
infiltration rate also acts to dilute the waste materials that enter the ground water. Thus the 
resulting ground water concentrations could be higher or lower than in the low infiltration case. 

As with the low infiltration case, compliance with pcrformance objectives is measured at 
the point of highest projected dose or concentration beyond a buffer zone surrounding the 
disposal site (RPP-14283). The offsite exposure scenarios discussed for the low water 
infiltration case also apply here. The only difference is the contaminant concentration in the 
ground water pumped from the well. Since water concentrations determine the dose, it is 
essential to have a credible model for the release and transport of waste contaminants through the 
soil. 

Intrusion scenarios at locations that are irrigated is generally not consistent. Theoretically, 
a well could be driven through the waste to obtain water to irrigate nearby fields and pastures. 
Due to the depth of the water table and the proximity of surface water, it is likely that large scale 
irrigation water would be derived from surface water rather than a well. 
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3.0 EXPOSURE SCENARIO DESCRIPTIONS 

This section describes the exposure scenarios selected for the Hanford tank waste risk 
assessments. Each description includes the basic formulas used to calculate the radiation dose, 
incremental cancer risk, or hazard index. All of the input data for the calculations are listed in 
Appendix A. Additional detail about the time dependence of the calculations for radionuclides is 
provided in Appendix B. Each description also includes the unit dose or risk or hazard index 
factors for each radionuclide and chemical of concern. These unit factors must be multiplied by 
the concentration of the waste material in some medium (usually water) and summed to give the 
total dose or risk or hazard index for the mixture. 

Table 5 summarizes the exposure pathways for the typical performance assessment 
scenarios. There are 9 scenarios presented in Table 5. The first four are the waste intruder cases, 
namely, the well driller and the post-intrusion residents. The next four are individuals exposed 
to a contaminatcd watcr source, eithcr a well to groundwatcr or the Columbia Rivcr. The final 
scenario considers the collective effect on the population residing down river from Hanford. 

The intruder scenarios (the Well Driller, Suburban Garden. Rural Pasture, and Commercial 
Farm) consider only the impact ofradionuclides. For the Well Driller, the total effective dose 
equivalent (TEDE) is calculated based on a unit concentration averaged over all the material 
removed from the well hole. For the other post-intrusion cases, the TEDE is calculated during 
the first year afler the well is drilled. The dose is based on a unit quantity of activity removed 
from the well and spread on the ground in either a garden, a cow pasture, or an agricultural field. 
Lifetime cancer risks and hazard quotients cannot be calculated for the well driller due to the 
short exposure to a healthy worker. The performance objectives for the post-intrusion scenarios 
are annual radionuclide doses, so the lifetime risk and hazard qotient calculations were not 
carried out. 

The next two exposure scenarios have individuals who are users of contaminated water. 
The contaminated water may be obtained from eithcr a well or the Columhia River. When the 
Columbia Rivcr is the source of contaminatcd watcr, the risk calculations include thc fish 
pathway and exposure to shoreline sediments. Otherwise, they are identical. This situation 
occurs long in the future, when the hazardous materials have migrated into the ground water and 
the Columbia River. The two individuals are the All Pathways Farmer and the Native American. 
The All Pathways Farmer is a representative average individual who grows much of his own 
food. His intakes of food and water, for example, are population averages. The Native 
American rcprescnts a bounding individual, particularly with regard to fish consumption. The 
risk from hazardous chemicals is included in these calculations. For the All Pathways Farmer, 
the averaging time is 30 years, based on population relocation frequencies. The averaging time 
for the Native American is 70 years. 

The collective exposure to millions of individuals living near the Columbia River is 
evaluated in the Columbia River Population scenario. This situation occurs long in the future, 
when the hazardous materials have migrated with the ground water to the Columbia River. 
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There are no performance objectives for total population dose, but it is a general indicator of 
collective harm under the linear, no-threshold theory of health effects. In this theory, any 
amount of exposure to a hawdous material carries some detriment. Even small doses among 
large numbers of people can sum to a significant detriment. 

Table 6 summarizes the exposure pathways for the HSRAM scenarios (DOEIRL-91-45 
Rev 3) used to assess human health risks associated with specific waste disposal options. The 
scenarios are consistent with EPA guidance and the Tri-Party Agreement. For these scenarios, 
the annual radiation dose is not calculated. Only the lifetime average cancer risk and hazard 
index are of interest. The final two columns in Table 6 show the exposure pathways used for the 
State of Washington groundwater and surface water cleanup calculations (WAC 173-340 
Part VI1 -- Cleanup Standards). Method B is a residential setting, while Method C uses an 
occupational setting. 

The hazard index for chemicals and the incremental cancer risk for both chemicals and 
radionuclides are calculated for each scenario in Table 6, and all of the imgation scenarios in 
Table 5. Tkc lifetime radiation dosc (in mrem) resulting from the first year of exposure is 
calculated for all of the exposurc sccnarios shown in Table 5. This dosc is primarily reccived 
during the year of exposure. For nuclides that are retained in the body for many years (eg Sr-90 
and Pu-239) a portion of the dose is received in following years. This is how radiation doses are 
calculated under the system of dose limitation developed by the International Commission on 
Radiological Protection (ICRP). The internal dose is referred to as the effective dose equivalent. 
Because the dose factors include external dose received during the year of exposure, it is also 
known as a total effective dose equivalent (TEDE). 

There is one difference between radiological and chemical exposure pathways that is not 
apparent from Tables 5 and 6. The radiological exposures do not include dermal pathways. This 
is discussed in grcater length in Section A3.4. Radioactive materials generally are found as 
inorganic compounds which tend to have lower dermal absorption. It is argued in Section A3.4 
that the dermal exposures are small compared to the ingestion dose and therefore can be 
neglected. The only exception in the list of radionuclides being analyzed is tritium, which is 
assumed to be in the form oftritiated water. Dermal absorption of tritiated water is included in 
all the inhalation calculations for tritium. 

Each exposure scenario is presented in a subsection below. In every case the scenario 
factors include removal mechanisms from the surface layer of soil. To simplify the presentation, 
the treatment of decay chains is discussed in Appendix B. In most cases, the decay chains have 
no effect on the resulting unit factors. In keeping with the general strategy ofsimplifying 
formulas, thc Grcck prefixes that arc part of somc pmmeters arc not cxplicitly converted. Also, 
the time unit conversions arc omitted. Note that more significant digits are presented than are 
reasonable. This is done to permit duplication of the numbers in this document. The final unit 
dose, risk, and hazard index factors are shown with three significant digits, which is also too 
many. The user of these unit factors should round their calculated doses, risks, or hazard indices 
to one, or possibly two significant digits. 
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Table 5. Exposure Pathway Summary for Standard Performace Assessment Scenarios. 
Standard Performance Assessment Exposure Scenarios 

Exposure Scenarios -b 

Dermal Contact 
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3.1 WELL DRILLER 

In this exposure scenario the restrictions and warnings are lost or not effective and 
someone drills a well that passes through the buried waste to obtain ground water. Radiation 
dose is the only hazard considered for this individual. The intrusion occurs before the 
radioactivity has migrated significantly from thewaste site to maximize the impact. The 
exposure occurs during a drilling operation that lasts 40 hours spread over 5 days. Most of the 
material removed from the hole is uncontaminated soil. As an example, if the waste thickness is 
about 10% of the distance to the water table. the actual exposure to the waste takes place over a 
period of about 4 hours. 

During the period that the buried waste is coming out of the hole, the driller is exposed to 
airborne particulate and elevated dose rates. If the well tailings are placed in one pile, the waste 
is covered with uncontaminated soil that lies below the buried waste, which reduces or 
eliminates the exposures. If the well tailings are spread around, the exhumed waste may lie 
exposed on the surface for some time. Water may or may not be present to control dust at the 
work sitc. 

For modeling purposes, the driller is assumed to be exposed to average concentrations in 
soil and air for the entire 40 hour drilling operation. In this way, the challcnge ofestimating 
actual exposures during a future drilling operation can be avoided. The average concentration in 
the well tailings (activity per unit mass) is the activity exhumed divided by the total mass of the 
tailings. Two methods for calculating this average concentration will bc discussed. The first 
may apply when the total inventory in all or part of the disposal site is known. The second may 
apply if the average waste concentration is known. 

If the waste site, or a portion of the site, is known to have a particular number of curies 
distributed over a given area, then the avenge radionuclide concentration in the well tailings is 
calculated as shown below. This method assumes the waste has a uniform thickness. It should 
not be applied to a trench with sloping walls, for example. 

A WELL Qsm /Asm 
cTA!I. = 

A W E L L b W A S E L W A S T E  +PWELL(LWELL - L W A S I E ) l  

where, 
AS~TE 

AWELL 
CTAIL 
LWELL 

LWASTE 
QSITE 
PWELL 

PWASTE 

- - Q s n E  /Am, 
P W A ~ L W A ~  + PWELL(LWELL 

horizontal area occupied by the disposal site, in mz 
cross-scctional arca of the well, in mz. Notc that AWELL ASKE 
average radionuclide concentration in the well tailings, in Cikg 
depth of the well from surface to groundwater, in m 
thickness of the waste, in m 
total activity of a radionuclide in the disposal site, in Ci 
average density of the soil in the well. in kg/m’ 
avenge density of the waste, in kg/m3 
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If the waste density and soil density in the well are nearly the same, then the average 
concentration in the well tailings can be written in the simpler form shown below. The tailings 
concentration depends on the activity per unit area in the site, the well depth, and the density of 
the compacted soil. It does not depend on the well diameter. 

QSIE 

PWELL WELL 
if P W A ~ E  z ~ w E u  L cTAU. ‘ 

As an alternative, the activity concentration in the waste may be known. In this case, the 
average radionuclide concentration in the well tailings is calculated as shown below. The 
approximate form when the waste density and soil density are nearly the same is also shown. 
The approximate formula shows that the tailings concentration is the waste concentration 
multiplied by the ratio ofthe waste thickness to the well depth. It docs not depcnd on the well 
diameter. 

where, 
AWELL 
CTAIL 

CWASTE 
LWELL 

LWASTE 
PWELL 

PWASTE 

z ifpWA,E PWELL 

= cross-sectional area of the well, in mz 
= average radionuclide concentration in the well tailings, in Ci/kg 
= Concentration of a radionuclide in the disposal site, in Cikg 
= depth of the well from surface to groundwater, in m 
= thickness of the waste, in m 
= avenge density of thc soil in the well, in kdm’ 
= average dcnsity of thc waste, in kdm’ 

External Dose to the Driller 
The driller is exposed to external radiation from this average well tailings concentration. - 

The well tailings are assumed spread around enough to be represented by a layer of contaminated 
soil that surrounds the worker. It is assumed that this layer is about 5 cm thick. Ifthe volume of 
soil taken from the well is about 4 m’, then the well tailings are sprcad over an area of 80 m2. 
The external dose to the driller is calculated using external dose rate factors for a layer 5 cm 
thick and of very great extent in all directions. These values are shown in Appendix A. Section 
A3.G.l. The equation used to calculate the external dose is shown below. Note that the assumed 
density of the well tailings (1,500 kdm’) is lower than typically found underground due to the 
loosening of the soil during drilling. The conversion from pCi to Ci is not explicitly shown in 
the equation. 

HX.K = CTAILK PTAIL LTAIL DXJ.K T 
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where, 
CTA~W( = average concentration of the Kth radionuclide in the well tailings, in Ci/kg 

LTA~L = average thickness of the well tailings, 0.05 m 
DXJ,K = external dose rate factor for the Kth radionuclide to a person standing on a 

layer 0.05 m thick and of great extent in all directions, in mrem/h per Ci/m2. 
Values from EPA Federal Guidance Report Number 12 for a 5 cm thickness 
are listed in Table A25. 

HX.K = external dose to the driller from the Kth radionuclide, mrem 

p r ~ l ~  = average density of the well tailings, 1,500 kglm’ 
T = time of exposure from Table A15,40 h 

Inhalation Dose to the Driller 
The driller is exposed to airborne particulate during the 40-hour drilling period as 

described in Appendix A Section A.3.2. The average air concentration is 0.1 mg/m’ in the air 
based on moderately dusty conditions. The concentration of radionuclides in the suspended 
particulate is assumed to be the same as the avenge concentration ofradionuclides in the well 
tailings. The driller breathes at the outdoor activity rate of 1.21 m’/h (ICRP 66, 1993) and thus 
inhalcs 4.84 mg soil. 

HB,K = CTAILK MB DB,K 
where, 

CTI\IL.K = avenge concentration of the Kth radionuclide in the well tailings, in Ci/kg 
D”.K = inhalation dose factor from Table A22, in mredpCi inhaled 
HB,K = inhalation dose to the driller from the Kth radionuclide, mrem 

MB = total mass ofwell tailings inhaled during the well-drilling from Table A10. 
4 . 8 4 ~  1 Od kg 

Ingestion Dose to the Driller 

Appendix A. Section A.3.1.3. The soil ingestion occurs as a result of occasional hand-to-face 
contact, licking the lips, and similar motions. The typical adult soil ingestion rate is 100 mg/d. 
Thus the driller ingests 500 mg in the course ofdrilling the well. 

Finally, the driller ingests small amounts of soil in the course of his work, as described in 

HG,K = CTAILK MG DG,K 
where, 

CTA~LK = average concentration of the Kth radionuclide in the well tailings, in Ci/kg 
DG.K = ingestion dose factor from Table A21. in mredpCi ingested 
HG.K = ingestion dose to the driller from the Kth radionuclide, mrem 
MG = total mass of wcll tailings ingestcd during thc wcll-drilling from Table AS, 

0.0005 kg 

Dermal Absorption Dose to the Driller 

radionuclides in Section A3.4.1. In this section, the dose from radionuclides absorbed through 
The absorption of material on the skin into the body is shown to be a minor contributor for 
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the skin is compared with the soil ingestion dose. The dose from dermal absorption is not 
calculated for radionuclides. 

Total Dose to the Driller i 

Scenario dose factors for the driller are presented in Table 7 as the dose per unit 
concentration in the well tailings. These unit dose factors must be multiplied by the average 
concentration in the well tailings to calculate the actual dose. As discussed above, this average 
concentration is calculated as the activity exhumed divided by the total mass of the tailings. 
Other forms are possible, as shown in the discussion above. 

In the event that the chemical form of the waste at the time of intrusion allows only a 
fraction of the material to be inhaled or ingested, the internal doses must be reduced. An 
example of this is vitrified waste material. After site closure, the radionuclides are decaying and 
the waste is releasing trapped activity. Thus, the tailings activity concentration and the fraction 
available depend on the elapsed time since closure. The external dosc will be delivered 
regardless of the waste form. The total dose to the driller can be written as shown below. 

where, 
FAVA~L = fraction ofthe waste that is available for ingestion and inhalation at the time 

of intrusion by the well driller (Table 7 assumes FAVA~L=I in the ‘Total” 
columns) 

HOR~LLER = total effective dose equivelent received by the driller from all radionuclides 
in the waste at the time of intrusion, in mrem 

HB.K = inhalation dose to the driller from the Kth radionuclide, in mrem 
HG.K = ingestion dose to the driller from the Kth radionuclide. in mrem 
HX.K = external dosc to the drillcr from the Kth radionuclide, in mrem 

The fraction of exhumed waste that is available for inhalation and ingestion @AVAIL) 
depends on the nature of thc waste matrix at the time ofdrilling. Organic materials in low level 
waste may be fully dccomposed, so that FAVAIL=IOO%. Grouted waste may bc exhumed as 
chunks that still contain much of the waste embedded in the grout matrix. Finely ground 
material is expected to be minimized by drilling practices, so that a reasonable value for FAVA~L is 
10%. Finally, waste that is contained in a glass matrix (vitrified) should have the smallest 
fraction available because even fine particles will chemically contain the waste. For vitrified 
waste, a reasonable value for FAVA~L is 1%. 

The scenario dosc factors for the driller arc calculatcd assuming the averagc concentration 
in the well tailings is 1 Cikg. Values listed in Table 7 are separated into the external component 
and the internal component. The column labeled “Total” is the sum of the internal and external 
in the event that 100% of the exhumed waste is available for inhalation and ingestion. 
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Table 7. Unit Dose Factors for the Well Drilling Intruder (mrem per Cillrg) 

ese scenario dose facton for the intruder 

3.2 POST-INTRUSION SUBURBAN GARDEN 

This scenario assumes that an individual lives near the well tailings and manages to spread 
the well tailings in his garden. The individual obtains one-fourth of his fruit and vegetablc @ut 
not grain) supply each year from the garden. In addition, he inhales resuspendcd garden soil and 
ingests small amounts of it each day. His external dosc comes from spending time in or near the 
garden. The radiation dose to this individual is the 50 year committed effective dose equivalent 
from the first year of exposure after the well was drilled. 

The dcscriptions below include the factors that take into account radioactive decay and 
leaching from the garden soil. They do not show the method used to represent decay chains. 
The treatment of decay chains is presented in Appendix B. 

Concentration of Soil in the Garden 
The garden area is 100 mz based on the discussion in Appendix A, Section A3.1.2. Thc 

depth of soil contaminated is 0.15 m, a traditional representation of the tilling depth. Thus the 
volume of soil in the garden is 15 m’. Thc density of the garden soil is assumed to be 
1,500 kg/m3. Thus, the mass of the garden soil is 22.500 kg. The exhumcd waste is distributed 
over this mount  of soil. The concentration of radionuclides in the garden is the concentration in 
the waste (activity per unit mass) multiplied by the ratio of the volume ofwaste exhumed by the 
well-drilling operation dividcd by thc volumc of soil in thc gardcn. 15 m3. Equivalcntly, thc 
garden soil Concentration is the activity exhumed divided by the mass of soil in the garden. The 
soil concentration in this scenario clearly depends on the diameter of the well. If the total 
activity and the horizontal area of the disposal site are known, then the activity exhumed is just 
the site inventory of one nuclide times the ratio ofthe well cross-sectional area to the site 
horizontal area. This is summarized in the equations below. 
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where, 
AGARDEN = 

ASITE = 
AWELL = 

GARDEN = 
CWASTE = 
LARDEN = 
LWASTE = 

QExtiuhiEo L ! ~ ~ ~ ~ ~  PWASTE c~~~~~ 
or 

AWELL 
QEXHUMED = QSITE - 

and 
ASITE 

QEXIIUMED 

AGARDEN LGARDEN PGARDEN 
CGARDEN = 

cultivated area of a garden, 100 m2 
horizontal area occupied by the disposal site, in m2 
cross-sectional area of the well, in m2 
initial concentration of a radionuclide in the garden, in Cikg  
concentration of a radionuclide in the disposal site, in Cikg 
thickness of the contaminated layer ofsurface soil in the garden, 0.15 m 
thickness of the waste in the well. in m 

QEX~~UMED = activity o f a  radionuclide brought to the surface by the wcll-drilling, in Ci 
QS~TE = total activity of a radionuclide in the disposal site, in Ci 

PGARDEN = average density of the soil in the garden. 1,500 kdm' 
PWASTE = average density of the waste, in kdm' 

During the year, the concentration of each isotope in the garden decreases due to leaching 
from the surface layer and radioactive decay. The first half of the year the garden is irrigated, so 
both processes are in effect. The second half of the year the garden is not irrigated, so only 
radioactive decay occurs. This is represented mathematically using the formulas below. 

cGRDN.K(t)= cGARDEN.K EXP(- 1 K t )  for 0 < t < Ti, 

CGRDN.K(t)= cGARDEN,K Exp(-XKTi,,)Exp(-XILKt) for Tim < < Y 
where, 

CGARDEN.K = initial average concentration of the Kth radionuclide in the garden soil, in 

CGRDN,K(t) = concentration ofthe Kth radionuclide in garden soil as a function of time (t) 
during the year, in Cikg. 

Exp = the exponential function (e raised to some power) 
Ti,, = irrigation period (the 1'' halfof the year), 0.5 y 
XK = total removal constant for the Kth radionuclide, per year, XK = XS.K + XR.K 

IRK = radioactive decay constant for the Kth radionuclide, per year. These are 
calculated as In(2)=0.6931472 dividcd by the material half life (in ycars). 

XS.K = average soil leaching coeficicnt for the Kth radionuclide, fraction rcmoved 
from the surface layer of soil. per year (see Table A40) 

Cikg 

The soil concentration as a function of time for three radionuclides is shown in Figure 1. 
The soil concentration is normalized by the garden soil concentration at the start of the year. The 
first isotope (Th-232) illustrates the case with little decay and little leaching. Th-232 has a very 
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long half life (1 .405~10’~  years) and a very large retardation in the surface soil &=600,000 
mug). The Th-232 concentration is therefore constant during the year. The second isotope (CI- 
36) has a long half life (300,992 y e w )  but is only slightly retarded in the soil (&=l.O mug). 
The CI-36 concentration decreases during the imgation season, but is constant during the non- 
irrigation season. The third isotope (PO-210) has a short half life (138.38 days) but is 
significantly retarded in the soil (&=l,lOO mug). It shows only the effect of radioactive decay 
during the year. 

Ti, year 

Figure 1. Fraction of Garden Soil Concentration Remaining During the Year. 

External Dose to the Suburban Gardener 

the garden means the external exposure must be limited. The contamination is not generally 
present everywhcrc in thc rcsidcnt’s environment. Thc exposure time choscn for this scenario 
(in Section A3.3) is 180 hours per year. 

External exposure occurs when the individual is on or near the garden. The limited size of 

The external exposure time is spread evenly over the first half of the year, with none in the 
second half. The decrease in soil concentration is described using an exponential function (see 
Section AG.2). Hence, the time integral of the dose rate over thc year of exposure leads to the 
form shown below. 
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HX,K = CGARDENX PGARDEN LGARDEN DX,K Tx FX.N.K 
1 - ~ x p ( -  I . ~ T ~ ~ )  

FX.N.K = 
K Tim 

where, 
C G A ~ E N X  = average concentration of the Kth radionuclide in the garden soil, in Cikg 

~ A ~ E N  = thickness of the contaminated layer of surface soil in the garden, 0.15 m 
DX.K 

EXP 
FX8.K 

HX.K 

Tx 

1 K  
IRK 

Tim 

1S.K 

PGARDEN 

external dose rate factor for the Kth radionuclide to a person standing on a 
layer 0.15 m thick and of great extent in all directions, in mrem/h per Ci/m2. 
Values from EPA Federal Guidance Report Number 12 for a 15 cm thickness 
are listed in Table A25. 
the exponential function (e raised to some power) 
factor that results from the time integral of the dose rate for the Kth 
radionuclide over the first half of the year (X=extemal calculation, N=the 
irrigation water adds no contaminants, and K=radionuclide index) 
external dose to the suburban gardener from the Kth radionuclide during the 
first ycar aftcr the wcll is drillcd, m r c d y  
time of exposure from Table A15,180 My. All ofthis occurs during the first 
half of the year. 
irrigation period, 0.5 y (the first half of the year) 
total removal constant for the Kth radionuclide, per year, XK = I.s,K + XR.K 
radioactive decay constant for the Kth radionuclide, per year. These are 
calculated as ln(2)=0.6931472 divided by the material half life (in years). 
average soil leaching coeflicient for the Kth radionuclide. fraction removed 
from the surface layer of soil, per year (see Table A40) 
average density of the garden soil, 1.500 k g h ’  

, 

Inhalation Dose to the Suburban Gardener 

A.3.2.1. The suburban gardener inhales 87 mg over the course of a year. The concentration of 
radionuclides in the suspended particulate is assumed to be the same as the average concentration 
of radionuclides in the garden. The inhalation dose to the gardener is calculated using the 
formula below. Thc decay and leaching factor (FB,N,K) is thc sum of two tcrms. Thc first is the 
time integral during the irrigation period. The second is the product of thc factor representing 
soil concentration at the end of thc irrigation period and the time integral during the non- 
irrigation period. 

The gardener is exposed to airborne particulate during the year, as described in Section 

where, - CGARDEN.K - 
DU.K = 

average concentration of the Kth radionuclide in the garden soil, in Cikg 
inhalation dose factor for the Kth radionuclide from Table A22, in mredpCi 
inhaled ’ 
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FD.N.K factor that results from the time integral of the inhalation dose rate for the Kth 
radionuclide over the full year @=inhalation calculation, N=the irrigation water 
adds no contaminants, and K=ndionuclide index) 
inhalation dose to the suburban gardener from the Kth radionuclide. m r e d y  
total mass of garden soil inhaled during the year from Table A10,S.7x105 kg/y 
irrigation period (the 1“ half of the year), 0.5 y 
no irrigation period (the 2”d half of the year), Ti, + T., = 1 y 
total removal constant for the Kth radionuclide, per year, IK = &.,K + IR.K 
radioactive decay constant for the Kth radionuclide. per year. These are 
calculated as ln(2)=0.6931472 divided by the material half life (in years). 
average soil leaching coeficient for the Kth radionuclide, fraction removed from 
the surface layer of soil, per year (see Table A40) 

A special model for tritium emanation from the soil and subsequent inhalation is based on 
the water evaporation rates estimated for the Hanford Site. The tritium model is derived in 
Section A.3.2.1. All of the tritium exhumed is regarded as tritiated water. 

Ingestion Dosc to thc Suburban Gardcner 
In addition to the small amounts of soil that are ingested during the irrigation season, the 

gardener also eats fruits and vegetables from his garden. The garden supplies 25% of the fruit 
and vegetable intake (Section A3.11). Grains are obtained from uncontaminated sources. The 
ingestion dose for one nuclide that results from these intakes is shown below. 

Note that there are four types of garden produce that must be calculated individually and 
summed. These four types are leafy vegetables, other vegetables, fruit, and grains. 
Consumption amounts are shown in Table A5 in the column labeled “All Pathways Farmer”. It 
is assumed that no grains are grown in a home garden. Both scenarios use the same garden 
vegetable consumption amounts. 

where, 
CGARDEN.K 

CVp.K 

DG.K 

F X 8 . K  

= initial average concentration of the Kth radionuclide in the garden soil, in Cikg 
= time-integrated radionuclide concentration in garden produce type p. in C i g  

wet weight 
= ingestion dose factor for the Kth radionuclide from Table A21, in mredpCi 

ingested 
= factor that results from the time integral of the dose rate for the Kth 

radionuclide over the lint half of the year (X=extemal calculation. N=the 
irrigation water adds no contaminants, and K=radionuclide index) 

= ingestion dose to the suburban gardener from the Kth radionuclide, m r e d y  
= total mass of garden soil ingested during the irrigation season from Table AS, 

0.018 k d y  
= mass of garden produce type p eaten during the year, in kg/y. These amounts 

are shown in Table A5 under the heading “All Pathways Farmer”. 
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p = index to the four types of garden produce, i.e.. fruit, protected vegetables, 
exposed vegetables, and grains 

The garden produce becomes contaminated by root uptake from the soil and by soil 
adhering to the foliage. The concentration of a radionuclide in a garden food item is shown in 
the equation below. Leafy vegetables are produced in the garden and eaten continuously during 
the first half of the year. Leafy vegetables eaten during the second half of the year are obtained 
from uncontaminated sources. Thus, all of the ingestion dose from leafy vegetables accumulates 
during the irrigation season. The other items are harvested midway through the irrigation season 
(at 0.25 year). The plant concentrations are proportional to the soil Concentration at this time. 
They are then consumed over a 90day period. The ingestion dose accumulates during the 
consumption period. Note that some parameters depend on the food type, while others are the 
same for all types. Similarly, some parameters depend on the radionuclide while others are the 
same for all radionuclides. 

Fv.N.K.~ 
JSPIASll F F  1NT.p TRANS.* 

CV.~.K = CGARDEN.K FDRY,~ Bv,~,K + 
YV.P 

Exp(-XWTGROW,p) 
Tw.p = 1, 

where. 

JSPLASII 

P 

TGROW,~ 

soil-to-plant transfer factor for the Kth radionuclide in garden produce type p 
from Table A37 
average concentration of the Kth radionuclide in the garden soil, in Cikg 
time-integrated radionuclide concentration in garden produce type P, in Cikg 
wet weight 
dry-to-wct ratio for gardcn producc type p from Table A39 
interception fraction for airborne dust on exposed surfaces of garden produce 
type p. from Table A39 
translocation factor from exposed surfaces to the edible portion of garden 
produce type p. from Table A39 
factor that results from the time integral of the daily dosc from gardcn produce 
for the Kth radionuclide (V=gardcn produce calculation, N=the irrigation water 
adds no contaminants, K=radionuclide index, and p= plant index). Specific 
cascs are shown for leafy vegetables and all other types of garden produce. 
average soil deposition rate due to rain splash (see Section A5.2). 2 . 7 ~ 1 0 ~  kdm* 
per day 
index to the four types of garden produce, i.e.. fruit, protected vegetables, 
exposed vegetables, and grains 
growing period of garden producc type p from Table A39 
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Tim 
TWg 

time at which harvest occurs, 0.25 y (midway through the irrigation season) 
irrigation period (the 1” half of the year), 0.5 y 
consumption period for all garden produce except leafy vegetables, 90 d 
(0.2466 y) 
effective exposure time for garden produce type p, days. Calculated values are 
listed in Table B1. 
yield of garden produce type p, from Table A39, in kg(wet)/m2 
total removal constant for the Kth radionuclide, per year, XK = XS.K + XR.K 
radioactive decay constant for the Kth radionuclide, per year. These are 
calculated as ln(2)=0.6931472 divided by the material half life (in years). 
average soil leaching coeflicient for the Kth radionuclide, fraction removed from 
the surface layer of soil, per year (see Table A40) 
weathering constant for all type of garden produce, 0.04951 per day. This is 
based on a weathering halftime of 14 days. 

An equilibrium model is used to estimate tritium concentrations in plants. It assumes the 
tritium exhumed is in the form of tritiatcd water (HTO). The concentration of tritium in the 
surface moisturc is assumcd the same as the tritium concentration in the watcr contained in thc 
plant. The tritium concentration in garden produce is shown in the equation below. The product 
of the soil concentration and the first ratio gives the tritium concentration in the soil water. The 
factor 8.94 is calculated from the ratio of the atomic weights of water and hydrogen. It converts 
the hydrogen fractions (FII,) from Table A34 to water fractions. Because the hydrogen fractions 
include organically bound hydrogen, the water fraction calculated is an upper bound. Note also 
that the tritium concentration in the plants follows the tritium concentration in the soil, which is 
decreasing rapidly due to applied irrigation water and evaporation. 

where, 
CGARDENJI-3 

CV.p.II-3 

S I ,  

Fv.N.H-J.~ 

P 

PGARDEN 
PW 

0 

initial average Concentration of tritium (H-3) in the garden soil, in Cikg 
time-integrated tritium concentration in garden produce type P, in Cikg wet 
weight 
mass fraction of hydrogen in gardcn produce type p from Table A34, in kg 
hydrogen per kg plant (wet) 
factor that results from the time integral of the daily dose from garden produce 
for tritium (V=garden produce calculation, N=the irrigation water adds no 
contaminants, H3=tritium. and p= plant index). 
index to the four types ofgarden produce, Le.. fruit, protected vegetables, 
exposcd vegetables, and grains 
average density of the garden soil, 1.5 kg soil per liter ofsoil 
density of water, 1.0 kg water per liter ofwater 
volumetric water content of the surface soil, liters ofwater per liter ofsoil. A 
value of 0.2 is assumed. Because the total soil porosity is about 0.4, the 
saturation ratio is about 50%. 
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Dermal Absorption Dose to the Suburban Gardener 

radionuclides in Section A3.4.1. In this section, the dose from radionuclides absorbed through 
the skin is compared with the soil ingestion dose. The dose from dermal absorption is not 
calculated for radionuclides. 

Total Dose to the Suburban Gardener 

received during the first year per curie that is exhumed. These unit dose factors must be 
multiplied by the activity exhumed to calculate the first year dose. The radiation dose to this 
individual is the 50 year committed effective dose equivalent from one year of exposure. 

The absorption of material on the skin into the body is shown to be a minor contributor for 

Scenario dose factors for the suburban gardener are presented in Table 8 as the dose 

The internal doses must be reduced in the event that the chemical form of the waste at the 
time of intrusion allows only a fraction of the material to be inhaled, ingested, or absorbed by 
plants. An example of this is vitrified waste material. After site closure, the radionuclides are 
decaying and the waste is releasing trapped activity. Thus, the tailings activity concentration and 
the fraction available depcnd on the elapsed time since closure. The external dosc will be 
dclivcrcd regardlcss of the wastc form. The total dosc to thc suburban gardcncr can bc writtcn as 
shown below. 

.. 

where, 
FAVAIL = fraction of the waste that is available for ingestion, inhalation, and absorption 

by plants at the time of suburban gardener exposures (Table 8 assumes 
FAVAIL=~ in the “Total” columns) 

H G A ~ N E R  = total effective dose equivelent received by the suburban gardener from all 
radionuclidcs in the exhumed wastc material, in m r e d y  

HD.K = inhalation dose to the suburban gardener from the Kth radionuclide, in 
mremly 

HG.K = ingestion dose to the suburban gardener from the Kth radionuclide, in 
mrcmly 

HX.K = external dose to the suburban gardener from the Kth radionuclide. in mremly 

The scenario dose factors for the suburban gardener assume that 1 Ci of each isotope 
comes out of the well. Values listed in Table 8 are separated into the external component and the 
internal component. The column labeled ‘Total” is the sum of the internal and external in the 
event that 100% of the exhumed waste is available for inhalation and ingestion. Additional 
detail on the doscs by pathway is shown in Appcndix D. 
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Table 8. Unit Dose Factors for the Suburban Gardener ( m r e d y  per Ci exhumed) 

~ Notes: 
The radiation dose to this individual is the 50 year committed eflectivc dose equivalent from the first year of 

These scenario dose factors must be multiplied by the activity exhumed by the well drilling, in curies. 
The "Total" column is the sum of the "Internal" and "External" columns. External and internal doses arc 

separated because the waste matrix may prevent a portion of the exhumed activity from giving an internal dose. 

exposure. 

Comparison of the Driller and Suburban Gardener Doses. To compare the driller and the 
suburban gardener. note that the dose depends on both the effective annual intake and the soil 
concentration. The effective annual intakes are discussed in Appendix A Section A3.1. For the 
well-driller, the soil concentration is the average concentntion in the well tailings. For the 
suburban gardener the soil concentration is the avenge concentration in the garden. 

For a few nuclides there are additional differences due to radioactive decay and leaching 
from the garden soil. These processes are not included in the driller scenario due to the short 
exposure time (5 days). The factors that adjust the garden doses for decay and leaching have 
values behveen 0 and 1, with most nuclides very close to 1. These factors are not included in 
this comparison so that the results do not dcpend on the specific radionuclide. Thc equations 
below show the dose ratios, assuming the waste density is similar to the density of the compacted 
soil in the well. 

CGARDEN.K - - AWELL LWELL PWELL 

LL.K AGARDEN LGARD~N PGARDEN 

where, 
AGARDEN = 

AWELL = 
CGARDEN.K - 

CTAIL.K = 

- 

LGARDEN TGARDEN D X.K 

LTAIL TWELL DX.S.K 
External Dosc Ratio = 

cultivated area of a garden, 100 m2 
cross-sectional area of the wcll, in rn2 
avcragc concentration of the Kth radionuclide in the. gardcn soil, in Cikg 
average concentration of the Kth radionuclide in the well tailings, in C i k g  
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DXX = external dose rate factor for the Kth radionuclide to a person standing on a 
layer 0.15 m thick and of great extent in all directions, in mrem/h per Ci/m2. 
Values from EPA Federal Guidance Report Number 12 for a 15 cm 
thickness are listed in Table A25. 

= external dose rate factor for the Kth radionuclide to a person standing on a 
layer 0.05 m thick and of great extent in all directions, in mrernh per Ci/m2. 
Values from EPA Federal Guidance Report Number 12 for a 5 cm thickness 
are listed in Table A25. 

 ARDEN = depth ofthe contaminated soil layer in the suburban garden, 0.15 m 
LTA~L = depth of the contaminated soil layer in the well-drilling scenario. 0.05 m 

Dx~.K 

LWELL 
MGARDEN 

WAIL 

Ratio 
TGARDEN 

TWELL 
PGARDEN 

PWELL 

depth of the well from surface to-groundwater, in m 
mass ofcontaminated soil inhalcd (0.087 g) or ingested (18 g) in the 
suburban garden 
mass of contaminated soil inhaled (0.00484 g) or ingested (0.5 g) in the well- 
drilling scenario 
the dose to the suburban gardener divided by the dose to the well-driller 
extcrnal exposure timc in thc suburban garden, 180 h 
cxternal exposure timc in thc wcll-drilling sccnario. 40 h 
average density of the soil in the garden, 1,500 kdm’ 
average density of the soil in the well, 2,000 kdm3 

~ 

Notice that the gardener-to-driller dose ratios do not depend on the waste thickness, 
provided that the waste density is about the same as the soil density in the borehole. The internal 
ratios are essentially independent ofthe radionuclide. The external dose ratios do contain an 
explicit reference to the radionuclide in the external dose rate factors from Federal Guidance 
Report Number 12. However, the ratio o f 5  cm to 15 cm dose rate factors shown in Table A25 
ranges from 1.8 to 3.0. Nearly all ofthe dose rate factors that are greater than 1,000 mremlh per 
Ci/mz have ratios less than 2.0. Thus, for the sake of the comparison, the ratio of dose rate 
factors can be replaced with 1/2. 

Assuming the well is 100 m (328 A) deep, has a diameter of 0.203 m (8 in.), and the 
compacted soil density in the well is 2.000 kdm3. then the soil concentration ratio 
(gardcner/driller) is 0.288. The mass ofsoil inhalcd or ingested is from Tables A8 and AIO. The 
external exposure times are shown in Table A15. The ratio of the post-intrusion dose to the well- 
driller dose is shown in Table 9 for each exposure pathway. Ingestion of garden vegetables is 
not shown because the driller does not consume any. 

Also shown in Table 9 is the well depth at which the dose to the driller equals the dose to 
the suburban gardcncr, assuming the well diamctcr is 0.203 m (8 in.). The general conclusion is 
that wells shallower than about 20 m may have driller doscs larger than the suburban gardener 
dose. The actual depth depends on the combination of radionuclides present in the waste, and 
must include the garden produce contribution, as well. 
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- 
Gardener l o  Driller 

Pathway Dose Ratio 
Soil Ingestion 10.4 
Soil Inhalation 5.2 

- 
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\Vel1 Depth for Driller Dose Equal 11 
Suburban Gardener Dose 

10 m 
19 m 

External Exposure 1.9 51 m 
. .. 

The Gardener to Driller Dose Ratio ignores differences in density between the buried waste 
and the soil in the well. Both are assumed to be 2 .00  kdm’. The ratio applies to the pathway 
indicated in the first column. Ingestion of garden vegetables is not included. The assumed well 
is 0.203 m diameter and 100 m deep. 

2,000 kdm’. 
The minimum well depth assumes a 0.203 m diameter well, in addition to an in situ density of 

3.3 POST-INTRUSION RURAL PASTURE 

This scenario assumes that an individual lives near the well tailings and sprcads thc well 
tailings in his pasture and hay field. The individual obtains half of his annual intake of milk 
from the cow. In addition, he inhales resuspendcd soil and ingests small amounts of it each day. 
His external dose comes from spending time in or near the pasture and hay field. Thc radiation 
dosc to this individual is the 50 year committed effective dose equivalent from the first year of 
exposure afler the well was drilled. 

The pasture and hay field areas are discussed in Section A4.1. The total pasture and hay 
field area is about 5,000 m2. This total area will be used as the averaging area. Realistically, the 
well tailings will not be spread in both the pasture and hay field. Only one will receive the 
contaminatcd soil. Since the two arcas are about half thc total, the averagc soil concentration 
would double. Thus, either the pasture grass or the stored hay would have twice the 
concentration, while the other crop would be uncontaminated. The net effect on the cow’s milk 
is small. Hence, the total area will be used, and all of the cow’s solid food will bc contaminatcd 
bascd on an averaging area of 5,000 m2. 

The depth of soil contaminated is 0.15 m. a traditional representation of the tilling depth. 
Thus the volume of soil used for the average soil concentration is 750 m’. Since the density of 
the surface soil is assumed to bc 1,500 kg/m’, the mass of soil is 1,125 MT. When calculating 
the average doses. the exhumed waste is distributcd ovcr this amount of soil. Assuming a unit 
activity is exhumed, the average concentration in the pasture and hay field is 889 p W g  soil. 

The descriptions for the external, inhalation, and soil ingestion routes are very similar to 
those presented earlier for the Suburban Gardener. Instead of garden vegctables, therc is a 
pasture and milk cow. The equations for the milk dose include the eKects ofdecay and leaching, 
but do not show the method used to represent decay chains. The treatment ofdecay chains is 
presented in Appendix B. 
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External and Inhalation Dose in the Rural Pasture Scenario 
The external and inhalation doses are calculated using the same equations given for the 

suburban gardener. The external exposure time has increased to 360 My, and the annual soil 
inhalation has increased to 169 mg/y. Both of these are approximately twice the values used for 
the suburban gardener. Since the soil concentration is a factor of 50 smaller, the rural pasture 
external and inhalation doses are a factor of 25 smaller than for the suburban garden. 

Ingestion Dose in the Rural Pasture Scenario 
In addition to the small amounts ofsoil that are ingested during the irrigation season, the 

pasture owner also consumes milk from his cow. The person consumes 58 L of milk during the 
year, which is 50% of the annual milk consumption shown in Table A4. The ingestion dose for 
one nuclide that results from these intakes is shown below. Note that the formula shown applies 
to all animal products. The rural pasture scenario only uses the milk. The other formulas will be 
needed when calculating lifetime intakes for the All Pathways Farmer scenario. 

where, 
CAM 

CPlsturr.K 

DG.K 

FX.N.K 

9 

time-integrated concentration of the Kth radionuclide in animal product type q, 
in Ci/kg 
average concentration of the Kth radionuclide in the soil in the pasture and hay 
field, in Ci/kg 
ingestion dose factor for the Kth radionuclide from Table A21, in mredpCi 
ingested 
factor that results from the time integral of the dose rate for the Kth 
radionuclide over the first half of the year (X=external calculation, N=the 
irrigation water adds no contaminants, and K=radionuclidc index) 
ingestion dose for the rural pasture scenario from the Kth radionuclide, m r e d y  
mass ofanimal product type q eaten during the year, in kdy. These amounts 
are shown in Table A5. 
total mass of soil ingested during the irrigation season from Table AS, 
0.018 kg/y 
index to the four types of animal products, Le., beef, milk, poultry, and eggs 

Animal products (beef, milk, poultry, and eggs) become contaminated when some portion 
of the animal’s dict is contaminated. All of the animals modeled are assumed to ingest soil, 
water, and fodder. The fodder is either fresh pasture grass or stored hay and grain. The fresh 
pasturc grass is assumcd to be eaten throughout thc ycar because animals foragc during most of 
the year. The hay and grain are harvested at various times throughout the irrigation season, 
stored for a period of time and then consumed. The simplified model to represent this assumes 
harvest midway through the irrigation season (at 0.25 year). The plant concentrations are 
proportional to the soil concentration at this time. They are stored for 90 days and thcn 
consumed over a 9O-day period. The ingestion dose accumulates during the consumption period. 
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The beef cow is slaughtered midway through the imgation season (at 0.25 year) and 
consumed over a period of time (Tkr). The milk and the chickens (poultry and eggs) are 
consumed throughout the year with little storage time. The concentration in the animal product 
is therefore calculated using the equations below. The animal products are divided into beef and 
other. “Other” refers to milk, poultry. and eggs. 

Fv.N.K.~ 
JSPLASll F F  1NT.p TRANSp 

I- 
YV.P 

where, 
BA,~,K = animal transfer factor for the Kth radionuclide into animal product type q from 

Table A33. in daykg 
BV+K = soil-to-plant transfer factor for the Kth radionuclide in animal fodder type p 

from Table A37 
CA.~.K = time-integrated concentration of the Kth radionuclide in animal product type q. 

in Cikg 
Cplrlux~ = average concentration ofthe Kth radionuclide in the soil in the pasture and hay 

field, in Ci/kg 
CV$,K = time-integrated radionuclide concentration in animal fodder of typc p, in C i g  

wet weight 
F~,N.K = factor that results from the time integral of the inhalation dose rate for the Kth 

radionuclide over the full year (B=inhalation calculation, N=the irrigation water 
adds no contaminants, and K=radionuclide index) 

FDRY,~ = dry-to-wet ratio for animal fodder type p from Table A39 
FINT.~ = intcrception fraction for airbomc dust on exposed surfaces of animal fodder 

type p. from Table A39 
F T ~ N S . , ,  = translocation factor from exposed surfaces to the edible portion of animal 

fodder type p, from Table A39 
FVJ4K.p = factor that results from the timc integral ofthe daily dosc from milk due to the 

cow’s consumption of animal fodder type p for the Kth radionuclide (V=animal 
fodder calculation. N=the imgation water adds no contaminants, 
K-radionuclide index, and p= plant index). Specific cases are shown for fresh 
pasture grass and stored feed (Le. hay and grain). 

= nvera e soil deposition rate due to rain splash (see Section A5.2). 2 . 7 ~ 1 0 ~  J s p ~ ~ s l l  kg/m H perday 



HNF-SD-WM-TI-707 Rev 3 Page 37 of 125 

daily mass of soil ingested by animal type q in Table A32, in kg/d 
daily mass of animal fodder type p eaten by animal type q. in kg (wet)/d. These 
amounts are shown in Table A32. 
index to the types of animal fodder, fresh pasture grass and stored hay and grain 
for beef. milk. poultry and eggs 
consumption period for the animal fodder, 90 d (0.2466 y) 
consumption period for beef, 120 d (0.3288 y) 
time at which harvest occurs, 0.25 y (midway through the irrigation season) 
irrigation period (the 1" half of the year), 0.5 y 
storage period for stored fodder, 90 d (0.2466 y) 
effective exposure time for garden produce type p, days. Calculated values are 
listed in Table Bl. 
yield of garden produce type p, from Table A39. in kg(wet)/m* 
total removal constant for the Kth radionuclide, per year, 1~ = XS,K + l i ~ . ~  
radioactive decay constant for the Kth radionuclide, per year. These are 
calculated as ln(2)=0.6931472 divided by the material half life (in years). 
average soil leaching cocficient for the Kth radionuclide, fraction removed 
from thc surface laycr of soil. per ycar (scc Tablc A40) 

The concentration of tritium in animal products is calculated from an equilibrium model. 
The concentration of tritium in the animal is based on the assumption that the ratio of 
contaminated water in the animal product to total water in the animal product is proportional to 
the ratio of contaminated water in the animal's diet to the total water in the diet. The formula 
below reflects this. The first four terms in the first equation calculate the tritium concentration in 
the animal product, just as was done for garden produce. The mass ratio adjusts this 
concentration for the fraction of the animal's diet that is contaminated. The time-integration 
factors are the same as shown above. 

M w.c.q 

M W.T.q 

8.94 kg water 
0 pw kg hydrogen [ "2..-)( ) Fll.q [ ) FA,ll-3,q cA.q,l14 = cPaslure.llJ 

where, 
cA,q . t I J  = time-integrated tritium Concentration in animal product typc q, in Cikg 

Cpararc.~ = average concentration ofthe Kth radionuclide in the pasture and hay field, in 

F A . I I - ~ ~  = factor that results from the timc integral of the dose rate for tritium over the 
full year (A=animal calculation. €13=tritium, and q=animal type). 

Ftl,p = mass fraction of hydrogen in animal fodder type p from Tablc A34, in kg 
hydrogen per kg plant (wet) 

Cikg 
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PW 
0 

mass fraction of hydrogen in animal product type q from Table A34, in kg 
hydrogen per kg of the animal product 
factor that results from the time integral of the daily dose from animal products 
for tritium (V=garden produce calculation, N=the irrigation water adds no 
contaminants, H3=Idium, and p= plant index). 
daily mass of soil ingested by animal type q in Table A32, in kg/d 
daily mass of animal fodder type p eaten by animal type q, in kg (wet)/d. 
These amounts are shown in Table A32. 
mass of contaminated water ingested daily by the animal, in kg/d 
total mass of water ingested daily by the animal, in kg/d 
index to the types of animal fodder, Le., fresh pasture g n s s  and stored hay and 
grain for beef, milk, poultry, and eggs 
index to the four types of animal products, i.e.. meat, milk, poultry, and eggs 
daily volume of water ingested by animal type q from Table A32. in Ud 
avenge density of the soil in the pasture and hay field, 1.5 kg soil per liter of 
soil 
density of water, 1.0 kg watcr pcr litcr of water 
volumetric watcr content of the surface soil. litcrs of watcr pcr litcr of soil. A 
value of 0.2 is assumed. 

Note that the equation for the concentration of tritium in the animal product can be 
rearranged to indicate an equilibrium concentration ratio for tritium in the animal product. This 
equation has the same form as the equation used for all the other radionuclides. The equilibrium 
transfer factor is calculated from the tritium equilibrium model. 

pPJIture 8.94 kg water 
CV,P,Il., = CPasI"re.llJ [ kg hydrogen ) Ftlsp FV*N*11-3vp 

Dermal Absorption Dose in the Rural Pasture Scenario 

radionuclides in Section A3.4.1. In this section, the dose from radionuclides absorbed through 
the skin is compared with the soil ingestion dose. The dose from dermal absorption is not 
calculated for radionuclides. 

The absorption of material on the skin into the body is shown to be a minor contributor for 

Total Dose in the Rural Pasture Scenario 

received during the first year per curie that is exhumed. These unit dose factors must be 
multiplied by the activity exhumed to calculate the first year dose. The radiation dose to this 
individual is the 50 year committed etl-ective dose equivalent from one year of exposure. 

Scenario dose factors from the rural pasture scenario are presented in Table 10 as the dose 
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The internal doses must be reduced in the event that the chemical form of the waste at the 
time of intrusion allows only a fraction of the material to be inhaled. ingested. or absorbed by 
plants. An example of this is vitrified waste material. Afier site closure, the radionuclides are 
decaying and the waste is releasing trapped activity. Thus, the tailings activity concentration and 
the fraction available depend on the elapsed time since closure. The external dose will be 
delivered regardless of the waste form. The total dose to the rural resident with a cow can be 
written as shown below. 

where, 
FAVAIL = 

K 

fraction ofthe waste that is available for ingestion. inhalation, and absorption 
by plants at the time of rural pasture scenario exposures (Table 10 assumes 
FAVAIL=I in the “Total” columns) 
total effective dose equivelent received in the rural pasture scenario from all 
radionuclides in the exhumed waste material. in m r e d y  
inhalation dose to the rural pasture scenario from the Kth radionuclide, in 
m r e d y  
ingestion dose to the rural pasture scenario from the Kth radionuclide, in 
m r e d y  
external dose to the rural pasture scenario from the Kth radionuclide, in 
m r e d y  

The scenario dose factors for the rural pasture assume that 1 Ci of each isotope comes out 
of the well. Values listed in Table IO are separated into the external component and the internal 
component. The column labeled “Total” is the sum of the internal and external in the event that 
100% of the exhumed waste is available for inhalation and ingestion. Additional detail on the 
doses by pathway is shown in Appendix D. 
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The radiation dose to this individual is the 50 year committed effective dose equivalent from the first year of 

These scenario dose facton must be multiplied by the activity exhumed by the well drilling. in curies. 
The "Total" column is the sum of the "Internal" and "External" columns. External and internal doses are 

separated because the waste mahix may prevent a portion of the exhumed activity from giving an internal dose. 

exposure. 

3.4 POST-INTRUSION COMMERCIAL FARM 

This scenm'o assumes that an individual lives near the well tailings and spreads the well 
tailings in a field used for growing a food crop for market. The individual inhales resuspended 
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soil and ingests small amounts of it each day. His external dose comes from spending time in or 
near the field. The radiation dose to this individual is the 50 year committed effective dose 
equivalent from the first year of exposure after the well was drilled. 

The field is assumed to have an area of 160 acres, or 647,000 m2. This total area will be 
used as the averaging area. The depth ofsoil contaminated is 0.15 m, a traditional representation 
of the tilling depth. Thus the volume of soil used for the average soil concentration is 97,000 m3. 
Since the density of the surface soil is assumed to be 1,500 kg/m’, the mass of soil is 
146,000 MT. When calculating the average doses, the exhumed waste is distributed over this 
amount of soil. Assuming a unit activity is exhumed, the average concentration in the field is 
6.87 pCi/g soil. 

External, Inhalation, and Ingestion Dose 
The external and inhalation doses are calculated using the same equations given for the 

suburban gardener. The external exposure time has increased to 8 h/d or 1,440 My, and the 
annual soil inhalation has increased to 321 mdy. Both of these are approximately four times 
larger than the values used for the suburban gardcner. Sincc the soil concentration is a factor of 
6,470 smaller. the commercial farm external and inhalation doses arc a factor of 1,620 smaller 
than for the suburban garden. 

The only item ingested is trace amounts of soil. The usual exposure of 100 mg/d for 
180 days is assumed. Thus, the annual ingestion of contaminated soil is 18 g. This is the same 
as used in the suburban garden and rural pasture scenarios. Hence, the ingestion dose is lower 
than the suburban garden dose by a factor of 6,470. 

Dermal absorption of radionuclides is not considered, based on the discussion in Section 
A3.4.1. 

Total Dose in the Commercial farm Scenario 

dose received during the first year per curie that is exhumed. These unit dose factors must be 
multiplied by the activity exhumed to calculate the first year dose. The radiation dose to this 
individual is the 50 year committed effective dose equivalcnt from one year of exposure. 

Scenario dose factors from the commercial farm scenario are presented in Table 11 as the 

The internal doses must be reduced in the event that the chemical form of the waste at the 
time of intrusion allows only a fraction of the material to be inhaled, ingested, or absorbed by 
plants. An example of this is vitrified waste material. After site closure, the radionuclides are 
decaying and the waste is releasing trapped activity. Thus, the tailings activity concentration and 
the fraction available depend on the elapsed time since closurc. The external dose will bc 
delivered regardless of the waste form. The total dose to the rural resident with a cow can be 
written as shown below. 

HFAR~I = c [ H X , K  FAVAIL (HD.K + HG,K)] 
K 

where, 
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fraction of the waste that is available for ingestion, inhalation, and absorption 
by plants at the time of commercial farm scenario exposures (Table 11 
assumes FAVA~L=~ in the ‘Total” columns) 
total effective dose equivelent received in the commercial farm scenario 
from all radionuclides in the exhumed waste material, in m r e d y  
inhalation dose to the commercial farm scenario from the Kth radionuclide, 
in m r e d y  
ingestion dose to the commercial farm scenario from the Kth radionuclide, in 
m r e d y  
external dose to the commercial farm scenario from the Kth radionuclide, in 
m r e d y  

The scenario dose factors for the commercial farm assume that 1 Ci of each isotope comes 
out of the well. Values listed in Table 11 are separated into the external component and the 
internal component. The column labeled ‘Total” is the sum of the internal and external in the 
event that 100% of the exhumed waste is available for inhalation and ingestion. 

Table 11. Unit Dose Factors for the Commercial Farm Scenario ( m r e d y  per Ci exhumed) 
I Nuclide 1 Total I External I Internal I Nuclide I Total I External I Internal I 
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Nuclide Total External 
Ag-1OSmtD 4.8SEW 4.85E+00 

(3-109 8.87E-03 726E-03 

Internal Nuclide Total External 1 Internal 
9.95E-04 Pu-241tD 2.71E-02 2.00E-05 1 2.71E-02 
1.61E-03 Pu-242 1 .32Em 7.22E-05 I 1.32Et00 

Cd-113m 
In-1 IS 

Sn-12lm+D 
Sn-126tD 

Sb-125 
Te-125111 

.. 

Eu-150 4.39EtOO 4.38Et00 1.37E-03 Cf-249 2.82Et00 9.69E-01 1.86Et00 
Eu-152 3.35E+00 3.3SEt00 1.27E-03 Cf-250 8.23E-01 6.60E-05 8.22E-01 
Eu-154 3.64EW0 3.64Et00 1.76E-03 Cf-25 I 2.19Et00 2.91E-01 1.90Et00 
Eu-155 9.94E-02 9.91E-02 2.67E-04 Cf-252 3.91E-01 9.29E-05 3.91E-01 

Notes: 

~ 

2.33E-02 3.56E-04 2.29E-02 Pu-244tD 2.31Et00 1.01Et00 1.30EW 
2.80E-02 2.24E-04 2.78E-02 Am-241 1.45Et00 2.47E-02 1.43E+00 
1.49E-03 1.19E-03 3.03E-04 Am-242mtD 1 .43EW 3.65E-02 1.39EW 

5.97Et00 5.96E+00 2.82E-03 Am-243tD 1.9lEtOO 4.92E-01 1.42Et00 
1.17Et00 1.17E+00 4.12E-04 Cm-242 3.21 M 2  6.66E-05 3.20E-02 
3.66E-03 3.47E-03 1.88E-04 Cm-243 1.29EW 3.16E-01 9.77E-01 

. ~ ~~ 

0 

0 

0 

The radiation dose to this individual is the 50 year committed effective dose equivalent from the fist year of 

These scenario dose factors must be multiplied by the activity exhumed by the well drilling, in curies. 
The "Total" column is the sum of the "Internal" and "External" columns. External and internal doses are 

separated because the waste maeir may prevent a portion of the exhumed activity from giving an internal dose. 

exposure. 

3.5 ALL PATHWAYS FARMER 

This scenario assumes that some of the waste materials have migrated into the ground 
water. A subsistence farm located down gradient from the disposal site uses ground water for 
domestic needs (drinking, cooking, showering), for irrigation (garden and pasture), and for 
watering livestock. The individual obtains one-fourth of his fruit and vegetable intake each year 
from a garden, and half ofhis meat. milk, poultry, and egg intake from his livestock. In addition, 
he inhales resuspended garden soil and ingests small amounts of it each day. His external dose 
comes from the contaminated soil near his dwelling. The radiation dose to this individual is the 
50 year committed effective dose equivalent from one year of exposure. No prior irrigation is 
assumed. Thus, the calculated annual doses are the lifetime dose that results from exposure 
during the lint year of irrigation with contaminated water. 

The number of equations presented in this section is very large. It includes the pathways 
used for the post-intrusion residents. The equations are modified to reflect the contaminated 
irrigation water source. An additional version of this scenario assumes the contaminated water 



HNF-SD-WM-TI-707 Rev 3 Page 44 of 125 

comes from the Columbia River and adds doses from shoreline external exposure and fish. 
Finally, the increased cancer risks that result from 30 years of contiuous exposure are calculated. 
The various exposure amounts and other parameters are presented in Appendix A. 

Soil Concentration for the All Pathways Farmer 
The garden and pasture are contaminated by the application of irrigation water. The 

contamination is averaged over the tilling depth, 0.15 m. The land surface area that is 
contaminated does not enter into the dose calculations. The important quantity is the amount that 
accumulates in the area that is irrigated, both the rate ofdeposition and the total deposited. The 
soil concentration is summarized in the equations below. Decay and leaching factors have been 
omitted from the soil concentration equation because they are included separately in the dose 
equations. 

IDK=( 'y1 ) (  IOL 2 ) 
m cm 

where, 
I O  um2cm 

CS.K 

CWX 
Lcurden 

I 

c S , K = (  c W K 1  * )( '2OL ) 
LGardcnPGardcn cm 

unit conversion factor. When 10 L ofwater is spread over an area of 1 m', it 
will have a depth of 1 cm. 
concentration of the Kth radionuclide in irrigated soil at the end of the year 
with no decay or leaching, in Ci/kg 
concentration of the Kth radionuclide in the irrigation water, in C i n  
thickness of the contaminated layer of surface soil in the garden, 0.15 m 
amount of irrigation water applied to plants during the irrigation season, cm. 
For the Columbia River population, this is 63.5 cm. For all other scenarios 
this is 82.3 cm. (see Section A6.0) 
irrigation deposition rate for the Kth radionuclide during the irrigation 
season. Cumz per year 
length of irrigation season, 0.5 y 
average density of the surface soil, 1,500 kglrn' 

The concentration of tritium in the soil is based on the water content of the surface soil 
laycr. Thus, the tritium concentration in the soil is constant during the irrigation season and 
decreases rapidly after that due to evaporation. Section A6.2 discusses the soil removal 
constants for tritium. The concentration of tritium in the soil during the irrigation season is 
shown below. The final ratio in the formula includes the dilution from natural precipitation. 

where, 
Cs.ll.3 = concentration of tritium in irrigated soil during the irrigation season, in Ci/kg 

Cw.ll.3 = tritium concentration in the irrigation water, in Ci/L 
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I = total irrigation water applied during the irrigation season, in cm. For the all 
pathways farmer it is 82.3 cm (32.4 inches). Nearly all of this is deposited 
during the 6 month period from April to September. 

P = total precipitation. in centimeters, during the irrigation period. Over the period 
1971 to 2000. the precipitation during the 6 month irrigation season (April to 
September) has been 5.766 cm (PNNL-13859). 

pGdm = average density of the surface soil, 1.5 kg soil per liter of soil 
0 = volumetric water content of the surface soil, liters of water per liter of soil. A 

value of 0.2 is assumed. Because the total soil porosity is about 0.4, the 
saturation ratio is about 50%. 

During the year, the concentration of each isotope in the garden and pasture first increases 
due to irrigation deposition, then decreases due to radioactive decay. The first half of the year 
the soil is irrigated. so both processes are in effect. The second half of the year the soil is not 
irrigated. so only radioactive decay occurs. This is represented mathematically using the 
formulas below. 

for 0 c t c Tim 

where, 
CS.K 

CSoil.K(t) 

EXP 
Tim 
1 K  

XR.K 

1S.K 

= concentration of the Kth radionuclide in irrigated soil at the end of the year 
with no decay or leaching, in Cikg 

= concentration of the Kth radionuclide in irrigated soil as a function of time (1) 
during the year, in Cilkg. 

= the exponential function (e raised to some power) 
= irrigation period (the I" half of the year), 0.5 y 
= total removal constant for the Kth radionuclide, per year, 1~ = 1 s . ~  + 1%~ 
= radioactive decay constant for the Kth radionuclide, per year. These are 

calculated as ln(2)=0.6931472 divided by the material half life (in years). 
= average soil leaching coeflicient for the Kth radionuclide. fraction removed 

from the surface layer of soil, per year (see Table A40) 

The soil concentration as a function of time for three radionuclides is shown in Figure 2. 
The soil concentration is normalized by the end-of-year soil concentration in the absence of 
decay and leaching (CS,). The first isotope (Th-232) illustrates the case with little decay and 
little leaching. Th-232 has a very long half life (1.405~10'~ years) and a very large retardation in 
the surface soil (?+600,000 mug). The Th-232 concentration increases linearly during the 
irrigation season and is constant the remainder of the year. The second isotope (CI-36) has a 
long half life (300,992 years) but is only slightly retarded in the soil (&=l.O mug). The CI-36 
concentration increases during the irrigation season, but not as much as Th-232 due to the loss 
from leaching. The CI-36 concentration is constant during the non-irrigation season. The third 
isotope (Po-210) has a very short half life (138.38 days) but is significantly retarded in the soil 
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&=1,100 mug). The loss of Po-210 from the surface layer during the year is due almost 
entirely to its radioactive decay. 

I I I I 

0 0.2 0.4 0.6 0.8 1 

Tm. year 

Figure 2. Fraction of Irrigation-Deposited Contamination Present in Surface Soil. 

External Dose to the All Pathways Farmer 
The external dose received by the farmer is larger every day during the irrigation season 

due to the increase in soil concentration that is occurring. During thc non-irrigation season the 
dose rate decreases slowly because the soil contamination is undergoing radioactive decay 
without leaching. Note that the effective external exposure time is greater than the previous 
scenario because the contamination is more widespread. In addition, the exposure is spread 
uniformly throughout the year. Section A3.3 discusses external exposure times. The external 
dose is calculated using the equation shown below. The decay and leaching factor (Fx.1,~) is the 
time-integral of the soil concentration fraction shown in Figure 2. The formula has two parts 
corresponding to the irrigation and non-irrigation seasons. The first part of the formula is the 
time integral during the irrigation period. The second part is the product of the factor 
representing soil concentration at the end of the irrigation period and the time integral during the 
non-irrigation period. 
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HX,K = cS,K PGARDEN LGARDEN D X.K T F  X X.1.K 

where, 
CS,K = concentration of the Kth radionuclide in irrigated soil at the end of the year 

with no decay or leaching, in C f i g  
DX.K = external dose rate factor for the Kth radionuclide to a person standing on a 

layer 0.15 m thick and of great extent in all directions, in mremh per Cum2. 
Values are listed in Table A25. 

Fx.1,~ = factor that results from the time integral of the dose rate for the Kth 
radionuclide over the full year (X=external calculation, I=the irrigation water 
is contaminated. and K=radionuclide index). If XK is very small, Fx,1,~=0.75. 

HX.K = external dose to the all pathways farmer from the Kth radionuclide, m r e d y  
LARDEN = thickness of the contaminated layer ofsurface soil in the garden. 0.15 m 

Ti, = irrigation period (the 1" half of the year), 0.5 y 
T., = no irrigation period (the 2"d half of the year). Ti, + T., = 1 y 
Tx = time of exposure each year from Table A15.4,120 My 
XK = total removal constant for the Kth radionuclide, per year, 1~ = XSX + X u  

XR,K = radioactive decay constant for the Kth radionuclide, per year. These are 
calculated as ln(2)=0.6931472 divided by the material half life (in years). 

XS,K = average soil leaching coeficient for the Kth radionuclide, fraction removed 
from the surface layer of soil, per year (see Table A40) 

PGARDEN = average density of the garden, 1,500 kdm' 

Inhalation Dose to the All Pathways Farmer 
The gardener is exposed to airborne particulate during the year, as described in Section 

A.3.2. Some of the material inhaled is contaminated soil (539 m d y  from Table AIO) while the 
rest is from the water becoming airborne (0.054 V y  from Table A13). The inhalation intakes 
occur over the course of one year. The concentration of radionuclides in the suspended 
particulate is assumed to be the same as the average concentration of radionuclides in the soil. 
The total inhalation dose to the farmer is calculated using the formula below. Tritium is not 
calculated using this formula. Since the tritium is in the form oftritiated water (HTO), the water 
inhalation calculation for tritium includes all soil contributions. 

Hnx = h . K  Mn ~x.1.K + c W , K  Vn1Dn.K 
where, 

CS.K = Concentration of the Kth radionuclide in irrigated soil at the end of the year 
with no decay or Icaching, in Cfig  . 

CWX = concentration ofthe Kth radionuclide in the irrigation water, in C i n  
DU,K = inhalation dose factor for the Kth radionuclide from Table A22, in mredpCi 

inhaled 
FX.1.K = factor that results from the time integral of the dose rate for the Kth 

radionuclide over the full year (X=extemal calculation, I=the irrigation water 
is contaminated, and K=radionuclide index). If 1~ is very small, F x ~ p 0 . 7 5 .  
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HB,K = inhalation dose to the all pathways farmer from the Kth radionuclide, m r e d y  
MB = total mass of soil inhaled during the year from Table A10,5.39x104 k d y  
VO = total volume of water inhaled during the year from Table A13,0.054 U y  

Ingestion Dose to the All Pathways Farmer 
In addition to the small amounts of soil that are ingested in the course of the year, the 

farmer also eats fruits and vegetables from his garden, and meat, milk, poultry, and eggs from his 
livestock. The ingestion dose for one nuclide from these intakes is shown below. Note the 
summations over plant types and animal types. The decay and leaching factors for plants and 
animals are not shown in this equation because the direct deposition from overhead irrigation 
portion has a dimerent factor than the root uptake and rain splash terms. These decay and 
leaching factors for the ingestion dose are included in the description of the plant and animal 
concentration (next equations). 

HG,K = CS.K MG FX.I.K + CCV.p.K MV.p + CcA, ,K  MA, + cW,K vG DG,K [ P q 1 
whcrc. 

CQ.K = concentration of the Kth radionuclide in animal product type q. in Cikg 
CS.K = concentration of the Kth radionuclide in irrigated soil at the end of the year with 

HG.K 
P 

VG 

- - 
no decay or leaching, in Cikg 
time-integrated concentration of the Kth radionuclide in garden produce type p, 
in C i i g  wet weight 
concentration of the Kth radionuclide in the irrigation water, in C i n  
ingestion dose factor for the Kth radionuclide from Table A21. in mredpCi 
ingested 
factor that results from the time integral ofthe dose rate for the Kth 
radionuclidc over the full year (X=extemal calculation. I=the irrigation water is 
contaminated, and K=radionuclide index). If kK is very small, Fx.l.~=0.75. 
ingestion dose to the all pathways farmer from the Kth radionuclide, mremly 
index to the four types of garden produce, i.e., fruit, protected vegetables, 
exposed vegetables, and gnins 
index to the four types of animal products, ix.. meat, milk, poultry, and eggs 
mass of animal product type q eaten during the year, in kdy. These amounts 
are 50% of the values shown in Table A4 under the heading “USDA”. 
total mass of soil ingested during the year from Table AS, 0.0365 k d y  
mass of garden produce type p eaten by the farmer during the year, in kdy. 
These amounts are 25% of the values shown in Table A4 under the heading 
“USDA”. Bccausc grains consumcd are not typically irrigated, the mass of 
grains is set to zero. 
total volume of water ingested during the year from Table A4,545 U y  

Concentration in Garden Produce 
The garden produce becomes contaminated by root uptake from the soil and bv soil 

adhering to-the foliage. In addition, overhead irrigation puis some contamination directly on the 
foliage. All three mechanisms of contamination apply to the plants grown to feed the livestock. 
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The concentration of a radionuclide in garden produce or animal fodder is shown in the 
equations below. Note that some parameters depend on the food type. while others are the same 
for all types. Leafy vegetables are consumed throughout the imgation season, while other 
garden produce is harvested at the end of the growing season and consumed over a 90 day 
period. Vegetation fed to beef cattle has a decay and leaching factor based on slaughter at the 
end of the irrigation season. Vegetation fed to milk cows has a decay and leaching factor based 
on continuous consumption throughout the year. Stored feed for all the animals is harvested at 
the end of the growing season to maximize contamination levels. Note that the conversion of 
time units for T w , ~  and IDK is not explicitly shown in the first equation. 

T 
+ 0 . 2 5 I D ~  FTRANS.~ w.p 

YV.P 
Jspmsii F F  1w.p  TRANS.^ 

cV,p,K = FV.I.K+ 
YV.P 

)Exp(- liR.KTsto) 
1 - EXP(- x,T,,) [ 'KTiK 

FV.l.KStorcd(aa) = 

soil-to-plant transfer factor for the Kth radionuclide in plant type p from 
Table A37 
concentration of the Kth radionuclide in imgated soil at the end of the year 
with no dccay or Icaching. in Ci/kg 
time-integrated radionuclide concentration in plant type p, in Ci/kg wet weight 
dry-to-wet ratio for plant type p from Table A39 
interception fraction for airborne dust on exposed surfaces ofplant type p, 
from Table A39 
translocation factor from exposed surfaces to the edible portion of plant type p. 
from Table A39 
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FV.1.K.p 

IDK 

JSPLASII 

P 

= factor that results from the time integral of the dose rate for the Kth 
radionuclide over the full year (V=plant calculation, I=the irrigation water is 
contaminated, K=radionuclide index, and p=plant index). Specific cases are 
shown for leafy vegetables, all other vegetables, fresh fodder for beef cattle 
and other animal products (milk, poultry, and eggs), and stored feed for beef 
and the other products. 

= irrigation deposition rate for the Kth radionuclide during the irrigation season, 
Ci/m* per year (1 y = 365 d) 

= avera e soil deposition rate due to rain splash (see Section A5.2). 2 . 7 ~ 1 0 ~  

= index to the various types of garden produce (leafy, protected, fruit and grain) 
and animal fodder (fresh and stored fodder for beef, milk, poultry and egg) 
listed in Table A39 

= consumption period for the animal fodder, 90 d (0.2466 y) 
= growing period of plant type p from Table A39 
= irrigation period (the 1" halfof the year), 0.5 y 
= no irrigation period (the 2nd half of the year), Ti, + Tno = 1 y 
= storage period for stored fodder, 90 d (0.2466 y) 
= consumption period for all garden produce except leafy vegetables, 90 d 

(0.2466 y) 
= effective exposure time for plant type p. in days 
= yield of plant type p, from Table A39, in kg(wet)/m* 
= total removal constant for the Kth radionuclide, per year, XK = X S K  + X ~ K  
= radioactive decay constant for the Kth radionuclide, per year. These are 

calculated as ln(2)=0.6931472 divided by the material half life (in years). 
= average soil leaching coefficient for the Kth radionuclide, fraction removed 

from the surface layer of soil, per year (see Table A40) 
= weathering constant for all type ofplants, 0.04951 per day. This is based on a 

weathering half time of 14 days. 

kghn B perday 

The tritium concentration in garden produce and animal fodder is calculated using the 
equilibrium model equation shown below. The first ratio expresses the water concentration in 
Cikg watcr. The factor 8.94 is calculatcd from the ratio of the atomic wcights ofwater and 
hydrogen. It is used to convert the hydrogen fractions (FII,~) to water fractions. Since the 
hydrogen fractions include organically bound hydrogen as well as water, the produce 
concentration is a bounding value. The ratio containing the natural precipitation amount (P) 
adjusts for the presence of uncontaminated water in the environment. 
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where, 
C V ~ J I . ~  = time-integrated tritium concentration in garden produce type p. in Ci/kg wet 

weight 

F ~ I , ~  = mass fraction of hydrogen in garden produce type p from Table A34, in kg 
hydrogen per kg plant (wet) 

FV.I.IIJ,~ - - factor that results from the time integral of the dose rate for tritium over the 
full year (+plan t  calculation, I=the irrigation water is contaminated, 
HJ=tritium, and p-plant type). Specific cases are shown for leafy vegetables, 
all other vegetables, fresh fodder for beef cattle, fresh fodder for all other 
animal products, and stored feed for beef and all other animal products. 

I = total irrigation water applied during the irrigation season, in cm. For the all 
pathways farmer it is 82.3 cm (32.4 inches). Nearly all of this is deposited 
during the 6 month period from April to September. 

P = total precipitation, in centimeters, during the irrigation period. Over the period 
1971 to 2000, the precipitation during the 6 month irrigation season [April to 

CW.ll-3 = tritium concentration in the irrigation water, in Ci/L 

P 

- . .  
September) has bccn 5.766 cm (PNNL-13853). 
index to the various types ofgardcn produce (leafy. protcctcd, fruit and grain) 
and animal fodder (fresh and stored for beef, milk, poultry and egg) listed in 
Table A39 
consumption period for the animal fodder. 90 d (0.2466 y) 
no-irrigation period (the 2”d half of the year). Tn0 = 0.5 y 
storage period for stored fodder, 90 d (0.2466 y) 
consumption period for all garden produce except leafy vegetables, 90 d 
(0.2466 y) 
total removal constant for tritium during the no-irrigation period, 8.032 per 
Year 
radioactive decay constant for tritium. 0.05622 per year. This is calculated as 
In(2)=0.6931472 divided by the material half life, 12.33 years. 
density ofwater, 1.0 kg/L 
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Concentration in Animal Products 

ingest soil, water, and fodder. The soil ingested by the animal uses the same decay and leaching 
factor as the fresh fodder. The beef cow is slaughtered at the end of the irrigation period and 
consumed over a period of time (Tkf). However, the milk and the chickens (meat and eggs) are 
consumed throughout the year with little storage time. The concentration in the animal product 
is calculated using the equations below. 

Animal products (meat, milk, poultry, and eggs) become contaminated when the animals 

. .  . .  

where, 
BA,~,K = animal transfer factor for the Kth radionuclide into animal product type q from 

Tablc A33, in daykg 
CA4.~ = time-integrated concentration of the Kth radionuclide in animal product type q. 

in Cikg  
CS.K = concentration of the Kth radionuclide in irrigated soil at the end of the year 

with no decay or leaching, in C f i g  
CV$.K = time-integrated radionuclide concentration in plant type p, in C f i g  wet weight 
CW,K = concentration of the Kth radionuclide in the irrigation water, in Ci/L 

factor that results from the time integral of the dose rate for the Kth 
radionuclide over the full year (A=animal calculation, K=radionuclide index, 
and q=animal type). 
factor that results from the time integral of the dose rate for the Kth 
radionuclide over the full year (V=fodder calculation, I=the irrigation water is 
contaminated, K=radionuclide index. and q(fresh)=fresh fodder for animal 
type 4). The soil ingested by beef cattle uses the same decay and leaching 
factor (FV,I.K,FR.,h@ecO) as the fresh fodder used by becfcattle. The soil ingested 
by other animals uses the same decay and leaching factor ( F v . I . K . F ~ ~ ~ ( ~ ~ ~ ~ ) )  as 
the fresh fodder used by the other animals. 
daily mass of soil ingested by animal type q in Table A32, in kgld 
daily mass of animal fodder type p eaten by animal type q. in kg (wet)/d. 
These amounts are shown in Table A32. 
index to the various types of animal fodder shown in Table A33 
index to the four types of animal products, Le., mcat, milk, poultry, and eggs 
consumption period for beef, 120 d (0.3288 y) 
daily volume of water ingested by animal type q from Table A32, in Yd 
radioactive decay constant for the Kth radionuclide, per year. These are 
calculated as 1n(2)=0.693 1472 divided by the material half life (in years). 

The concentration of tritium in animal products is calculated from an equilibrium model 
very similar to the one shown in Section 3.3. The ratio of contaminated water mass ingested per 
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day to total mass of water ingested per day is closer to 1.0 in the irrigation cases because the 
animal's drinking water is contaminated. The drinking water is the bulk of the total water 
ingested each day. The equation below shows the calculation of tritium concentration in animal 
products. The time-integration factors are the same as shown above for tritium concentration in 
vegetation. 

F1l.p FV.I.IIJ,p Mv.,q 
8.34 kg water 
kg hydrogen 

I 

P 

time-integrated tritium conccntntion in animal product type q. in Cikg 
concentration of the Kth radionuclide in the irrigation water, in C i n  
factor that results from the time integral of the dose ntc for tritium over the 
full year (A=animal calculation, H3=tritium, and q=animal type). 
mass fraction of hydrogen in animal fodder type p from Table A34, in kg 
hydrogen per kg plant (wet) 
mass fraction of hydrogen in animal product type q from Table A34, in kg 
hydrogen per kg of the animal product 
factor that results from the time integral of the dose rate for tritium over the 
full year (V=plant calculation. I=the irrigation water is contaminated. 
H3=tritium, and p=plant type). Equations are given in the preceding pages 
for calculating tritium concentration in vegetation. 
total irrigation water applied during the irrigation season, in cm. For the all 
pathways farmer it is 82.3 cm (32.4 inches). Nearly all of this is deposited 
during the G month pcriod from April to Scptcmbcr. 
daily mass of soil ingested by animal type q in Table A32, in kg/d 
daily mass of animal fodder type p eaten by animal type q. in kg (wet)/d. 
These amounts are shown in Table A32. 
mass ofcontaminated water ingested daily by the animal, in kg/d 
total mass ofwater ingested daily by the animal, in kg/d 
total precipitation, in centimeters, during the irrigation period. Over the pcriod 
1971 to 2000. thc prccipitation during the G month irrigation season (April to 
September) has been 5.766 cm (PNNL-13859). 
index to the types of animal fodder, Le., fresh pasture grass and stored hay and 
grain for beef, milk, poultry, and eggs 
index to the four types ofanimal products, Le.. meat, milk, poultry, and eggs 
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vw.q - - daily volume of water ingested by animal type q from Table A32, in U d  
pGaden = average density of the surface soil, 1.5 kg soil per liter of soil 

pw = density of water, 1.0 kg water per liter of water 
0 = volumetric water content of the surface soil, liters of water per liter of soil. A 

value of 0.2 is assumed. 

Note that the equation for the concentration of tritium in the animal product can be 
rearranged to indicate an equilibrium concentration ratio for tritium in the animal product. This 
equation has the same form as the equation used for all the other radionuclides. The equilibrium 
transfer factors (BA&}I.3) are identical to the ones shown for the rural pasture scenario in 
Section 3.3. 

cA,q.tl-3 = BA,q,tl-3 cS,ll-3 MS,q FV,l,tl-3,q(frcsh) ~ c V , p , t l - 3  MV,p,q + cW.tl-3 'W.q FA.IIJ.q 
P 1 

8.94 kg water 
'A,q.lI-3 =( k g hydrogen 1 MW.T,q ] 

The simplified model for the milk cow and chicken has them foraging throughout the year. 
In reality, most of the fresh forage is consumed during the irrigation scason, with a heavier 
emphasis on stored feed and grain during the non-irrigation season. Supposing that some 
fraction, say 80% of the fresh forage was consumed during the irrigation season. Then the direct 
deposition portion 0fCVq.K would need to be multiplied by this fraction because the plants 
consumed by the animals during the non-irrigation scason would not receive direct deposition. 
This would lower CV@,K. However, the integration factor, FV.~,K~rrrh(ot~,), would need to be 
adjusted to move more of the fresh fodder consumption into the first half of the year. This would 
lower the integration factor (except for tritium, which rapidly disappears from the soil during the 
non-irrigation scason). Thus thc simplified milk cow and chicken modcl tends to overestimatc 
the resulting ingestion doses. 

Total Dose to the All Pathways Farmer -- Well Water 
Thc total dosc to the all pathways fanner is thc sum of the external (from soil), inhalation 

(from soil and water), and ingistion doses (from water, soil, vegetables, and animalproducts). 
With the exception of tritium (H-3), absorption of radionuclides through the skin is not a 
significant pathway, as discussed in Section A.3.4.1. The source ofcontaminated water is a well 
to groundwater. Scenario dose factors for the all pathways fanner who uses well water are 
prcsentcd in Table 12 in the 'Total" column. This column shows the first ycar dose equivalent 
per pCin  in the ground watcr. These unit dose factors must be multiplied by the ground water 
concentration to calculate the first year dosc. The radiation dose to this individual is the 50 year 
committed effective dose equivalent from one year of exposure. 

Table 12 also shows the dose from only the drinking water consumed by the all pathways 
farmer (545 Uy, from Table A4). The third column shows the ratio of the total dose to the 
drinking water dose. Large ratios indicate that most of the dose comes from pathways other than 
drinking water. Additional detail on the doses by pathway is provided in Appendix D. For most 
radionuclides. the drinking water pathway contributes the bulk of the total dose. 
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Table 12. Unit Dose Factors for the All Pathway Farmer (mredy per p C i )  Using Well 
Water. 

Eu-150 1.45E-02 3.47E-03 4.20 Cf-249 3 .42EW 2.58Et00 I .32 
Eu-152 1.22E-02 3.53E-03 3.46 Cf-250 1.53Et00 1.16Et00 1.32 
Eu-154 1.5 I E-02 5.20E-03 2.89 Cf-25 1 3.49Et00 2.61Et00 1.32 
Eu-155 1.3 1 E-03 8.34E-04 1.57 Cf-252 7.71E-01 5.89E-01 1.31 

Notes: ~ ~ ~~ 

The radiation dose to this individual is the 50 year committed effective dose equivalent from one year of 

These scenario dose factors must be multiplied by the ground water concentration. 
The "Total" column is for the full scemrio. The column "Drinking Water" shows only the drinking water 

exposure. 

dose. The "Ratio" column is the Total" divided by the "Drinking Water" doses. Large ratios mean that drinking 
water is a minor contributor to the tow1 dose. 

Additional Pathways for the All Pathways Farmer Usinq Columbia River Water 
If the all pathways farmer obtains all of his water from thc Columbia Rivcr there arc 

additional dose pathways due to the contamination of fish taken from the river. and exposure to 
shoreline sediments. All of the pathways discussed previously still apply. The additional 
pathways make the unit dosc factors larger. The sediments add ingestion of tnce  amounts ofsoil 
(shoreline sediment), and external dose from proximity to the shoreline sediments. 

The ingestion dose from fish consumption is the product of the river water concentration 
for a radionuclide, the bioaccumulation factor for that radionuclide in fish, the muss of fish 
consumed annually. and the ingestion dose factor for that radionuclide. The mass of fish eaten 
that come from the Columbia River is half the valuc shown in Table A4. The other fish are 
uncontaminatcd. The dose from fish is calculated using the equation below. 

HF,K = 'W.K 'F.K M F  
where, 

BF.K = bioaccumulation factor for the Kth radionuclide in fish from Table A33, in 
units of Cikg fish per C i n  water 

CWX - - concentration of the Kth radionuclide in the river water, in CilL 
DC.K = ingestion dose factor for the Kth radionuclide from Table A21, in mredpCi 

ingested 
HFX = ingestion dose from eating fish for the Kth radionuclide, mremly 

MF = total muss of contaminated fish eaten during the year, 3.29 kg/y 
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The model used for shoreline sediment concentrations is described in Section AG.3. 
Sediment concentrations are generally larger than those for irrigated land. The ingestion dose 
from eating trace amounts of sediment is shown in the equation below. Also shown is the 
external dose from proximity to the shoreline sediment. A preliminary sediment accumulation 
time of 20 years is assumed. Radionuclides accumulate in the shoreline sediment for 20 years 
before the farmer begins to irrigate crops from the Columbia River. - 

HXD.K = CW.K Vs TD.K DX,K TXD 

HGD,K = CW,K Vs TD.K DG,K MGD 
PGARDEN LGARDEN 

I K T C  - Exp(- IKT,,) + Exp[- I K  (TA + Tc)] 
(1 Y K  TD.K = 

where, 
CW.K 
DG.K 

DX.K 

HGD.K 

HXD.K 

LARDEN 
MGD 

TA 
Tc 

TD.K 

TXD 

vs 
I K  

PGARDEN 

concentration of the Kth radionuclide in the river water, in C i L  
ingestion dose factor for the Kth radionuclide from Table A21, in mredpCi 
ingested 
external dose rate factor for the Kth radionuclide to a person standing on a 
layer 0.15 m thick and of great cxtcnt in all directions, in mrcm/h pcr Ci/m2. 
Values are listed in Table A25. 
ingestion dose to the all pathways farmer from the Kth radionuclide in 
shoreline sediment. m r c d y  
external dose to the all pathways farmer from the Kth radionuclide in shoreline 
sediment, m r e d y  
thickness of the contaminated layer of surface soil in the garden, 0.15 m 
mass of shoreline sediment ingested annually from Table AS, 0.0007 kp/y 
preliminary sediment accumulation time, 20 y 
dose accumulation period, 1 y for the all pathways farmer 
effective sediment accumulation time for the Kth radionuclide, in years. If the 
removal constant is very small, TD.K= Tc(TA+Tc) 1(2 y). If the removal 
constant is very large, TD.K= TcI ( I  y) I I K .  
effective time of exposure to shorcline sediments each year from Table A15, 
11 My. The estimated time of exposure (56 My) was reduced by the shoreline 
width geometry factor, 0.2. 
effective river-to-sediment deposition rate, 25,300 Urn2 per year 
total removal constant (decay plus leaching) for the Kth radionuclide, per year 
average density of the soil in the garden, 1,500 kdm’ 

Total Dose to the All Pathways Farmer - Columbia River Water 
The total dose to the all pathways farmcr is the sum of the external (from soil and 

sediments), inhalation (from soil and water), and ingcstion doses (from water, soil, sediments, 
vegetables, and animal products). With the exception of tritium (H-3), absorption of 
radionuclides through the skin is not a significant pathway. as discussed in Section A.3.4.1. The 
source of contaminated water is the Columbia River. Scenario dose factors for the all pathways 
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farmer who uses water from the Columbia River are presented in Table 13 in the ‘Total” 
column. This column shows the 50 year committed erective dose equivalent from one year of 
exposure per pCi& in the Columbia River. These unit dose factors must be multiplied by the 
river water concentration to calculate the f i s t  year dose. 

Table 13 also shows the dose from fish consumption for the all pathways farmer. The 
drinking water doses are the same as shown in Table 12. The third column of Table 13 shows 
the ratio ofthe total dose to the fish dose. Large ratios indicate that dose from fish is a small 
fraction ofthe total dose. For many radionuclides. the fish pathway contributes significantly to 
the total dose. Additional detail on the doses by pathway is shown in Appendix D. 

Table 13. Unit Dose Factors for the All Pathway Farmer ( m r e d y  per pCi/L) Using 
Columbia River Water. 
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Table 13. Unit Dose Factors for the AI1 Pathway Farmer (mremly per pCi/L) Using 
Columbia River Water. 

Notes: 
The radiation dose to this individual is the 50 year committed effective dose equivalcnt from the first year of 

These scenario dose facton must be multiplied by the Columbia River concentration. 
The Total" column is for the full scenario. The column "Fish" shows only the dose from eating fish. The 

"Ratio" column is the Total" divided by the "Fish" doses. Large ratios mean that fish is a minor contributor to 
the tow1 dose. Blank cells mean the dose from fish is within 10% of the total. 

exposure. 

Increased Cancer Risk for the All Pathways Farmer -- Radionuclides 
The increase in risk of developing some type of cancer due to radioactive contaminants in 

either ground water or the Columbia River is calculated using the same equations presented for 
the radiation dose. Thc two difkrcnces are (1) thc usc of the risk coefficients from Federal 
Guidance Report Number 13 rather than internal and external dose factors, and (2) the 
calculation of the cumulative risk from 30 years of water use. 

When calculating the cumulative intakes over several years of irrigation with contaminated 
water it is convenient to distinguish two components to the intakes. The first component is direct 
from the watcr. Examplcs are drinking watcr and inhalation of airborne watcr. Thc sccond is 
indirect from radionuclides that are adsorbed on soil particles. Examples are external exposure, 
soil inhalation. and soil ingestion. Plant and animal pathways are a mixture of thcsc two 
components. 

The intakes from the direct pathways arc the samc every year because the water 
concentration remains constant. Thus, the cumulative intake is the number of years times the 
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intake in one year. However, the intakes from the second component are based on the 
concentration in the soil. Each year this concentration increases due to the applied irrigation 
water. The methods used for calculating intakes from residual soil contamination are shown in 
the discussion of doses in the suburban garden and rural pasture scenarios (Sections 3.2 and 3.3). 
Thus, the cumulative intake from N years of irrigation is the sum of N years of the direct 
component plus the cumulative sum of (N-1) years of prior irrigation. Equations for this are 
described in Section A6.2. The formulas below show how the cumulative total dose (or risk) is 
calculated. For the shoreline sediment the dose is calculated using the equations presented above 
with Te30  y. 

where, 
DCUM 

DDIRECT 

DSOIL 

S s  

FNS 

N 
Tim 
Tno x 

5 

FNS = Exp(-xTiia) EXP(-X,T~~) 

cumulative total dose (or risk) from N years of irrigation. excluding doses 
from shoreline sediments, in mrem 
annual dose (or risk) from direct intakes of contaminated water during one 
year (excludes doses from shoreline sediments), in mrem 
annual dose (or risk) from the soil contamination present at the beginning of 
the year (excludes doses from shoreline sediments). in mrem 
fraction of the total soil concentration (amount deposited per unit area during 
the year divided by the area density of the soil) that is present at the end of 
1 year when the irrigation water is adding contaminants to the soil 
fraction of the initial soil concentration that is leA at the end of 1 year when 
the imgation water adds no contaminants (see Section A6.2) 
number ofyears of irrigation 
irrigation period, 0.5 y 
no irrigation period, 1 y - Ti, = 0.5 y 
total removal constant, per year l. = I R  + 1s 
radioactive decay or chemical decomposition constant, per year. These are 
calculated as In(2)=0.6931472 divided by the material half life (in years). 
average soil leaching coefficient. fraction removed from the surface layer of 
soil, per year 

The lifetime increase in the risk of developing some type of cancer from radionuclides is 
the sum of 30 years of exposure. Each year there is a small amount of the radioactive material in 
the soil from previous years. The method of calculation uses formulas for the current year of 
irrigation as well as those for an initial soil concentration presented for the suburban garden and 
rural pasture. The soil concentration at the start of the year as well as the addition from irrigation 
determines the intake for that year. This leads to a total risk that is greater than 30 times the first 
year’s risk for many nuclides. 
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Nuclide 
Ground Wver Ground Wver 
Water Water Ratio Nuclide Wafer Water Ratio 
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Eu-152 
Eu-154 
Eu-I55 

Table 14. Unit Risk Factors for Radionuclides in the All Pathways Farmer Scenario 
(lifetime risk per pCin). 

2.77E-06 3.16E-06 1.1 Cf-250 2.06E-06 2.34E-06 1.1 
2.59E-06 2.95E-06 1.1 Cf-25 1 3.47E-06 3.96E-06 1.1 
7.91E-08 9.63E-08 I .2 Cf-252 1.13E-06 1.29E-06 1.1 

Chemicals in the Water Used by thc All Pathways Farmer 

and cancer induction slope factors presented in Section A3.8. The same consumption parameters 
are used for both radionuclides and chemicals. The contaminant concentration in well or river 
water is expressed in mfl. Dermal absorption during showering is included, as is dermal 
contact with soil and sediment. Decomposition ofthe chemicals in the environment is not 
includcd, although for some organics this is a significant omission. Solubility limits are 
presented in Table A3, although these limits are not used in the calculation of unit hazard index 
and unit risk factors. 

The hazard indcx and cancer risk from chcmicals arc calculatcd using rcfcrcncc doscs 

When calculating the average daily dose, the cumulative intake over some exposure 
period is divided by thc number of days in the averaging pcriod. In the All Pathways Fanner 
scenario, the exposure period is 30 years. The averaging periods depend on whether the cancer 
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risk or the non-carcinogenic hazard index is to be calculated. For calculating the increase in the 
risk of cancer, the daily dose is averaged over 70 years. When calculating the hazard index, the 
averaging time is the same as the exposure time (30 years). 

The hazard index and cancer induction risk for a chemical are calculated using the 
formulas below. Separate calculations are made for inhalation, ingestion, and dermal intakes. 

(Hazard Index), = wK TEXP and (Cancer Risk), = wK TEXP RIC.K 

TAW,I, RIU.K TAVUC 

where, 
RIII,K = reference dose for the Kth chemical from Table A31, in mgkg per day 
R~c,K = cancer induction slope factor for the Kth chemical from Table A31, in risk per 

= averaging period for calculating hazard index. This is always the same as the 
exposure duration, in years. Le., TAVE.III=TEXP. 

TEXP = exposure duration, Le., the number of years the individual receives the avenge 
daily dose 

WK = average daily dose of the Kth chemical, in mgkg per day 

(mgkg Per day) 
TAVEJ~~  

TAVEJC = avenging period for calculating cancer risk, 70 years 

As part of this calculation. the concentration of the contaminants in soil is increased each 
year. The effect of leaching from the surface layer is included using the leaching coeficients 
shown in Tablc A38. Thc cffcct of volatilization rcmoval from thc surfacc laycr is includcd 
using the emanation constants shown in Table A41. 

The degradation ofchemicals into other chemicals due to biotic and abiotic action in the 
environment is not included in the calculations. Some of the chemicals evaluated (eg Xylenes) 
are known to degrade with half lives less than 1 year. Moreover, the chemicals produced by 
degradation processes (eg Crt6) may be more toxic than the original chemical (eg Crt3). The 
omission of degradation is conventional in risk assessments due in part to the dearth of 
experimental data on this subject for most of the chemicals of interest. 

The tablcs of hazard index and cancer risks pcr unit concentration in the watcr include the 
effects of leaching and volatilization from the surface layer ofsoil. The scenario calculations use 
decay and leaching factors very similar to the ones for radionuclides. During the irrigation 
season, the decay and leaching terms are replaced with volatilization and leaching terms. During 
the non-irrigation season, the decay terms are replaced with volatilization terms. Thus, the same 
formulas are used with the redefinition of the IK and XR.K terms shown below. 

'K = h'irr.K + 'S.K and "RK = b o . K  
where, 

l i ~  = total removal coefficient for the Kth chemical during the irrigation season. 
fraction removed from the surface layer of soil, per year 

XR.K = total removal coefficient for the Kth chemical during the non-irrigation season, 
fraction removed from the surface layer of soil, per year 
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IS,K = average soil leaching coefficient for the Kth chemical, fraction removed from 
the surface layer of soil. per year (see Table A38) 

X v i n ~  = average soil emanation constant for the Kth chemical during the irrigation 
season (see Table A41) 

hvno.~ = average soil emanation constant for the Kth chemical during the non-irrigation 
season (see Table A41) 

The factors that represent the average soil concentration during the period of interest are 
shown below. These factors are used in the equations for average daily intake (W) that follow. 
The FM.K term represents continuous intakes, namely, soil ingestion, soil inhalation. and the 
portion of the milk, poultry, and egg intakes that come from soil ingested by the animal. The 
FVX term represents the intakes that occur following a harvest of garden produce, and animal 
fodder, It gives the portion of the intake due to indirect ingestion ofcontaminated soil. The 
cumulative factor (FCUM.K) is the same factor shown earlier for the calculation of lifetime cancer 
risks from radionuclides. It has been restated to show the more general form that allows 
calculation ofcumulative intakes for any start and ending times (NI and N2). 

xK?;,, -1 + EXP(- x K ~ i n )  + (5) FC.N.K Fno.K 
(1 Y)G Tim 

FX.I.K = 

where, 
FB.N.K = factor that results from the time integral of the soil intake rate for the Kth 

chemical present in the soil at the start of the year (B=inhalation calculation. 
N=irrigation water is not contaminated, K=chemical index). The first portion 
is the sum during the irrigation season, while the second portion is the intake 
during the no-irrigation season. This is the same formula used earlier for the 
inhalation dose from radionuclides in soil. 

FC,N.K = factor that represents the soil concentration of the Kth chemical at thc cnd of 
the irrigation season, or. equivalently. the accumulated soil intake of the Kth 
chemical during the irrigation season from soil contamination present at the 
beginning of the year (Crhemical, N=irrigation water is not contaminated, 
K=chemical index) 
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FCUM.K 

FX.I.K 

cumulative average soil intake factor from residual soil contamination due to 
irrigation in prior years for the Kth chemical. The intake begins at the end of 
year NI and concludes at the end of year N2. 
fraction of the soil concentration added by irrigation during one year that is 
present at the end of that year 
factor that results from the time integral of the soil intake rate for ingestion, 
inhalation, and dermal contact for the Kth chemical over the years NI to N2. 
The intake begins at the end of year NI and concludes at the end of year N2. 
Irrigation has been taking place since year zero. The irrigation water 
concentration is constant. Note that this factor is the average per year. 
factor that results from the time integral of the soil intake rate for the Kth 
chemical during the non-irrigation period 
fraction of the soil concentration present at the beginning of a year that is 
present at the end of that year 
factor that results from the time integral of the indirect intake of soil during 
consumption of vegetation and animal products for the Kth chemical over the 
years NI to N2. The intake begins at thc end of year NI and concludes at the 
end of year N2. Irrigation has bccn taking place since year zcro. Thc irrigation 
water concentration is constant. The plants are harvested at the end of the 
irrigation season. Note that this factor is the average per year. 
factor that results from the time integral of the soil intake rate for the Kth 
chemical over the full year (X=external dose, I=irrigation water is 
contaminated, K=chemical index). The first portion is the sum during the 
irrigation season, while the second portion is the intake during the no- 
irrigation season. This is the same formula used earlier for the external dose 
from radionuclides in soil. 
integers that indicate the start year and end year for the cumulative average 
soil conccntntion calculations. The first year of irrigation is spccified using 
(NI,N~)=(O,I). The childhood years in certain HSRAM scenarios are specified 
using (N1.N2)=(O16). The adult years are specified using (Nl,N2)=(7,30). 
irrigation period (the 1" half of the year), 0.5 y 
no irrigation period (the 2nd half ofthe year), Ti, + T., = 1 y 
total rcmoval coefficient for the Kth chcmical during the irrigation scason, 
fraction removed from the surface layer of soil, per year 
total removal coefficient for the Kth chemical during the non-irrigation season, 
fraction removed from the surface layer of soil, per year 

Inhalation Dose from Chemicals for the All Pathways Farmer 

volatilized water. The soil is contaminated by irrigation with contaminated water. Each year the 
soil concentration is greater than the year before. The water becomes volatilized during the 
shower. The annual intakes via inhalation are presented in Appendix A, Section A3.2. The 
formula used to calculate the average daily dose of the Kth chemical from inhalation is shown 
below. 

The avcnge daily dosc via inhalation is calculatcd from the sum of resuspcndcd soil and 
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cS,K M B  Fhl.K + cW,K ‘AIR MIN[ 0’5 wm’,FSAT(lOOO wm’)KWITLFSS.K 1 
(365 dY)MADULT 

WB,K = 

CS,K 
where, 

= concentration of the Kth chemical in the surface soil, in mg/kg. This 
concentration includes the accumulation from Drior years. The surface soil 

CWX 
FMX 

FSAT 

KUNITLESSX 

MADULT 
MB 

MIN 

VAIR 

WB.K 
OS ~ m ’  

concentration is calculated from the water concentniion as shown at the 
beginning of Section 3.3. 

= concentration of the Kth chemical in the water, in mg/L 
= factor that results from the time integral of the soil intake rate for inhalation 

for the Kth chemical from the start of irrigation to the end of the exposure 
duntion, 30 y for the all pathways farmer [(N1,N2)=(0,30)]. The irrigation 
water concentration is assumed constant. Note that this factor is the average 
per year. 

= fraction of the upper limit concentration given by Henry’s Law that is likely to 
be present on the average. 50% is assumed 

= unitless Henry’s Law constant for the Kth chemical. Values are listed in 
Table A3. Application to volatile chemicals is described in Section A3.2. 

= mass of an adult, 70 kg 
= mass ofsoil inhaled during the year. 5 . 3 9 ~ 1 0 ~  kg/y from Table A10 
= function that returns the smallcr of the two values. In this case, the air 

concentration has an upper limit of 0.5 Wm’. 
= volume of air with volatilized chemicals inhaled in a year, 8.094 m’/y from 

Table A14 
= avenge daily dose of the Kth chemical from inhalation, in mg/kg per day 
= volatile chemical concentration in the air from the HSRAM, in liters of 

solution per cubic meter of air 

Ingestion Dose from Chemicals for the All Pathways Farmer 
The avenge daily dose via ingestion is calculated from the sum of the contaminated soil 

ingested, the contaminated plant and animal produce ingested, and the contaminated water. The 
soil is contaminated by irrigation with contaminated water. Each year the soil concentration is 
greater than the year before. The intake from soil ingestion depends on the age of the individual. 
Thc adult soil ingestion rate (0.0365 kg/y) is used for thc all pathways farmer the entire 30 ycars 
he is exposed. The garden produce is contaminated by root uptake, rain splash and direct 
deposition from the overhead irrigation. For chemicals there is only one plant type used as food 
for both people and animals. This crop is harvested at the end of the irrigation season. The total 
consumed by the d l  pathways farmer is 25% of 190 kdy, or 47.5 kdy. This excludes p i n s ,  
which are not irrigated with contaminated water. The animal products (meat, milk, poultry, and 
eggs) are contaminatcd by thc animal consuming contaminatcd soil, plants, and drinking watcr. 
The animal fodder uses the same model as the garden vegetables. The forinula used to calculate 
the average daily dose of the Kth chemical from ingestion is shown below. The contribution 
from fish only applies when the Columbia River is the source of contaminated water. 

. . .. 
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where, 
BF.K 

C A ~ . K  

CV.K 

MADULT 
MA4 

MF 

CSX 

CW.K 

MG 

Mv 

= transfer factor for the Kth chemical from water to fish from Table A35 
= concentration of the Kth chemical in animal product type q. in mgkg 
= concentration of the Kth chemical in the surface soil, in mg/kg. This 

concentration includes the accumulation from prior years. 
= concentration of the Kth chemical in the plants consumed by both people and 

animals, in mgkg wet weight 
= concentration of the Kth chemical in the water, in mg/L, 
= mass of an adult, 70 kg 
= mass of animal product type q eaten during the year, in kg/y. These amounts 

are 50% of the values shown in Table A4 under the heading “USDA”. 
= total mass of contaminated fish eaten during the year, 3.29 kdy. Half of the 

USDA average from Table A4 is used for the All Pathways F m e r  when the 
contaminated water comes from the Columbia River. 

= mass ofcontaminated soil ingested during the year, 0.0365 kg/y from 
Table A8 

= mass ofcontaminated vegetables ingested during the year, 47.5 kg/y. 
= index to the four types of animal products, Le.. meat. milk, poultry, and eggs 
= volume of contaminated drinking water consumed in a year. 545 V y  from 

Table A4 
= average daily dose of the Kth chemical from ingestion, in mgkg per day 

The concentration of the chemical in the plants is calculatcd using a simplified version of 
the model for radionuclides. One plant type represents all garden produce as well as the plants 
consumed by the animals. The root uptake factors are listed in Table A38. The dry-to-wet ntio 
is 0.2. For the rain splash calculation, the interception fraction is 50% and the transfer from plant 
surfaces to edible portions of the plant is 100%. The standing biomass is 2 kdm2 and the 
effective exposure time is calculated using a GO-day growing period. The formula used is shown 
below. 

where, 
BV,K = soil-to-plant transfer factor for the Kth chemical from Table A38 
CS.K = concentration of the Kth chemical in irrigated soil at the end of the year with 

no decay or leaching. in mgkg 
CV,K = chemical concentration in plants. in mgkg wet weight 
FDRY = dry-to-wet ratio for plants. 0.2 
Flm = interception fraction for airborne soil on exposed surfaces of plants, 0.5 

FTMNS = translocation factor from exposed surfaces to the edible portion of plants, 1.0 
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FV,K = factor that results from the time integral of the indirect intake of soil during 
consumption of vegetation for the Kth chemical from the start of irrigation to 
the end of the exposure duration, 30 y for the all pathways farmer. The 
irrigation water concentration is constant. The plants are harvested at the end 
of the irrigation season. Note that this factor is the average per year. 

IDK = irrigation deposition rate for the Kth chemical during the irrigation season, 
mgjm2 per year (1 y = 365 d) 

JSplAsll = avera e soil deposition rate due to rain splash (see Section A5.2), 2 . 7 ~ 1 0 ~  

TW = effective exposure time for contaminants deposited on the exposed surfaces of 
plants, 19.16 days. This is based on a growing period of 60 days and a 
weathering half time of 14 days. 

kdm P perday 

YV = standing biomass of the plants, 2 kg(wet)/m’ 

The concentration of a chemical in animal products is calculated a formula similar to that 
used for radionuclides. The transfer factors for chemicals into animal products are listed in 
Table A35. 

cA,q,K = BA.q,K(cS,K MS,q FA,q.K + ‘V,K MV,q -b ‘W,K vW.q) 
where, 

BA,+K 

CA,~.K 
CS,K 

CV.K 
CWX 
FA&.K 

= animal transfer factor for the Kth chemical into animal product type q from 
Table A35, in daykg 

- - concentration of the Kth chemical in animal product type q, in mgkg 
= concentration of the Kth chemical in irrigatcd soil at the end of the year with 

no decay or leaching, in mgkg 
= chemical concentration in plants eaten by thc animals, in mgkg wet weight 
- - concentration of the Kth chemical in the irrigation water. in m g 5  
- - factor that results from the time integral of the indirect intake of soil during 

consumption of animal product q for the Kth chemical from the start of 
irrigation to the end of the exposure duration, 30 y for the all pathways farmer. 
The factor FVX is used for bcef (slaughtered at the end of the irrigation 
season). The factor Fh1.K is used for milk, poultry, and eggs (collected and 
eaten continuously during the year). 

= daily mass of soil ingested by animal type q in Table A32, in kgjd 
= daily mass of animal fodder eaten by animal typc q, in kg (wet)/d. These 

amounts are shown in Table A32. 
= index to the four types of animal products, Le.. meat. milk, poultry, and eggs 
= daily volume of water ingested by animal type q from Table A32, in Ud 

M S . ~  
Mv4 

q 
V W ~  

Dermal Absorption of Chcmicals for the All Pathways Farmer 

soil and water presented in Section A3.4.2. There are no reference doses or slope factors for 
dermal absorption, so the ingestion values are used in their place. Because the ingestion factors 
deal with unit amounts entering the mouth, and the dermal absorption intakes estimate the 
amounts entering body fluids, the dermal intakes are divided by the GI absorption factor (fl). 
The formula used to calculate the average daily dose of the Kth chemical from dermal absorption 

The avenge daily dose via dermal absorption is calculated from the estimated contact with 
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CASUY 
50-32-8 
53-70-3 

57-12-5 
56-23-5 

is shown below. Note that the permeability coefficient is usually represented with the symbol 
Kp. A different symbol (UD) is used here to avoid confusion with the chemical index K. 

Well Water Only, per m g 5  Columbia River, per m g 5  

Chemical Kame lndcx Cancer Risk Index Cancer Risk 
Hazard Increased Hazard Increased 

Benzo[a]pyrene na 6.97E-01 d na 4.93E+CU d 
Dibem[a,h]anthnccne na 1.61E+00 na 1.43E+OI 

Cyanide. free 4.69€+02 b na 4.69E+02 b na 
Carbon teachloride 3.95E+OI b 5.10E-03 4.51E+OI b 5.32E-03 

MADULT 
MD 

UD.K 

VD 

WD.K 

concentration of the Kth chemical in the surface soil, in m&. This 
concentration includes the accumulation from prior years. 
concentration of the Kth chemical in the water, in mg/L 
GI absorption factor, the fraction of the material ingested that is absorbed into 
body fluids (see Table A20) 
dermal absorption factors from Table A20 for contact with soil 
factor that results from the timc integral of the soil intake rate for dcrmal 
contact for the Kth chemical from the start of irrigation to the end of the 
exposure duration, 30 y for the all pathways fanner. Note that this factor is the 
average per year. 
mass of an adult, 70 kg 
mass ofcontaminated absorbed through the skin during the year, 0.225 kg/y 
from Table A18 
permeability coefiicient for dermal absorption of the Kth chemical in water 
solution in contact with the skin, in cmlh. Values are listed in Table A20. 
volume of contaminated drinking watcr absorbcd through the skin in a ycar. 
1,825 Uy per cmlh from Table A1 9 
average daily dose of the Kth chemical from dermal absorption, in mgkg per 
day. These are adjusted by the GI absorption factors (n )~  so they can be used 
with the ingestion reference dose and cancer slope factors. 

Hazard Index and Increased Cancer Risk for the All Pathways Farmer -- Chemicals 
The calculated hazard index and cancer risk per unit concentration in the well or the 

Columbia River for the All Pathways Farmer are shown in Table 15. These factors are 
calculated from the sums ofthe inhalation, ingestion, and dermal absorption intakes, as shown in 
the equation below. The factors must be multiplied by the estimated water concentration in the 
contaminated water. in mg per L. 
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Table 15. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the All 
Pathways Farmer Scenario. 
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Table 15. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the All 
Pathways Farmer Scenario. 
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Table 15. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the All 
Pathways Farmer Scenario. 
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CASRN 
8001-35-2 
4797-55-8 
4797-65-0 
6065-83-1 
8540-29-9 

none 

Table 15. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the All 
Pathways Farmei 

Well Water Only, per m& Columbia River, perm& 

Chemical Name Index Cancer Risk Index Cancer Risk 
Hazard Increased Hazard Increased 

Toxaphene na 4.61E-02 na I 3.89E-01 
Nitrate 1.3SE-02 b na 
Nitrile 2.16E-01 b n3 2.22E-01 b na 
Chromium (111) (insoluble salts) 2.81E-02 b na 5.76E-02 b na 
Chromium (VI) (soluble salts) l.llE+OI g 8.89E-05 c 1.98E+01 g 8.89E-05 c 
Uranium (soluble salts) 5.49E+OL b na 5.92E+Ol b na 

r Scenario. 

1.39E-02b I na 

. CASRN -Chemical Absmct Service Reference Number 
The total risk to the All Pathways Farmer is calculated using intakes from 30 consecutive years. The soil 

concenmtion is zero at the start of the exposure. 
These scenario factors must be multiplied by the appropriate water concentration. The "Well Water Only" 

columns assume all the contaminated water comes from a well. The "Columbia River" columns assume all the 
contaminated water comes from the Columbia River. 

Results using route-to-route exmpolations arc shown in Table C3. Results with notes (a, b. e. d, e. f, or g) 
have the following qualifiers: 
. 

(a) -The RID for ingestion was not available. 
(b) -The RfD for inhalation was not available, 
(c) - The Slope Factor for ingestion was not available. 
(d) -The Slope Factor for inhalation was not available. 
(e) - For manganese (7439-965) the drinking water has a lower RfD. 
(0 - For cadmium (7440-43-9) the food has a larger RID. 
(g) - For chromium VI (18540-29-9) the airborne patticulate has a larger RID. 

As noted in Table 15. thc missing toxicity paramcten were not used in the calculation. 
Appcndix C contains unit factors calculatcd ifthe missing parameters are estimated from the 
given panmeter (eg. estimating the inhalation reference dose from the ingestion reference dose). 
In some cascs. the increase in hazard quotient or cancer risk is apprcciablc. 

3.6 NATIVE AblERlCAN 

This scenario assumes that some ofthe waste materials have migrated into the ground 
water or may be present in the Columbia River. A Native American uses contaminated water 
from either a well (ground water only case) or the Columbia River to raise various foods. The 
consumption parameters arc incrcascd to rcpresent a bounding individual. In place of showcring, 
the Native American spends time in a sweat lodge in which contaminated water is poured onto 
hot rocks and flashes to steam. If thc Columbia River is the source of contaminated water, then 
consumption of fish, deer, waterfowl, and waterfowl eggs, exposure to shoreline sediments, and 
dermal contact during swimming are additional sources of exposure. The present scenario is 
patterned closely after the Native American Subsistent Resident (NASR) scenario presented in 
the Columbia River Comprehensive Impact Asscssment (CRCIA) (DOEIRL-96-1 G Section 
5.1.4.1). An alternate representation of the NASR is found in a paper by Harris and Harper 
(1997). The two scenarios have the same drinking water and fish intakes. Since these are the 
largest component of the risk. the relatively minor differences in the other scenario parameters 
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have little effect on the total dose. The NASR scenario parameters presented in the CRCIA will 
be used in this section. 

The same equations used for the All Pathways Farmer also apply to the Native American. 
The difference is the parameter values for the various intakes. The tables in Appendix A list the 
annual intakes and times for each exposure scenario. The calculation of the first year 
radiological dose will be presented first. Then the lifetime increase in the risk of acquiring some 
type of cancer from either radioactive materials or chemical toxins will be presented. 

The Native American food consumption rates are shown in Table A4. In the ground water 
case. the Native American has a well and uses ground water for drinking and to imgate garden 
and pastures. All of this individual’s diet is grown using the contaminated ground water. The 
soil ingestion rate is summarized in Table A8. The inhalation rates for soil and water are 
summarized in Tables A10 and A13. The external exposure times are given in Table A15 

When the Columbia River is the contaminated water source, there are additional pathways 
not discussed in the All Pathways Scenario, namely, dcer and waterfowl. The dccr and 
waterfowl drink from thc Columbia River and thus ingcst somc contamination. Most of thc solid 
food they consume is uncontaminated. Thus, the concentration in the deer or waterfowl is the 
product of the water concentration, the water intake rate, and the equilibrium transfer factor. 
Deer are assumed to drink 25% the daily volume of a milk cow, or 15 Ud. Waterfowl are 
assumed to drink at the same rate as a chicken, or 0.3 Ud. The transfer factors for beef shown in 
Table A33 and A35 are used to estimate the concentration in deer meat. The transfer factors for 
poultry and eggs are used to estimate the concentration in waterfowl and waterfowl eggs. It 
should be noted that these are minor contributors to the total dose. Thus efforts spent to fine- 
tune the assumed values will have little effect on the resulting dose or risk or hazard index. 

Scenario dose factors for thc Native American cases are presented in Table 16 as the dosc 
equivalent in mrem per pCfi in the water. These unit dose factors must be multiplied by the 
water concentration to calculate the actual dose. The radiation dose to the Native American is 
the 50 year committed effective dose equivalent from one year of exposure. The first column 
shows the dose factors for the inland well case. Thc second column ofdose factors includes the 
fish and dccr based on contamination in thc Columbia River. Thc column labcled “Ratio” is the 
dose factor for the Columbia River case divided by the dose factor for the inland well case. 
Large ratios mean the additional pathways for the river are major contributors to the total. In 
most cases this is a result of the dose from fish intake. Additional detail on thc doses by pathway 
is shown in Appendix D. 

Table 16. Unit Dose Factors for the Native American ( m r e d y  per pCi/L). 
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Nuclide 
Ground Columbia Ground Columbia 
WaIer River Ratio Nuclide Water River R a t i n  

Notes: 
The radiation dose to this individual is the 50 year committed efTective dose equivalent from one year of 

exposurc. 
These scenario dose factors must be multiplied by the appropriate water concentration. The "Ground Water" 

column assumes all the contaminated water comes from the well. The "Columbia River" column assumes all the 
contaminated water comes from the Columbia River. 

The "Ratio" column is the "Columbia River" divided by the "Ground Water" factors. 

The increase in cancer risk from lifetime exposure to radionuclides for the Native 
American is calculated using the same equations presented for the all pathways farmer. The 
difference is the calculation of the cumulative cancer risk from 70 years of contamination. No 
adjustment is made for the different intake rates and body mass ofchildren and adults. The adult 
consumption parameters are used for the entire 70 years. Two reasons for omitting the child 
portion of the exposure arc (1) absence ofNative American child intake rates, and (2) the cancer 
risk coeflicients from Federal Guidance Report Number 13 (EPA-402-R-99-001) already include 
consideration of the higher sensitivity of children. 

The estimated increased risk for radioactive materials in the Native American scenarios is 
shown in Table 17. The first column of risks shows the inland resident, who obtains the 
radionuclides from ground water. The second column of risks shows the Columbia River case, 
in which the radionuclides are in the surface water. The third column is the ratio ofthe 
Columbia River to the inland resident risk factors. If the two risk factors are within 10%. they 
are not shown. Large ratios mean the additional pathways for the river are major contributors to 
the total. In most cases this is a result of the dose from fish intake. 

Table 17. Unit Risk Factors for Radionuclides in the Native American Scenarios (lifetime 
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The excess cancer risk to the Native American is calculated using intakes from 70 consecutive years. The soil 
concentration is zero at the s t m  of the exposure. 

These scenario risk factors must be multiplied by the appropriate water concentration. The %round Water" 
column assumes all the contaminated water comes from the well. The "Columbia River" column assumes all the 
contaminated water comes from the Columbia River. 

The "Ratio"co1umn is the 'Columbia River" divided by the %round Water" factors. Blank entries indicate 
the two risk factors are within IO percent ofeach other. 

For chemicals, the dermal absorption pathways are included. Thc Native American spends 
a total of 182 hours swimming in the Columbia River during the year in addition to 365 My in 
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Index 
na 
na 

1.01E+02 b 

the sweat lodge. Dermal contact with shoreline sediments (270 d y )  and dermal contact with 
imgated farmland (365 d y )  is also included. Section A3.4 discusses dermal absorption. 

The hazard index and cancer risk from chemicals are calculated using the consumption 
parameters discussed in Appendix A for the Native American. The contaminant concentration in 
well or river water is expressed in m a .  The chemical dose is normalized to the average adult 
body mass, 70 kg. To calculate the average daily dose over a lifetime, the total dose from 70 
consecutive years is calculated and then divided by (70 y)(365 dy).  Because the exposure 
period is the same as the lifetime averaging period for the Native American (70 y), the average 
daily dose used in the hazard quotient calculation is the same as the lifetime average daily dose 
used in the cancer risk calculation. As part of this calculation, the concentration of the 
contaminants in soil is increased each year. The eflect of leaching from the surface layer is 
included using the leaching coefficients shown in Table A38. 

The hazard quotients and increased in cancer risk for the Native American are calculated 
using the same equations presented for the all pathways farmer. The difference is the calculation 
of the cumulative cancer risk from 70 years of contamination. No adjustment is made for the 
diffcrcnt intakc ratcs and body mass ofchildrcn and adults. The adult consumption parameters 
are used for the entire 70 years. Two reasons for omitting the child portion ofthe exposure are 
(1) absence of Native American child intake rates, and (2) the reference doses and cancer slope 
factors already include consideration of the higher sensitivity of children. 

. The calculated hazard index and cancer risk per unit concentration in the well or the 
Columbia River for the Native American arc shown in Table 18. The factors must be multiplied 
by the estimated water concentration in the contaminated water, in mg per L. As noted in the 
notes to Table 18, the missing toxicity parameters were ignored in the calculation. Appendix C 
contains unit factors using a simple estimation of the missing parameters, as well as a 
comparison of the unit factors using the hvo approaches. 

Table 18. Unit Factors for Hazard Index and Cancer Risk Tor Chemicals in theNative 
American Scennrio. 

Cancer Risk Index Cancer Risk 
1.04E+01 d na 6.14E+02 d 
2.2GE+01 na 1.8 1 E+03 
2.09E-02 4.41E+02 b 5.19E-02 

1 CASRN I 
50-32-8 
53-70-3 
56-23-5 

Chemical Name 
Benzo[a]pyrene 
Dibenz[a,h]anhcene 
Carbon teachloride 

60-34-4 
60-57-1 
62-75-9 
64-18-6 
67-56-1 

57-12-5 Cyanide. free 
57-14-7 1.1-Dimethylhydrazine 
57-55-6 ProDvlene elvcol Il.2-Pro~anediol) 

Methylhydrazinc na 2.88E+OI na 2.89E+Ol 
Dieldrin 2.88E+03 b 3.75E+00 4.55E+OS b 3.64E+02 
N-Nitrosodimethylamine n3 3.03E+02 na 3.10E+02 
Formic acid I .72E+00 b na 1.73E+00 b na 
Methanol (Methyl alcohol) 4.34E+00 b na 4.40E+00 b na 

~~ 

\Vel1 \Vatcr Only, per nip& I Columbia River, per nip& 
Hazard I Increased I Hazard I lncrcased 

~~ .-. .~~~ ~ .- 

- 2.99E+03 b na 3.0GE+03 b na 
na 3.85E+01 na 3.86E+Ol 

2.01E-01 b na 2.06E-01 b 
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Table 18. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the Native 
American Scenario. 
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Table 18. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the Native 
American Scenario. 
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CASRN 

Table 18. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the Native 
American Scenario. 

Well Water Only, per m& Columbia River, perm& 

Chemical Name Index Cancer Risk Index Cancer Risk 
Hazard Jncreased Hazard Increased 

CASRN = Chemical Abstract Service Reference Number 
The total risk to the Native American is calculated using intakes from 70 consecutive years. The soil 

These scenario factors must be multiplied by the appropriate water concenation. The "Well Water" 
concentration is zero at the start of the exposure. 

columns assume all the contaminated water comes from the well. The "Columbia River" columns assume all 
contaminated water comes from the Columbia River. 

Results using route-to-route exapolitions are shown in Table C5. Results with notes (a. b. c. d, e. f, or g) 
have the following qualifiers: 

(a) - Thc RID for ingestion was not available. 
(b) -The RID for inhalation was not available. 
(c) -The Slope Factor for ingestion was not available. 
(d) - The Slope Factor for inhalation was not available. 
(e) - For nungmese (7439-91-5) the drinking water has a lower RID. 
(0 -For cadmium (744043-9) the food has a lareer RfD. 
&) - For chromium VI (18540-29-9) the airbom;particulate has a larger RID. 

3.7 POPULATION ALONG THE COLURIBIA RIVER 

The unit exposure factors for the estimated 5 million people living along the Columbia 
River is calculated using consumption rates discussed in Appendix A. The contaminants are 
initially located in the Columbia River. As time goes on, some contaminants accumulate in the 
soil due to irrigation from the river. Thc soil lcaching rates are presented in Scction A6.0. Thc 
affected population has 50% of its garden produce and animal products contaminated. Average 
drinking water and food consumption rates apply to the population. Thc avcragc fish 
consumption is bascd on thc total harvcstcd from thc Columbia Rivcr cach ycar. All of thc 
pathways used for the All Pathways Farmer are used for the population. The game and 
waterfowl consumption of the Native Anierican is not included. The demial exposures are given 
in Section A3.4. There are minor differences with the All Pathways Farmer in the average 
intakes from various pathways. Three significant differences are ( I )  the lower average irrigation 
rate (63.5 c d y  rather than 82.3 cdy) ,  (2) much smaller fish consumption rates, and (3) scaling 
by 5 million. Thc lowcr irrigation ntcs  reflects increased precipitation ncar thc occan. The 
smaller fish consumption rate is bascd on estimates of the annual harvest of fish from the 
Columbia River averaged over the large population. 

Scenario dose factors for the Columbia River Population are presented in Table 19 as the 
collective, or total, dose equivalent in person-rem per pCi/L in thc water. These unit dose factors 
must be multiplied by the water concentration to calculate the actual dose. The radiation dose to 
this population is thc 50 year committed effective dose equivalent from one year of exposure. 
The dose from drinking water is the main contributor to the total for most radionuclides. The 
average dose per individual can be calculated by dividing the doses in Table 19 by the 
population, 5,000,000 people. 
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Table 19. Unit Dose Factors for the Columbia River Population (person-redy per pCin). 

The unit dose factors for the Columbia River Population are the total 50 year committed effective dose 
equivalent from one year of exposure to 5 million people. The average per person can be obtained by dividing 
the values on this table by 5.000,000. 

These scenario dose factors must be multiplied by the water concentration. 
The “Total population” column includes the full scenario. The column ”Drinking Water” shows just the 

drinkinr: water dose. The “Ratio” column is the Total Pomlation” divided bv the ”Drinkinrr Water” doses. 

The increase in cancer risk due to radioactive contaminants entering the Columbia River is 
calculatcd using thc samc equations prcscntcd for thc radiation dosc prcviously. Thc two 
differences arc (1) the use ofthe risk cocficients from Federal Guidancc Report Numbcr 13 
(Tables A29 and A30) rather than radiation dose factors, and (2) the calculation of the 
cumulative risk from 70 years ofcontamination. The lifetime exposure is at the adult 
consumption rates. 

The lifetime increase in the risk of developing some type of cancer from the radionuclides 
is the sum of 70 years of exposure. Each year there is a small amount of the radioactive material 
in the soil from previous yean. This leads to a total risk that is greater than 70 times the first 
year’s risk for many nuclides. The estimated risks from radioactive materials in the Columbia 
River are shown in Table 20. The first column of risks shows the 70-year total. The second 
column shows the risk from the first year multiplied by 70. The third column is the ratio of thc 
70-year total to the 70-times-first-year risk. If the two numbers are within 10%. they are not 
shown. Radionuclides with large ratios generally indicate that the isotopes accumulate in the soil 
and that the soil pathways (soil ingestion and inhalation, plants, and animals) are significant 
compared to the drinking water pathway. The average lifetime risk per individual can be 
calculatcd by dividing the collective risk in Table 20 by the population, 5,000,000 pcoplc. 

Table 20. Unit Risk Factors for Radionuclides in the Columbia River Population Scenario 
(total risk per p c i i ) .  
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70-year 
Nuclide Total 

Table 20. Unit Risk Factors for Radionuclides in the Columbia River Population Scenario 
(total risk per pCi/L). 

70 Times 70-year 70 Times 
First Year Ratio Nuclide Total First Year Ratio 

. ... 

The total risk to the population along the Columbia River is calculated using intakes from 70 consecutive 

These scenario risk factors must be multiplied by the water concentration 
The "70-year Total" column gives the Columbia River Population scenario risk facton. The column '70 

T i e s  First Year" shows the first year risk multiplied by 70. The 'Ratio" column is the "70-year Total" divided 
bv the 7 0  Times First Year" risks. Blank entries indicate the two risks are within I O  Dercent of each other. 

years. The soil concentration is zero at the start of the exposure. 

The hazard index and cancer risk from chemicals are calculated using the same 
consumption p m e t e r s  discusscd in Appendix A for the population. The contaminant 
concentration in river water is expressed in mg/L. The chemical dose is normalized to the 
average adult body mass, 70 kg. The hazard quotient is based on the annual average daily dose 
(averaged over the period of exposure). The increased cancer risk is based on the lifctime 
avenge daily dose. To calculate the average daily dose over a lifetime, the dose from 70 
consecutive years is calculated and then dividcd by (70 y)(365 d y )  to obtain the daily average. 
As part ofthis calculation, the concentration of the contaminants in soil is increased each year. 
The effect of leaching from the surface layer is included using the leaching coeficients shown in 
Table A38. Dermal absorption during showering and swimming is included. 

The calculated hazard index and cancer risk per unit concentration in the Columbia River 
for a population of 5 million are shown in Table 21. The factors must be multiplied by the 
estimated water concentration in the Columbia River. in mg per L. 

Table21. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 
Columbia River Population Scenario. 
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Table 21. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 
~~ ~~ ~~~ . ~ ~ .  

Columbia River Population Scenario. 
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Table 21. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 
Columbia River Population Scenario. 

if 125 
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7440-36-0 
7440-38-2 
7440-39-3 
7440-41-7 
7440-42-8 
7440-43-9 
7440-48-4 
7440-666 
7487-94-7 

Table 21. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 

Antimony 8.12E+08 b na 
Arsenic (inorganic) 8.92EM8 b I .24E+07 
Barium 5.54Et03 na 
Beryllium and compounds I .39E+ 1 I 6.65E+06 c 
Boron and borates only 1.73E+08 na 
Cadmium 2.66Et09 bf 4.99E+06 c 
Cobalt 1.39E+ll 7.76E+06 c 
Zinc and compounds 7.3OE+08 b na 
Mercuric chloride 9.73E+09 b na 

River Population 

CASRN Chemical Name Risk per mpJL 
1336-36-3 I Polychlorinated Biphenyls (lowest risk) na 1 2.33E+04dh 
6533 
7429-90-5 I Aluminum 
7439-96-5 I Manganese I 5.54E+10c 1 na 
1439 na 

Columbia River Population Scenario. 

CASRN - Chemical Abstract Service Reference Numbcr 
The total risk to the population along the Columbia River (5 million people) is calculated using intake 

These scenario risk factors must bc multiplied by the water concentration. 
Rcsuls using routc-to-routc extrapolations are shown in Tablc C7. Results with notes (a. b, e, d, e, f. 

from 70 consecutive yean. The soil concentration is zero at the start of the exposure. 

g, or h) have the following qualifiers: 
(a) -The RID for ingestion was not available. 
(b) -The RID for inhalation was not available. 
(c) --The Slope Factor for ingestion was not available. 
(d) - The Slope Factor for inhalation was not avaihblc. 
(e) -For manganese (7439-96-5) the drinking water has a lower RID. 
( f )  - For cadmium (7440-43-9) the food has a larger RID. 
(g) - For chromium VI (18540-29-9) the airborne particulate has a larger RID. 
(h) - PCBs 11336-36-3) use the central estimate slow factors from IRIS for a oonuhtion. 
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3.8 HSRAM INDUSTRIAL SCENARIO 

The default commerciaVindustrial exposure scenario presented in the HSRAM is used to 
represent an occupationally exposed individual. The worker is primarily located indoors. 
Outdoor activities may include building and grounds maintenance. The principle avenue for the 
contaminants to get into the worker is through the drinking water. Soil is contaminated by 
irrigation of grass and other plants. This leads to dermal absorption of chemicals and external 
exposure from radionuclides. A small amount becomes airborne and is inhaled. The 
contaminated water comes from a well or is drawn from the Columbia River. The intakes from 
either source (assuming the same water concentration) are the same because there are no 
additional pathways associated with the Columbia River. The intakes continue for 20 years, and 
then the worker retires, or finds a different work location. 

The worker consumes water at the rate of 1 U d  for 250 days during the year. The total 
drinking water intake is 250 Vy. The individual has a 10-minute shower at work and inhales the 
equivalent of0.021 V y  (Table A13). Volatile materials are inhaled in much greater quantities 
(Tablcs A13 and A14). Chemicals arc absorbcd through thc skin during thc showcr as dcscribcd 
in Section A3.4.2. 

The soil becomes Contaminated just as in the All Pathways Farmer scenario. The soil is 
irrigated with 82.3 cm water during a 6-month growing season. The actual soil concentration 
depends on the leaching coefficient for the material from the surface layer of soil. The worker 
ingests 7.3 g/y (Table AS) and inhales 0.25 g/y (Table AIO). The worker’s skin comes in contact 
with the soil. For chemicals, the effective dermal intake is 146 d y  (Table A18) times the dermal 
absorption factor for the chemical. For radionuclides. there is an effective external exposure 
timeof934h/y(TableA15). 

The lifetime increase in the worker’s risk of developing some type of cancer from the 
radionuclides is the sum of 20 years of exposure. Each year there is a small amount of the 
radioactive material in the soil from previous years. This leads to a total risk that is greater than 
20 times the first year’s risk. The estimated risks from radioactive materials are shown in 
Table 22. The first column of risks shows the 20-year total. The second column shows the risk 
from the first year multiplicd by 20. The third column is thc ratio ofthc 20-year total to thc 20- 
times-first-year risk. If the two numbers are within lo%, thcy are not shown. 

Note that the risk coefficients in Federal Guidance Report Number 13 (Tables A29 and 
A30) have been used in the industrial scenario although they were not intended for this 
application. Adults receive the exposures during their working years. There are no exposures 
during childhood. The risk coefficients were developed for a population containing all ages. 
They can be applied to an individual only if there is a lifetime of exposure. The increased cancer 
risk factors shown in Table 22 may either overestimate or underestimate the worker risk 
depending on whether the increased risk coefficent for children is offset by the reduced 
consumption rates during childhood. 
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Table 22. Unit Risk Factors for Radionuclides in the Industrial Scenario (risk per pCi/L). 
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20-year 20 Times 
Nuclide Total First Year 

20-year 20 Tlmes 
Ratio Nuclide Total First Year Ratio 

Eu-150 
Eu-152 
Eu-IS4 
Eu-IS5 

. . - 

0 

The radiation risk to this individual is calculated using intakes from 20 consecutive years. The soil 

These scenario risk factors must be multiplied by the watcr concentration. 
The "20-year Total" column gives the industrial scenario risk facton. The column "20 T i e s  Fmt Year" 

shows the first year risk multiplied by 20. The "Ratio" column is the YO-year Total" divided by the YO Times 
First Year" factors. Blank entries indicate the two risk factors are within IO Dercent of each other. 

concentration is zero at the stsrt of the exposure. 

4.78E-07 5.94E-08 8.0 Cf-249 7.68E-07 6.61E-07 I .2 
3.37E-07 6.08E-08 5.5 Cf-250 4.49E-07 4.45E-07 
3.41E-07 8.46E-08 4.0 Cf-25 I 7.15E-07 6.80E-07 
1.40E-08 1.02E-08 1 A Cf-252 2.52E-07 2.51E-07 

The hazard index and cancer risk from chemicals are calculated using the same 
consumption parameters discussed in Appendix A for the HSRAM Industrial scenario. The 
samc intakes occur rcgardlcss of whcthcr thc watcr comcs from a wcll or from thc Columbia 
River because thcrc arc no additional pathways for watcr coming from thc river. In addition, thc 
dilution that occurs when ground water reaches the river does not enter into the calculation of 
unit factors, i.e., factors that are normalized to a unit water concentration. 

The contaminant concentration in the water is expressed in mgL. The chemical dose is 
normalized to the average adult body mass, 70 kg. The hazard index is calculated from the 
average annual daily dose. The increased cancer risk is calculated from the lifetime average 
daily dose. To calculate these average daily doses, the dose from 20 consecutive years is 
calculated and then divided by (20 y)(365 d/y) for the hazard index and (70 y)(365 d y )  for the 
cancer risk. As part of this calculation, the concentration of the contaminants in soil is increased 
each year. The effect of leaching from the surface layer is included using the leaching 
coefficients shown in Table A38. Dermal absorption during showering is included. 

The calculated hazard index and cancer risk per unit concentration in the water for the 
HSRAM industrial scenario arc shown in Table 23. The factors must be multiplied by the 
cstimated water concentration, in mg per L. 

Table 23. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 
HSRAM Industrial Scenario. 

I I I Hazard Index I Increased Cancer I 
CASRN 
50-32-8 
53-70-3 

Chemical Name per mp/L Risk per mp/L 
BenzoIalpyrene na 2.93E-01 d 
Dibenzfa.hlanthncene na 5.42E-0 I . . .  

56-23-5 I Carbon tcmchloridc I 1.56E+OI b I 1.89E-03 
57-12-5 I Cvmidc. frcc I S.OSE-01 b I n3 

I 57-14-7 1 1.1-Dimethvlhvdnzine I na I 9.79E-03 I 

t 
. I  

57-55-6 I Propylene glycol (1.2-Propanediol) I 4.90E-04b I n3 

58-89-9 _ .  . . I gamma-Benzene hexachloride ( g a m -  1 3.4SE+OI b I 3.84E-03 d 

t 1 Linmne) I I 
60-34-4 1 hlethylhydmine na 9.WE-03 
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83-32-9 Acenaphthene 
84-66-2 Diethyl phthalate 
84-74-2 Dibutyl phthalate 
85-68-7 Butyl benzyl phthalate 
87-68-3 tlexachlorobuwdiene 
87-86-5 Penwchloroohenol 

Table 23. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 
IISRAM Industrial Scenario. 

3.97E-01 b na 
1.25E-02 b na 
l.18E-01 b na 
6.40E-02 b na 
8.85E+OI b 2.57E-03 
5.42E-01 b 5.57E-04 d 

88-06-2 I2,4.6-TrichlorophenoI m 7.39E-05 
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CASU, 
91-20-3 
92-524 
95-50-1 
95-63-6 
98-86-2 

Table 23. Unit Factors for Hazard Index and Cancer Risk for Ct 
HSRAhI Industrial Scenario. 

I I I Hazard Index 
Chemical Name per m p n  

Naphthalene 1 .  I6E+02 
1 ,I,-Biphenyl 3.88E-01 b 
1,2-Dichlorobenzene (ortho-) 1.39E-01 b 
1,2,4-Trimethylbenzene 5.81E+OI 
AcctoDhenone 9.99E-02 b 

110-86-1 

111=16-2 

I 

117-81-7 
117-84-0 
118-71-1 

Pyridine 9.91 E+OO b 
2-Uutoxyethanol (Ethylene Glycol Monobutyl 2.15E-02 
Ether) 
2-(2-Ethoxyethoxy)-ethanol (Diethylene Glycol 4.90E-03 b 
hlonoethyl Ether) 
Di (2-ethylhexyl) phthalate (DEHP) 1.74E+OI b 
Di-n-octylphthalate 8.58E+00 b 
1 lexachlorobenzene 4.56Et01 b 

120-82-1 
12144-8 
122-394 

1,2.4-Trichlorobenzene 3 .07Em 
Triethylamine 4.94€+01 a 
DiDhenvlaminc 5.3~~03-01 b 

206-44-0 I Fluonnthene (12-Demcenaphthene) I 1.60E+00b 

, .  . 
123-91-1 1.4-Dioxane (Diethylene oxide) 
126-73-8 Tributyl Phosphate 
126-98-7 2-hlethyl-2-propeneniaile (Methacry lonitrile) 
127-1 8 4  1 .I ,2.2-Temchloroethylene 
141-78-6 
156-59-2 cis-1.2-Dichloroethvlene 

Ethyl acetate (Acetic acid, ethyl ester) 

:micals in the 

Increased Cancer 
Risk per m p n  

na 

na 
5.99E-02 b 
5.93E+02 
I .7 1 E+OO 

l.IOE-02 b 
1.01 EM0 b 

na 
na 

na 
na 
na 
na 
na 
na . 

8.38E-05 d 
2.63E-01 

2.96E-03 c 
na 
na 

2.83E-03 
8.24E-03 

na 
na 
na 
na 
na 
na 
na 
na 
na 
na 
na 

na 

1.39E-03 d 
na 

6.2 1 E-02 
na 
na 
na 

3.08E-05 d 
1.85E-05 d 

na 
2.26E-04 

na 
na 
na 
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Table 23. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 
HSRAM Industrial Scenario. 
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CASRN 

Table 23. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the 
IISRAM Industrial Scenario. 

I I Hazard Index I Increased Cancer 
Chemical Name I w m f i  I Risk per mfi 

~ ~~ 

e 

CASRN = Chemical Abstract Service Reference Number 
The total risk to the worker is calculated using intakes from 20 consecutive years. The soil 

These scenario factors must be multiplied by the water concentration. 
Results using route-to-route extrapolations are shown in Table 0. Results with notes (a, b, c. d. e. f, 

concentration is zero at the start of the exposure. 

g, or h) have the following qualifiers: 
(a) -The RID for ingestion was not available. 
(b) - The RID for inhalation was not available. 
(c) -The Slope Factor for ingestion was not available. 
(d) -The Slope Factor for inhalation was not available. 
(e) - For manganese (7439-96-5) the drinking water has a lower RID. 
( f )  -For cadmium (744043-9) the food has a larger RID. 
(9) - For chromium VI ( I  8540-29-9) the airborne particulate has a larger RID. 
(h) - Vinyl chloride (75-014) uses slope factors from IRIS for adulthood only exposures. 

3.9 €ISRAM RECREATIONAL SCENARIO 

The default recreational exposure scenario presented in the IISRAM is used to represent a 
visitor engaging in various forms of recreational activity. The most likely location is near the 
Columbia River. The HSRAM presents additional panmeters to cover possible future 
recreational activities some distance from the river. 

The hazard quotient for chemicals is calculated using the drinking, breathing and soil 
ingestion rates for children. IISRAM USCS the higher normalized intake ratcs for the child to 
maximize the avenge daily intake. The incremental cancer risk is calculated using adult 
drinking and breathing ratcs, and an avenge soil ingcstion ratc that includes 6 ycars at thc child’s 
highcr rate. Thus, the calculation of the 30-year intakes depends on the location of the 
contaminant. 

The principle avenue for the contaminants to get into the visitors is through drinking water 
and game fish. However, if a well lo ground water is the source of contaminated water then the 
fish are not contaminated. Hcncc, for the recreational scenario there are two cases. The first is 
for a well to groundwater. This water is used to irrigate a recreational area some distance from 
the Columbia River. The individual drinks from the well and enjoys the park facilities. Soil is 
contaminated by irrigation ofgrass and other plants. This leads to dermal absorption of 
chemicals and external exposure from radionuclides. A small amount becomes airborne and is 
inhaled. The intakes continue 7 days each year for 30 years. 

The second case is for contamination in the Columbia River. In this case the visitor 
consumes 9.9 kg game fish (Table A4) every year for 30 years. There is an additional small 
amount of deer mentioned in the HSRAM. This is calculated to be 0.19 deer per year with a 
mass of45 kg, with half eaten by one person. The avenge game intake is 4.2 kg/y. The deer is 
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contaminated by drinking from the river. The daily water intake is 25% of a milk cow’s. The 
transfer factors for beef are used to represent the deer meat concentration. The other pathways 
are regarded as the same as the inland park simply because there may be a park along the river. 
Demal contact during swimming is also part of the second case. 

The lifetime increase in the visitor’s risk of developing some type of cancer from the 
radionuclides is the sum of 30 years of exposure. The first 6 years are at the child’s soil 
ingestion rate (1.4 g/y), while the last 24 are at the adult’s soil ingestion rate (0.7 g/y). Both of 
these are shown in Table AS. The other intakes are all at the adult rate. Drinking water 
consumption is 14 Uy. Soil inhalation is 0.007 g/y (Table A10). External exposure is 45 h/y 
(Table A15). The estimated risks from radioactive materials in the recreation scenarios are 
shown in Table 24. The first column of risks shows the inland park case in which the 
radionuclides are from ground water. The second column of risks shows the Columbia River 
case, in which the radionuclides are in the surface water. The third column is the ratio of the 
Columbia River to the inland park risk. For most radionuclides, the fish contributes the majority 
of the dose. In a few cases, the external dose from shoreline sediments dominates. If the 
contaminants arc from well water, the water gives the majority of the dosc. 

Table 24. Unit Risk Factors for Radionuclides in the Recreational Scenarios (risk per 
pCin). 

I 1 Inland Columbia I I 1 Inland 1 Columbia I I 
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Table 24. Unit Risk Factors for Radionuclides in the Recreational Scenarios (risk per 
pCi/L). 

e radiation risk to this individual is calculated using intakes from 30 consecutive years. The soil 
concentration is zero at the start of the exposure. 

These scenario risk factors must be multiplied by the water concentration. 
The "Inland Park" column gives the recreational scenario risk factors from ground water. The column 

'Columbia River" shows the risk factors for surface water. The "Ratio" column is the "Columbia River"divided 
bv the "Inland Park" risk factors. 

The hazard index and cancer risk from chemicals are calculated using the same 
consumption parameters discusscd in Appendix A for the €ISRAM Recreational scenario. The 
contaminant concentration in well or river water is expressed in mf l .  The chemical dose is 
normalized to the avenge adult body mass, 70 kg. To calculate the average daily dose over a 
lifetime, the total dose from 30 consecutive years is calculated and then divided by 
(30 y)(365 d y )  for the hazard index and (70 y)(365 d y )  for the cancer risk. As part of this 
calculation, the concentration ofthe contaminants in soil is increased each year. The effect of 
leaching from the surface layer is included using the leaching coeflicients shown in Table A38. 
Dermal absorption during showering is included. 

The calculated hazard index and cancer risk per unit concentration in the well or the 
Columbia River for the €ISRAM Recreational scenario are shown in Table 25. The factors must 
be multiplied by the estimated water concentration, in mg per L. 
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Well Water Only, per mp% Columbia River, per mp% 

CASRN 
50-32-8 
53-70-3 

Chemical Name Index Cancer Risk Index 
Uenzo[a]pyrcne na 1.32E-02 d na 
DibenzIa.hlanthraccnc na 2.37E-02 na .. 

56-23-5 
57-12-5 
57-14-7 
57-55-6 

58-89-9 

I 62-75-9 1 N-Nitrosodimethvlamine I na I 1.2lE-02 I na 

. . .  
Carbon tetrachloride 1.76EtOOb 3.29E-05 1.91Et01 b 
Cyanide, free 6.19E-02 b na 2.78E-01 b 
1,l-Dimethylhydrazine na 7.09E-04 na 
Propylene glycol (1.2-Propanediol) 6.01E-05 b na 1.23E-04 b 

3.20E-04 d 1.97Et02 b gam-Benzene  hexachlonde (gamma- 4.13Et00 
Lindane) 

60-34-4 IMethylhydrazine na 1 7.08E-04 I na 

64-18-6 
67-56-1 
67-64-1 

Formic acid 6.02E-04 b na 1.24E-03 b 
Methanol (Methyl alcohol) 2.40E-03 b na 4.90E-03 b 
Acetone (2-Prouanone) 1.20E-02 b na 2.45E-02 b 

67-66-3 
71-36-3 
71-43-2 

71-55-6 

76-44-8 IHeubchlor 1 3.00Et00b I 1.67E-03 I 7.71Et03b 

Chloroform 1.24E-01 b 1.18E-06 4.42E-01 b 
n-Uuryl alcohol (n-Uubnol) 1.21E-02 b na 2.53E-02 b 
Uenzcne 3.12E-01 1.37E-05 I .23Et00 

6.18E-03 na 3.95E-02 I ,  I ,  I-Trichloroethane (Methyl 
chloroform) 

72-20-8 
74-83-9 
74-87-3 
75-00-3 
75-01-4 
75-05-8 
75-07-0 
75-09-2 
75-15-0 

2.35E-03 

3.23E-02 d 

. ~ ~ ~ . ~  . ~ ~ ~ ~ ~ ~ ,  
Endrin l.llEtO1 b na 2.74Et03 b 
Uromomethane 9.01 E-01 na 1.40Et00 
Methyl chloride (Chloromethane) 2.3OE-03 a na 2.3OE-03 a 
Ethyl Chloride 2.06E-05 a na 2.06E-05 a 
Vinyl chloride (Chlorocthene) 4.05E-01 3.35E-04 9. ME-0 I 
AcetoniIrile 3.4SE-03 a na 3.4SE-03 a 
Acetaldehyde 2.30E-02 a 8.91E-08 c 2.30E-02 a 
Dichloromethane (Methylene chloride) 2.01 E42  1.79E-06 3.31E-02 
Carbon disulfide 1.25E-02 na 4.02E-02 

2.34E-03 
7.65Et00 
4.02E-02 

75-21-8 Ethylene Oxide (Oxinne) 

75-34-3 chloride) 
75-35-4 1.1-Dichloroethylene 
75-45-6 Chlorodifluoromethane 

I, I-Dichloroethanc (Ehylidcnc 

na I 

na 2.4-lE-04 na 

1.25E-02 na 3.23E-02 

2.53E-02 na 9.74E-02 
4.13E-06a na 4.13E-06a 

na 
na 

75-68-3 
75-63-4 
75-71-8 

na 

~~ 

Chloro-l,I-difluoroethane, I -  4.13E-06a na 4.13E-06 a 
Tnchlorofluoromethane 4.52E-03 na 3.10E-02 
Dichlorodifluoromethane 7.27E-03 na 2.88E-02 

na 
1.25E-03 

78-87-5 1.2-Dichloropropane 
78-93-3 Methyl ethyl ketone (2-Duwnone) 
79-00-5 1.1.2-Trichloroethanc 

n3 

5.18E-02 a n3 S.ISE-02 a 
2.2 I E-03 na 4.30E-03 

3.OZE-01 b 1.42E-05 8.84E-01 b 

8.91E-05~ 
4.3OE-06 

na 
7.86E-04 

na 

na 
na 
na 
na 
na 

na 

7.43EW 
na 

7.10E-05 
N 
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Table 25. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAM 
Recreational Scenario. 

110-86-1 IPyridine I 1.21EtWb I UZl 1 2.54E+OOb I na 



HNF-SD-WM-TI-707 Rev 3 Page 101 of 125 

CASRN 

' 
111-90-0 

117-81-7 
117-84-0 
118-74-1 

Table 25. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAM 
Recreational Scenario. 

Well Water Only, per mp,/L 1 Columbia River, per mpjL 
Hazard I lncreased I Hazard I lncreased I 

Chemical Name Index Cancer Risk Index Cancer Risk 
2.41E-03 11J 5.OOE-03 na 

6.01E-04 b n3 1.23E-03 b na 

2-Butoxyethanol (Efhylene Glycol 
Monobufyl Ether) 
2-(2-Ethoxyethoxy)-cthanol 
(Diethylene Glycol hlonoethyl Ether) 
Di (Z-ethylhexyl) phthalate (DEHP) 5.3SE-01 b 6.03E-05d 1.41E+OL b 1.68E-03d 
Di-n-octylphthalate 2.88E-01 b na 5.22EW b na 
tlexachlorobenzene 2.44E+00 b 9.09E-04 2.51E+03 b 1.38E+00 

120-82- 1 
1 2 1 4 - 8  
122-39-4 

I .2.4-Trichlorobenzcne 1.3 I E-01 na 9.92E+00 na 
Triethylamine 2.95E-02 a na 2.9SE-02 a na 
Dhhenvlamine 5.32E-02 b na 1.80E+00 b na 

7310-38-2 Arsenic (inorganic) 4.1 IE+00 b 5.44E-04 
7440-39-3 Barium 4.31E-01 na 
7440-4 1-7 Beryllium and compounds l.lOE+OI 9.77E-05 E 

7440-42-8 Boron and borates only 2.40E-02 na 
7440-43-9 Cadmium 2.80E+00 bf 7.33E-05 c 
7310-48-4 Cobalt 1.04E+OI 1.14E-04~ 

3.32Et02 b 6.33E-02 
5.07E-01 na 
3.38E+Ol 9.77E-05 c 
5.8 1 E 4 2  na 

128E+02 bf 7.33E-05 E 

1.64E+01 I.14E-04c 
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Table 25. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSR4M 
Recreational Scenario. 

Notes: 
CASRN - Chemical Abstract Service Reference Number 
The total risk to the €ISRAM Recreational Visitor is calculated using intakes from 30 consecutive years. Th 

soil concentration is zero at the start of the exposure. 
These scenario faclors must be multiplied by the appropriate water concentration. The "Inland Well" colum 

assumes all of the contaminated water comes from the well. The "Columbia River"column assumes that all of 
the contaminated water comes from the Columbia River. 

Results using route-to-route extrapolations are shown in Table C9. Results with notes (a, b, c, d, e. f, or g) 
have the following qualifiers: 

(a) - The RID for ingestion was not available. 
(b) -The RID for inhalation was not available. 
(c) - The Slope Factor for ingestion was not available. 
(d) -The Slope Factor for inhalation was not available. 
(e) - For mnganese (7439-96-5) the drinking water has a lower RID. 
(r) -For cadmium (744043-9) the food has a larger RID. 
(g) - For chromium VI (18540-29-9) the airborne particulate has a larger RID. 

3.10 HSRAI\.I RESIDENTIAL SCENARIO 

The default residential exposure scenario presented in the HSRAM is similar to the all 
pathways farmer discussed earlier. The difference is that deer and fish are the only animal 
products included, and the other intake rates are different. For food and water, these are shown 
in Table A4. 

The hazard quotient for chemicals is calculated using the drinking, breathing and soil 
ingestion rates for children. The incremental cancer risk is calculated using adult drinking and 
breathing rates, and an avenge soil ingestion rate that includes 6 years at the child's higher rate. 
Thus, the calculation of the 30-year intakes dcpends on the location of the contaminant. 
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The principle avenues for the contaminants to get into the resident are drinking water and 
game fish. However, if a well to ground water is the source of contaminated water then the fish 
are not contaminated. Hence. for the residential scenario there are two cases. The first is for a 
well to groundwater. The second is when the water supply is taken directly from the Columbia 
River. The second case adds fish, sediment exposure, and dermal contact with water during 
swimming to the first case. The added pathways use the same annual intakes as the recreational 
scenario along the Columbia River. 

The lifetime increase in the resident’s risk of developing some type of cancer from the 
radionuclides is the sum of 30 years of exposure. The first 6 years are at the child’s intake rates 
for some pathways, while the last 24 are at the adult’s rate. Both of these are shown in Table AS. 
The other intakes are all at the adult rate. Drinking water consumption is 730 Y y  (Table A4). 
The individual has a 10-minute shower every day and inhales the equivalent of 0.031 Y y  (Table 
A13). Soil inhalation is 0.365 g/y (Table A10). External exposure is 7,008 My (Table AIS). 
The estimated risks from radioactive materials in the residential scenarios are shown in Table 26. 
The first column of risks shows the inland resident, who obtains the radionuclides from ground 
water. The sccond column of risks shows thc Columbia River casc, in which thc radionuclides 
arc in the surfacc watcr. Thc third column is the ratio of the Columbia Rivcr to thc inland 
resident risk factors. 

Table 26. Unit Risk Factors for Radionuclides in the Residential Scenarios (risk per 
pCi5). 

C1-36 

T i44tD 

Mn-54 
Fc-55 

CO-60 
Ni-59 
Ni-63 
Se-79 

Sr-90tD 
zr-93 

Nb-93m 

3.53E-07 
1.55E-06 

1.17E-08 
1.2SE-05 
3. ME-09 
4.66E-07 
2.20E-08 
1.48E-OS 
6.58E-06 
7.47E-09 

1.88E-07 
2.31E-07 
2.61 E-06 
2.85E-08 
2.78E-08 
2.11E-08 

1.75E-06 

1.82E-08 

5.77E-07 I .6 Pb2IO+D 2.36E-05 
1.62E-06 Bi-207 7.85E-06 
1.22E-05 6.9 Po-209 1.82E-05 

1.31E-07 I 6.2 I U-238tD I 2.37E-06 

8.64E-06 

4.73E-05 3.4 
3.86E-05 I .8 
5.82E-05 I .8 
2.26E-OS I .6 
2.26E-OS 2.4 
4.32E-OS 2.8 
7.01E-06 2.9 
2.9OE-05 2.5 
1.01E-05 I .9 
1.78E-05 1.3 
2.49E-06 I .3 
2.4%-06 13 
3.07E-06 1.3 
2.3 1 E-06 I .3 
3.16E-06 1.3 
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Table 26. Unit Risk Factors for Radionuclides in the Residential Scenarios (risk per 
pCVL). 

Notes: 
The radiation risk to this individual is calculated using intakes from 30 consecutive years. The soil 

These scenario risk factors must be multiplied by the water concentration. 
The "Inland Resident" column gives the residential scenario risk factors from ground water. The column 

concentration is zero at the start of the exposure. 

"Columbia River" shows the risk factors for surface water. The "Ratio" column is the "Columbia River" divided 
by the "Inland Resident" risk factors. 

Thc hazard index and cancer risk from chcmicals arc calculated using thc s m c  
consumption parameters discusscd in Appendix A for the HSRAM Residential scenario. The 
contaminant concentration in well or river water is expressed in mgL. The chcmical dose is 
normalized to the average adult body mass, 70 kg. To calculate the avenge daily dose over a 
lifetime, the total dose from 30 consecutive years is calculated and then dividcd by 
(30 y)(365 d/y) for the hazard index and (70 y)(365 d/y) for the cancer risk. As par! of this 
calculation, the concentration ofthe contaminants in soil is increased each year. Thc effect of 
leaching from the surface layer is included using the leaching coeficients shown in Table A38. 
Dermal absorption during showering is included. 
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CASRN 
50-32-8 
53-70-3 
56-23-5 
57-12-5 
57- 14-7 

The calculated hazard index and cancer risk per unit concentration in the well or the 
Columbia River for the €ISRAM Residential scenario are shown in Table 27. The factors must 
be multiplied by the estimated water concentration, in mg per L. 

Table 27. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAM 
Residential Scenario. 

Chemical Name Index Cancer Risk Index 
Benzo[a]pyrene na 7.09E-01 d na 
Dibenz[a.h]anthncene na 1.25Et00 na 
Carbon temchloridc 9.85E+OI b 4.39E-03 1.16€+02 b 
Cyanide, free 4.41E+02 b na 4.42E+02 b 
I.  I -Dimethvlhvdrazine na 4.30Et00 na 

\Vet1 Water Only, per mfi  I Columbia R 
Hazard I Increased I Hazard 

.~ ~ ~ 

57-55-6 

58-89-9 

~.~ ~ ~ ~ ~ < ~ ,  

Propylene glycol (1.2-Propanediol) 5.58E-02 b na 5.58E-02 b 

3.24Et02 b 3.49E-02 d 5.17E+02 b gamma-Benzene hexachloride (gamma- 
Linhne) 

62-75-9 
64-18-6 
67-56-1 
67-64-1 
67-66-3 
71-36-3 

~~ 

60-34-4 lhlethylliydnzine n3 I 3.22Et00 I na 
60-57-1 lDicldrin 

N-Nitrosodimethylamine na 3.47EtO1 na 
Formic acid 4.73E-01 b na 4.74E-01 b 
Methanol (Methyl alcohol) 1.24E+00 b na 1.24EtW b 
Acetone (2-Propanone) 2.28E+00 b na 2.29Et00 b 
Chloroform 7.23Et00 b 3.76E-03 7.55E+00 b 
n-Butvl alcohol In-Butanol) l.41E+00 b na 1.42E+00 b 

71-43-2 

71-55-6 

Benzene 3.06EtOl 2.16E-03 3.15Et01 

5.17E-0 I n3 5.50E-01 I,l,l-Trichloroethane (Methyl 
chloroform) 

72-20-8 
74-83-9 
74-87-3 
75-00-3 lEthyl Chloride I 3.80E-02 a I n3 1 3.80E-02a 
75-01-4 IVinvl chloridc fChlorocthene) 2.40E-02 I 2.82E+Ol 

Endrin 6.02Et02 b na 3.33E+03 b 
Brornornethane 1.30E+02 na I .3 I E+02 
Methvl chloride (Chloromethane) 4.22E+00 a na 4.22E+00 a 

75-07-0 IAcetaldehydu I 4.22EtOl a 1 3.58E-Mc 1 4.22EtOl a 
75-09-2 ~Dichloromethane lMethvlcne chloride) I 1.40Et00 I 2.13E-01 1 1.41E+OO 
75-15-0 
75-21-8 

75-34-3 

75-35-4 
75-45-6 

Carbon disulfide 1.2SEtW na 1.27E+W 
Ethylene Oxide (Oxinne) na 7.75E-02 na 

1.47E+00 na 1.49EW 1.1-Dichlorocthane (Ethylidenc 
chloride) 
1.1-Dichloroethylenc 3.29E+00 na 3.36E+00 
Chlorodifluorome~hane 7.59E-03 a na 7.59E-03 P 

75-68-3 IChloro-l,I-difluorocthane. I -  I 7.59E-03a I na I 7.59E-03 a 
75.69-4 ~Trichlornfluornmcth~nc I X I - I ~ F - O I  

75-71-8 IDichlorodifluororne~hane I 2.26Et00 I na I 2.28Et00 

I I 

76-41-8 I Hcptachlor 1 1.67Et02b I 3.06E-01 1 7.87E+03b 

w, per mfi  
Increased 

Cancer Risk 
1.36E+01 d 
3.97EMl 
5.07E-03 

"3 

4.3OE+00 
na 

6.69E-02 d 

3.22E+00 
8.25Et00 
3.47E+01 

na 
na 
na 

3.76E-03 
na 

2.ZSE-03 

na 

na 
na 
na 
na 

2.49E-02 
na 

3.58E-M e 
2.15E-01 

na 
7.80E-02 

03 

113 

n3 
na 
na 
na 

na 

7.74E+00 
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Table 27. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAM 
Residential Scenario. 
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Table 27. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAlrl 
Residential Scenario. 
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Table 27. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the IISRAM 
Residential Scenario. 

Chemical Name 

Well Water Only, per me/L 1 Columbia River, per mp/L 
Hazard Increased Hazard Increased 
Index Cancer Risk Index Cancer Risk 

CASRN =Chemical Abstract Service Reference Number 
The total risk to the HSRAM Residential scenario is calculated using intakes from 30 consecutive years. The 

soil concentration is zero at the start of the exposure. 
These scenario factors must be multiplied by the appropriate water concentration. The "Inland Well" columr 

assumes all of the contaminated water comes from the well. The 'Columbia River" column assumes thaf all of 
the contaminated water comes from the Columbia River. 

Results using route-lo-route extrapolations are shown in Table CI 1. Results with notes (a, b, c, d, e, f. or g) 
have the following qualifiers: ' 

(a) - The RID for ingestion was not available. 
(b) - The RfD for inhalation was not available. 
(c) -The Slope Factor for ingestion was not available. 
(d) - The Slope Factor for inhalation was not available. 
(e) - For manganese (7439-96-5) the drinking water has a lower IUD. 
( f )  - For cadmium (7440-43-9) the food has a larger RID. 
(g) - For chromium VI (18540-29-9) the airborne particulate has a larger RfD. 

3.1 1 IISRAILI AGRICULTURAL SCENARIO 

The agricultural exposure scenario presented in the €ISRAM is similar to the all pathways 
f m e r  discussed earlier. The difference is that the IISRAM includes deer and the other intake 
rates are different. For food and water, these are shown in Table A4. The €ISRAM residential 
and agricultural scenarios differ only in the addition of beef. milk, and the deer. 

The usual two versions of the agricultural scenario are calculated. The first places the 
farm inland so that the contaminants come from ground water. The second case adds game 
animal products. shoreline sediments, and dermal contact during swimming to the first case. 
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The lifetime increase in the resident’s risk of developing some type of cancer from the 
radionuclides is the sum of 30 years of exposure. The first 6 years are at the child’s soil 
ingestion rate (73 dy), while the last 24 are at the adult’s soil ingestion rate (36.5 g/y). Both of 
these are shown in Table AS. The other intakes are all at the adult rate. Drinking water 
consumption is 730 V y  (Table A4). The individual has a IO-minute shower every day and 
inhales the equivalent of 0.031 V y  (Table A13). Soil inhalation is 0.365 g/y (Table A10). 
External exposure is 7,008 My (Table AIS). The estimated risks from radioactive materials in 
the residential scenarios are shown in Table 28. The first column of risks shows the inland 
resident, who obtains the radionuclides from ground water. The second column of risks shows 
the Columbia River case, in which the radionuclides are in the surface water. The third column 
is the ratio of the Columbia River to the inland resident risk factors. 

Table 28. Unit Risk Factors for Radionuclides in the Aericultural Scenarios (risk oer - . 
pCilL). 
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Inland 
Nuclide Resident 

Columbia Inland Columbia 
River Ratio Nuclide Resident River Ratio 

Ag-108m+D 
Cd-109 

Cd-tl3m 
In-1 I5 

Sn-12lmtD 
Sn-I26+D ~ - .. . -. - 

Sb-125 6.66E-07 8.87E-07 Cm-242 
Te-125m 9.45E-08 6.53E-07 Cm-243 

1-129 1.96E-05 2.27E-05 Cm-244 
Cs-134 5.58E-06 3.62E-05 Cm-245 

9.13E-06 I.OiE-05 1.1 Pu-241tD 4.62E-08 8.58E-08 1.9 
1.55E-07 5.56E-07 3.6 Pu-242 3.32E-06 5.63E-06 I .7 
9.66E-07 3.24E-06 3.4 Pu-244tD 5.77E-06 8.72E-06 I .5 
1.08E-06 1.29E-03 1,197 Am-241 2.74E-06 4.60E-06 I .7 
3.47E-07 4.95E-06 14 Am-242mtD 1.96E-06 3.63E-06 I .9 
1.45E-05 5.11E-05 3.5 Am-243tD 3.66E-06 5.77E-06 I .6 

1.OOE-06 

Eu-150 
Eu-152 
Eu-IS4 
Eu-155 

2.9iE-06 
2.18E-06 

7.32E-06 8.13E-06 1.1 Cf-249 5.58E-06 8.16E-06 I .5 
4.65E-06 5.16E-06 1.1 Cf-250 2.56E-06 3.80E-06 1.5 
4.30E-06 4.85E-06 1.1 Cf-25 1 4.43E-06 7.02E-06 1.6 
1.14E-07 1.64E-07 I .4 Cf-252 1.4 I E-06 1.94E-06 1 A 

3.03E-06 

I 1 - .. . -. - 

Sb-125 6.66E-07 8.87E-07 1.3 Cm-242 1.OOE-06 1.36E-06 I .4 
Te-125m 9.45E-08 6.53E-07 6.9 Cm-243 2.9iE-06 4.39E-06 I .5 

1-129 1.96E-05 2.27E-05 1.2 Cm-244 2.18E-06 3.34E-06 I .5 
Cm-245 I .6 5.58E-06 3.62E-05 6.5 3.03E-06 4.99E-06 Cs-134 

The hazard index and cancer risk from chemicals are calculated using the same 
consumption panmeten discussed in Appendix A for the HSRAM Agricultural scenario. The 
contaminant concentration in well or river water is expressed in mg/L. The chemical dose is 
normalized to the average adult body mass. 70 kg. To calculate the average daily dose over a 
lifetime, the total dose from 30 consecutive years is calculated and then divided by 
(30 y)(365 d y )  for the hazard index and (70 y)(365 d y )  for thc cancer risk. As part ofthis 
calculation, the concentration of the contaminants in soil is increased each year. The effect of 
lcaching from the surfacc laycr is included using the leaching cocficicnts shown in Table A38. 
Dcmal absorption during showcring is included. 
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The calculated hazard index and cancer risk per unit concentration in the well or the 
Columbia River for the HSRAM Agricultural scenario are shown in Table 29. The factors must 
be multiplied by the estimated water concentration, in mg per L. 

Table 29. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAR.1 
Agricultural Scenario. 
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Table 29. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAM 
Agricultural Scenario. 
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Table 29. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAM 
Aericultural Scenario. 
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Table 29. Unit Factors for Hazard Index and Cancer Risk for Chemicals in the HSRAM 
Agricultural Scenario. 

iotes: 
CASRN = Chemical Abstract Service Reference Number 
The tool risk to the HSRAM Agricultural scenario is calculated using intakes from 30 consecutive years. 

The soil concentration is zero at the start of the exposure. 
These scenario factors must be multiplied by the appropriate water concentration. The "Inland Well" columr 

assumes all of the contaminated water comes from the well. The "Columbia River" column assumes that all of 
the contaminated water comes from the Columbia River. 

have the following qualifiers: 
Results using route-to-route extrapolations are shown in Table C13. Results with notes (a, b, c. d, e, f, or g) 

(a) -The RID for ingestion was not available. 
(b) -The RID for inhalation was not available. 
(c) - The Slope Factor for ingestion was not available. 
(d) -The Slope Factor for inhdation was not available. 
(e) - For manganese (7439-96-5) the drinking water has a lower RID. 
(0 - For cadmium (7440-43-9) the food has a larger RID. 
(g) - For chromium VI (18540-29-9) the airborne particulate has a larger RID. 

3.12 MODEL TOXICS CONTROL ACT SCENARIOS 

The Model Toxics Control Act (MTCA) Cleanup Regulation, Chapter 173-340 WAC 
describes various exposure scenarios (methods) that may be used to establish compliance. 
Method A reiterates national standards. Method B considers residential exposure. Method C 
considers occupational exposure. The only pathway considcred for ground water is drinking 
water. For surface water the consequences of fish intake are compared with drinking water and 
the most limiting is chosen. 
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75-05-8 (Acelonitrile 

For the Method B (Residential) exposure lo non-carcinogenic chemicals, the child’s body 
mass (16 kg) and water consumption rate (1 Ud) applies. All other cases use the adult body 
mass (70 kg) and water consumption rate (2 Ud). Fish is consumed at the rate of 54 d d .  For the 
Method B (Residential) case, 50% of the fish intake is contaminated. For the Method C 
(Occupational) case, 20% of the fish intake is contaminated. The reference doses and slope 
factors are from Table A31. For carcinogenic chemicals the exposure duration is 30 years while 
the averaging time is 75 yean. 

The calculated hazard index and cancer risk per unit concentration for the groundwater 
scenarios are shown in Table 30. Also shown in Table 30 is the inhalation correction factor. 
This factor doubles the intake for those chemicals that are considered volatile. The calculated 
hazard index and cancer risk per unit concentration for surface water are shown in Table 31. The 
factors on these tables must be multiplied by the estimated water concentration, in mg per L. 

n3 na 2 n3 n3 

75-07-0 (Acetaldehyde I n3 n3 n3 na 2 
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Table 30. Unit Factors for Hazard Index and Cancer Risk for Chemicals Under the 
MTCA for Ground Water. 
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Table 30. Unit Factors for Hazard Index and Cancer Risk for Chemicals Under the 
MTCA for Ground Water. 
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Table 30. Unit Factors for Hazard Index and Cancer Risk for Chemicals Under the 
MTCA for Ground Water. 

CASRN = Chemical Abstract Service Reference Number 
The Method B Hawrd Index uses child consumption rates and body mass. All others use the adult numbers. 

The 'Inhale Factor" is included in the Ilawrd Index and Cancer Risk factors. In effecf the h m r d  index and 

Missing values arc indicated with %a", which means 7101 avilable". Resulrs using route-to-route 

The reference doses and slope factors for ingestion are shown in Table A31. 

risk factors arc doubled for volatile chemicals (Inhale Factor = 2). 

extrapolations are shown in Table CIS. 
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Table 31. Unit Factors for Hazard Index and Cancer Risk for Chemicals Under the 
MTCA for Surface Water. 
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Table 31. Unit Factors for Hazard Index and Cancer Risk for Chemicals Under the 
MTCA for Surface Water. 
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Table 31. Unit Factors for Hazard Index and Cancer Risk for Chemicals Under the 
MTCA for Surface Water. 
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Table 31. Unit Factors for Hazard Index and Cancer Risk for Chemicals Under the 
MTCA for Surface Water. 

Notes: 
CASRN - Chemical Abstract Service Reference Number 
The fish bioaccumulation factor are from Table A35. The reference doses and slope factors for ingestion are 

The Inhale Factor shown in Table 30 is included in the Hazard Index and Cancer Risk factors. In eflect, the 

Missing values arc indicated with "na", which means "not available". Results using route-to-route 

shown in Table A31. This table shows the larger of the drinking water and fish results. 

hawrd index and risk factors are doubled for volatile chemicals (Inhale Factor = 2). 

extrapolations are shown in Table C16. 
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DATA USED IN THE CALCULATIONS 

This appendix summarizes the parameters and models used to calculate potential intakes 
of hazardous materials and convert them to radiation dose or some type of seventy index for the 
various exposure scenarios. What follows is a description of each parameter, typical values, and 
the justification for the values chosen. Where these parameters differ from prior performance 
assessments for Hanford disposal sites, the differences are explained. The mathematical models 
are described to illustrate how the parameters are used in calculations. 

For the most part this Revision 3 updates various parameters for radionuclides and 
chemicals from those released as Revision 2. The principle changes are to the soil-to-plant 
concentration ratios and the chemical toxicity factors. In addition, the soil model was revised to 
include volatile emissions of chemicals. The discussion of data and models is divided into 
several topical areas, namely, nuclear and chemical properties, human activities, animal. plant. 
and soil characteristics. 

An additional consideration is the potential effects on special groups of individuals who 
may be exposed in unique ways not normally considered. Information relevant to estimating the 
dose received by thesc special groups is included in each section. 

A1.O NUCLEAR PARAMETERS 

The first parameters of interest are basic nuclear properties of the radionuclides that may 
be found in waste buried on the Hanford Site. The two main selection criteria for these nuclides 
are the radioactive half-life and the projected inventory in typical N-Reactor fuel. Radionuclides 
with half-lives greater than approximately one year are considered. If the nuclide is listed as a 
constituent in the waste stored in underground tanks or the burial grounds, it was included in the 
list. 

Table AI shows the decay half-life and the decay chain branching ratios. A branching 
ratio is the fraction ofdecays of a parent nuclide that produce a given progeny nuclide. These 
panmeters are needed to determine the amount of a nuclide, and any radioactive progeny, that is 
present as a function of time. Values are taken from the Evaluated Nuclear Data Filc, Release VI 
(ENDFIB-VI). The conversion from seconds to years was camed out using the value 
365.25 days per year. 

Also shown on Table AI are the short-lived progeny that are assumed to be in secular 
equilibrium with the parent. These short half-life progeny are also called "implicit daughters" 
because their ndioactivc emissions are not considercd scparately, but combined with thc parent 
nuclide. When referring to the activity of these groups of nuclides, only the activity of the first 
member of the decay chain is shown. It is understood that there is additional activity in the 
progeny nuclides. For example, 1 Ci of Sr-9WD means 1 Ci Sr-90 and 1 Ci Y-90. 
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Table AI. Radionuclides to be Considered and Their Half Lives. 

TI-204 I 3.7801 I 
Pb-205 I .S20E+07 
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life (y) 
Pb-ZIO+D 22.300 

Bi-207 32.198 
Po-203 102.0 
Po-210 0.37886 (138.38 d) 

Ra-226+D 1,600 
Ra-228+D 5.7498 

Table Al .  Radionuclides to be Considered and Their Half Lives. 
1 Nuclide I Half Short-lived progeny in equilibrium with parent 

Bi-210 

Rn-222. Po-218, Pb-214. Bi-214, Po-214(0.9938) 
Ac-228 

Parentheses in the second column show half-lives that are normally given in days. 
Parentheses in the third column show branching ratios that differ from 1.00. Short-lived progeny are 

radionuclides that are normally found in secular equilibrium with the parent nuclide. They typically 
have half-lives less than 30 days. 

2000-24 Revision 0, Section 3.2.2 for discussion of revisions to the half lives for Se-79 and Sn-126. 
IIalf-lives and branching ratios are from ENDFiB-VI, except for Se-79 and Sn-126. See DOUORP- 
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As noted in DOWOW-2000-24 Revision 0, Hunford Immobilized Low-Acfiviry 
Tank Wasre Per/ormance Assessnienf (section 3.2.2), new measurements of the half-lives for 
Se-79 and Sn-126 show substantial increases. References for the revised half lives are Chu, et al. 
(1998), Chunsheng, et 31. (1997), Yu, et al. (1993). and Zhang, et al. (1996). The newer values 
have been used in Table Al .  

Table A2 shows the radioactive decay chains included in the exposure scenario 
calculations. Radioactive decay normally reduces the dose that a receptor could receive. 
However, in the cases shown on Table A2, the in-growth of the progeny nuclides with time may 
increase the dose from the parent nuclide. One example of this is Th-232, which has a very long 
half-life so that there is essentially no change in its activity during the year ofexposure. Since 
the initial activity of the progeny nuclides (Ra-228 and Th-228) is assumed to bc zcro any 
increase will have maximum effect on the Th-232 doses. In addition, since the progeny 
accumulate according to their much shorter half-lives, they are able to increase the dose from 
Th-232 significantly. 

The decay chains used in these calculations are limited to four radioactive members by the 
assumption that the decay times involved in the generation of unit dose factors will be less than 
1000 years. At longer decay times, the ingrowth of progeny farther down the chain may be 
important. The longest decay times used in this report is 70 years. 

Table AZ. Decay Chains Actually Computed. 
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Table A2. Decay Chains Actually Computed. 
Am-24 I -. Np237 

1 .a27 -. Pu-242 
.173 

Am-243 -. Pu-239 

Cm-243 _. Pu-239 

_. Am-243 
1 

.0024 
Cm-244 -. Pu-240 
Cm-245 -. Pu-241 -. Am-24 1 -* Np237 
Cm-247 -. Am-243 
Cm-250 _. Cf-250 -. 

1.14 1 -. Cm-246 c 

Am-242111 -- Cm-242 -. Pu-238 -* U-234 

Cm-242 -c Pu-238 -. U-234 

r 

.25 
Bk-247 -. Am-243 
Cf-248 -. Cm-244 -. Pu-240 
Cf-249 -. Cm-245 -. Pu-24 I -. Am-24 I 
Cf-250 -. Cm-246 
Cf-25 1 -. Cm-247 
Cf-252 -. Cm-248 

Notes: 
Decay times are assumed to be less than IO00 years so that the in-growth of progeny with 

long half-lives can be ignored. 
There is a slight increase in the Pu-238 and U-234 for the Am-242m decay chain that is not 

shown. This is a result of the low-probability alpha decay of Am-242111. The complete chain 
is, Am-242m(0.00155)->Np23S~Pu-238~U-234. 
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A2.0 CHEhIICALS OF INTEREST 

The list of hazardous chemicals used in the generation of unit hllzard quotients and unit 
risk factors comes from PNNL-12040, Regzrlafory Dafa Qirafiv Objecfives Supporting Tank 
Wusfe Remedialion Sysfem Privafizafion Projecf, 1998. Table 4.4 lists 125 organic compounds 
and Table 4.7 lists 51 inorganic compounds that are recommended for chanctcrizing Hanford 
underground tank waste. In addition, Appendix B lists 1,227 compounds from the TWINS 
database. Of these, there are 410 compounds listed with at least 10 vapor hits or at least one 
solid/liquid hit. 

The lists found in PNNL-12040 were compared with the list ofchemicals for which there 
is toxicological data according to the Risk Assessment Information System (RAIS). The Oak 
Ridge National Laboratory ( O W )  maintains this toxicological data listing for human health 
risk assessments. Thc data may be obtained from thc World Wide Web using thc location 
http://risk.lsd.oml.gov. The values that were current as of June, 2003 were used for unit risk 

http://risk.lsd.oml.gov
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factors in the present document. The list of chemicals that are found in either the 410-chemical 
list (Table B.1 of P”L-12040) or the 176-chemical list (Tables 4.4 and 4.7 of PNNL-12040) 
was compared with the 695-chemical RAE database. The 126 common chemicals are shown in 
Table A3 along with the Chemical Abstract Service Reference Number (CASRN). 

It is unlikely that any hazardous chemical has been omitted from the detailed study 
documented in PNNL-12040. In addition, it is assumed that the toxic materials ofconcern have 
been studied sufficiently that appropriate measures of their toxicity are available. It may be that 
serious toxins have not been studied in such detail at this point in time. The list given in Table 
A3 represents the most complete information available at the present time. The molecular 
weights, water solubilities, unitless Henry’s Law constants, and logarithms of the octanol-water 
constants are from the EPA software EPI Suitem Version 3.10. The application of these 
parameters is discussed in later sections. 

Table A3. List of Chemicals. 

I 75-21-8 IEthvlene Oxide (Oxinne) I 44.05 I 1.00€+06 I 6.OSE-03 I -0.30 I 

EPI Suite is a trademark owned by the U. S. Environmental Protection Agency 
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Table A3. List of Chemicals. 

Molecular 
M'eieht 

Page A-1 1 

Unitless 
Solubility Henry's 
in Water Law 
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Table A3. List of Chemicals. 

CASRN 

108-10-1 

108-67-8 
108-87-2 
108-88-3 
108-90-7 
108-94-1 
108-95-2 
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Chemical (g/m&) 

100.16 

1.3.5-Trimethylbenzene 120.20 

Methyl isobutyl ketone (4-Methyl-2- 
pentanone) 

Methyl cyclohexane 98.19 
Toluene (Methyl benzene) 92.14 
Chlorobenzene 112.56 
Cyclohexanone 98.15 
Phenol (Carbolic acid) 94.1 1 

Molecular 
\Veizht 

5.26Et02 I 2.71E-01 
4.98€+02 I 1.27E-OI 
2.50Et04 I 3.68E-04 

2.73 
2.84 
0.81 

110-00-9 Furan (Oxacyclopentadiene) 68.08 
110-54-3 n-Hexane 86.18 
110-86-1 Pvridine 79.10 

126-73-8 

126-98-7 

134.18 

Triburyl Phosphate 266.32 

67.09 2-Methyl-2-propenenitrile 
(Methacrvlonitrile) 

I 17-84-0 Di-n-octylphthalate 390.57 
I 18-74-1 tlexachlorobenzene 284.78 
120-82-1 1,2,4-Trichlorobenzene 181.45 
121-44-8 Triethylamine 101.19 
122-39-4 Diphenylamine 169.23 
123-91-1 1.4-Dioxane (Diethvlene oxide) 88.1 I 

~~~ ~~~ 

319-84-6 

319-85-7 

.~ ~~~~~~~~ 

290.83 

290.83 

alpha-Benzene hexachloride (alpha- 
Lindanc) 
bew-Benzene hexachloride (bew- 
I inA.nr1 

127-184 I1.1,22-Tcu~chloroelliylenc I 165.83 
141-78-6 IEthvl acetate (Acetic acid. ethvl ester) 1 88.11 

1330-20-7 
1336-36-3 
1336-36-3 
1336-36-3 
6533-73-9 
7429-90-5 
7439-96-5 
7439-98-7 
7440-02-0 

20644-0 I Fluonnthcne (1.2-Bcnwcenaphthene) I 202.26 
309-00-2 1 Aldrin I 3U.92 

Xylenes (mixtures) 106.17 
Polychlorinated Biphenyls (high risk) 29 I .99 
Polychlorinated Biphenyls (low risk) 29 1.99 
Polychlorinated Biphenyls (lowest risk) 291.99 
Thallium carbonate 468.78 
Aluminum 30.01 
Manganese 54.94 
Molybdenum 95.94 
Nickel lsoluble sale) 58.69 

7440-22-4 ISilver 

-... "" ..., I 
621-61-7 I N-Nitrosodi-N-propylamine I 130.19 

107.87 

I 1314-62-1 IVanadium Dentoxide I 181.88 

I I 
~ 4.82E+01 1 3.58E-01 I 3.42 

1.40EtOI I 1.76€+01 I 3.61 

~~ ~~ ~~ I 

8.28E+04 I 1.36E-05 I 1.46 

I.OOE+06 I 6.54E-05 I 0.83 I 
I.OOE+06 9.11E-10 -0.54 

2.70E-01 1 l.lOE-05 I 7.60 

4.02 

-0.27 
2.80E+02 I 6.13E-06 I 4.00 

2.54E+04 I 1.01E-02 I 0.68 I 

2.60E-01 1 3.62E-01 I 5.16 
1.70E-02 1 1.8OE-03 I 6.50 
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Table A3. List of Chemicals. 

18540-29-9 IChromium (VI) (soluble salts) 
I 16065-83-1 IChromium ( I l l )  (insoluble salts) I na I 1.20EtO-l 1 na I na I 

na 1 1.20Em 1 na na 
I none IUnnium (soluble salts) I na ~ I na I na I na I 
Notes: 

CASRN = Chemical Abstract Service Reference Number 
The 126 chemicals on this list arc found in the RAlS database and either the 4lOshemical list (Table I3.l) 

or the 176-chemical lists (Tables 4.4 and 4.7) in PNNLI2040. 
Molecular Weights, Water Solubilities, and Unitless Ilenry’r Law constants are from the EPI Suite sohvar 

version 3.10. 
Missing values are indicated with ”na”, which means ”not available“. 

Version 3.10 of the EPI Suite sonware reports some of the numbers it calculates 
incorrectly. This shows up in the calculation of the Log Kow values as well as numbers that are 
calculated from them. It occurs when more than one chemical is found with a similar structure. 
The software reports the last chemical on the list rather than the chemical that was requested. 
This error was obscrvcd for Dibenz[a,h]anthraccnc (53-70-3), gamma-Bcnzcnc hcxachloridc 
(gamma-Lindane) (58-89-9). Dieldrin (GO-57-I), cis-1.2-Dichloroethylene (1 56-59-2), alpha- 
Benzene hexachloride (alpha-Lindane) (3 19-84-6). and beta-Benzene hexachloride (beta- 
Lindane) (3 19-85-7). 

With the exception ofthe State of Washington’s MTCA. the chemicals are not separated 
into volatile and non-volatile in the calculations presented in the main text. Instead, the 
appropriate chemical property is used to determine the relative volatility. One such property is 
the Henry’s Law Constant, which is the ratio of the saturated vapor concentration to the aqueous 
concentration. Thc unitless Henry’s Law Constant (H’) may be converted into the units atm per 
mole/L using the factor RT, where R is the idea gas law constant (0.082057 L-atdmole-K) and 
T i s  the temperature (298.15 K). This is shown in the equation below. 
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KIIENRY H' R T  

The polychlorinated biphenyls (PCBs) are separated into three categories, high, low, and 
lowest risk. The first two categories are distinguished by the extent'the PCBs have entered the 
food chain. The high risk PCBs are those that are in the food and may affect children. The low 
risk PCBs are strictly in water. The lowest risk PCBs are for mixtures containing less than 0.5% 
of chemicals with more than 4 chlorine atoms. 

Many of the organic chemicals on the list in Table A3 decompose in the environment by 
the action of sunlight, reactions with other chemicals (oxygen especially), heat, and biological 
action. The decomposition half-lives are not included in the calculations. In effect, it is assumed 
that thc chemicals do not decompose. For inorganic chemicals this is largely true. However, 
many organic chemicals have measured half-lives that are less than one year. Examples from 
Table 1 in Jury (1990) are toluene (50 days) and xylene (1 10 days). 

A3.0 HURIAN PARAhlETERS 

In the various exposure scenarios the data for humans falls into two categories. The first 
data category is needed to estimate the contaminant intakes. This includes the dietary 
consumption rates, the breathing rate, duration of external exposures, extent and duration of 
dermal contact, and the like. The second data category is toxicity of the various hazardous 
materials. For radionuclides, the measures of toxicity are the internal and external dose factors, 
and the cancer induction risk coefficients. For chemicals, the measures of toxicity are the hazard 
index and the cancer induction slope factors. Each of these parameters is discusscd in this 
section. 

A3.1 Dietary Consumption Rates 

In this section the ingestion rates for all types ofproduce for all exposure scenarios are 
presented and compared. In addition, consumption rates for water and trace amounts ofsoil are 
given. Finally. gardcn size is discusscd bccausc thc assumed gardcn size controls soil 
concentration in the garden of the post-intrusion resident. 

A3.1.1 Food and Water 

A summary of the food and water consumption rates is given in Table A4. Specific 
food items arc listcd in the notes to the table. All values arc in units of kilograms. The items 
ingested are separated into three general categories, namely, plants. animal products, and 
miscellaneous items. Each of these categories has a short list of items that represents related 
foods. The columns show distinct consumers used in the various exposure scenarios. 

Edible plants are grouped in to four typcs. "Leafy" refers to vegetables whose leafy parts 
are normally eaten. such as lettuce. cabbage and spinach. "Other" is termed "protected" produce 
becausc thc cdiblc portion is underground or has some type of non-ediblc covcring. Protected 
produce includes both fruit and vegetables. Examples are melons, avocados, potatoes, onions, 
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peanuts, tree nuts, artichokes, carrots, garlic, onions, radishes, green peas, chili peppers, and 
sweet corn. “Fruit” is termed ”exposed” produce because airborne contaminants may deposit on 
the edible portion, but the surface area is small compared to leafy vegetables. Exposed produce 
includes both fruits and vegetables. Examples of exposed produce are apples, apricots, 
aspanys ,  bell peppers, broccoli, Brussels sprouts, cauliflower, celery, cherries, cranberries, 
cucumbers, eggplant, grapes, peaches, pears, plums, snap beans, squash. strawberries, and 
tomatoes. “Grains” refers to cereals consumed by humans, such as corn (for meal), oats. 
soybeans, and wheat. Rice is excluded due to the cooler climate. 

For a given element, the protected and exposed categories have very similar model 
parameters (discussed in Section A5.0). eg.. dry-to-wet ratio, crop yield, translocation factor, and 
root uptake factor. Thus, the issue of whether to include below ground vegetables in the 
protected or exposcd category when dealing with soil contamination is not important. The 
resulting intakes ofradionuclides or toxic chemicals are similar. In effect, there are only three 
distinct groups of garden produce, namely, leafy vegetables. grains, and everything else. 

Edible animal products refer to “Bccf’, “Milk‘‘, “Poultry”, and “Eggs”. The animal 
products may be contaminated if the animals ingest contaminated feed and drink. The various 
animals raised for foods are separated into the two broad categories “Beef’ and “Poultry”. If the 
animal resembles a cow (e.g. sheep, goats or pigs), it is “Beef’. If the animal resembles a bird 
(e.g. ducks and turkeys), it is “Poultry”. The names simply refer to the most likely animal. 
“Milk” refers to fresh milk as well as yogurt, ice cream, and condensed milk. In addition, no 
distinction is made between goat’s milk and cow’s milk. “Eggs” refers to chicken eggs 
exclusively. 

The miscellaneous category includes “Fish”, “Game”, and “Water”. “Fish” refers to fresh- 
water fish and shellfish. “Game”refers to wild animals harvested for food, such as deer and 
waterfowl. “Water“ refers to drinking water and beverages made from local water sources. 

The column labeled “EPA” comes from an EPA analysis of the 1977-78 USDA 
Nationwide Food Consumption Survey (Yang and Nelson 1986). The consumption panmeters 
for the “West” region were used in prior Hanford Site disposal facility pcrformance assessments. 
Thcsc consumption ntcs arc avcragcs for all agc groups. Game animals wcrc not includcd. The 
non-dairy beverage consumption rates measured by the EPA (Yang and Nelson 1986) for the 
western region are 1.48 liters per day (540 Uy). The grouted waste performance assessment 
used 1.84 liters per day (672 Uy) (Roseberry and Burmaster 1992). The traditional assumption 
widely used in other performance assessments is 2 liters per day (730 Vy), which is 35 percent 
higher than the EPA average and 9 percent highcr than the grouted waste PA. 

The column labeled “USDA” comes from indirect estimates of average pcr capita food 
consumption based on food production in the United States (Putnam and Allshouse, 1999). 
Losses from exports, industrial uses, and end-of-year stocks were taken into account. The other 
and fruit consumption rates do not include bananas. pineapples, or citrus fruits, because they are 
not grown in southeastern Washington. Similarly, the grain consumption rate excludes rice. 
Game meat was not included in the study. The authors concede “fish consumption is likely 
understated”. However, the EPA Exposure Factors Handbook (EPA/GOO-P-95/002Fa) 
recommends a total fish consumption rate for the general population that is just 11% larger 
(7.34 kgly). Beef includes all red meats. When volumes of milk are converted to mass units, a 
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density of 1.03 k@ is used. Egg consumption is given as 238.7 per person in 1997. To 
estimate annual consumption rate shown in Table A4, this was rounded to 240, and an average 
egg weight of 2 ounces (57 g) was assumed. 

Comparing the food and water consumption rates from EPA with those from USDA, only 
fish consumption shows a small decrease. All other food items have larger intake rates. The 
values for exposed produce (fruit) and poultry show the largest increase. The USDA column 
will be used to calculate unit dose factors for the post-intrusion resident, the all pathways farmer, 
and the Columbia River population scenarios. This diffcrs from previous Hanford performance 
assessments and leads to a small increase in the doses from the food pathway. 

The column labeled “HSRAM” gives the food and water consumption rates for adults in 
the residential and agricultural scenarios found in DOE/RL-91-45 Revision 3, (FISRAM). The 
consumption parameters listed in that document for the residential and agricultural scenarios are 
presented in Table A4. The HSRAM givesjust two types of garden produce, namely. fruit and 
vegetables, for the residential and agricultural scenarios. The vegetable consumption rate was 
separated into leafy and other by keeping the same relative amounts found in the USDA column. 

The game consumption rate has been modified from the HSRAM. which lists 1 gld animal 
fat. In Paustenbach (1989) the average successful hunter consumes 60 gld (22 kgly), which is 
about half of the total edible portion of one deer. The animal fat is 1.4%, hence, the animal fat 
consumption rate is 0.84 gld, which is rounded to 1 gld in HSRAM. A modifying factor of 0.19 
is used to include the hunter success rate, Le.. the fraction of people who hunt that actually obtain 
a deer. In Table A4 the mass ofdeer meat is listed rather than animal fat. The hunter success 
rate factor is included in the value shown (4.2 kgly). 

The fish consumption rate is the HSRAM value of (27 gld)(365 d/y)=9,900 g/y, which is 
considerably larger than the values recommended in the Exposure Factors Handbook (EPNGOO- 
P-95/002Fa Scction 10). which lists 6.6 gld fresh water fish, and 20.1 gld total as the 
recommended population averages. 

Thc EPA and USDA numbers must be adjusted for the fraction of food grown locally. 
Thc €ISRAM valucs alrcady include thcsc adjustmcnts. Thcsc fractions arc bascd on the EPA 
Exposure Factors Handbook (EPNG00/8-89/043). For garden produce 2.5 percent of the 
vegetable diet comes from the garden. The other 75 percent is obtained from uncontaminated 
sources. For animal products, SO percent of the animal products (including fish) are locally 
produced and thus contaminated. Note that the updated Exposure Factors Handbook (EPNGOO- 
P-95/002Fa) gives somewhat different valucs. The 25 pcrcent and 50 percent fractions continue 
to represent the Exposure Factors Handbook values (see Table 13-71 under Questionnaire 
Response). Tlic adjusted annual intakes are shown in Table AS. 
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EPA 

Table A4. Food and Water Consumptions Rates (kg/y). 

USDA IISRAM NASR 

Leafy: 
Other: 
Fruit: 
Grain: 

16.4 17.8 5.0 16 
55.6 86.5 24.2 77 
38.4 85.8 15.3 76 
74.0 81.9 0 73 

Beef: 
Milk: 

Poultry: 

Eggs: 

42.0 50.3 27.4 34 
104 116 110 226 
10.6 29.4 0 20 
10.6 13.6 0 9.1 

Fish 6.75 6.58 9.9 197 
Game: 0 0 4.2 70 
Water: 540 I 545 I 730 1,095 
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The column labeled “NASR” gives the food and water consumption rates for the Native 
American Subsistent Resident (NASR). These are from the Columbia River Comprehensive 
Impact Assessment (CRCIA) @OE/RL-96-16 Section 5.1.4.1). Slightly different parameter 
values are presented in a paper by Harris and Harper (1997). The CRCIA model generally leads 
to larger intakes and resulting doses or risks. Hence, the CRCIA model is used in this report. 
The CRCIA givesjust one value for consumption of fruit and vegetables (660 gld). This was 
separated into the four types shown by keeping the same relative amounts found in the USDA 
column. 

Food Consumed 
W Y )  
Leafy 

IISRAM IISRAM Columbia IISRAM 

Population 

All Pathways Native 
Farmer American River Recreational Residential Agricultural 

4.45 16 8.9 0 5 5 
Other I 21.625 I 24.2 77 43.25 0 24.2 

The post-inhusion scenarios use the same diebry intakes as shown for the All Pathways Farmer. The 
Suburban Garden case uses only the vcgebble amounts, while the Urban Pasture case uses only the milk amount. 

The IISRAM Indusnial worker only consumes 1 U d  of drinking water while at work. The lob1 annual intake 

The Sbte of  Washington MTCA scenarios use 2 U d  or 730 Uy for water. The fish consumption rate for 

Grain 0 
Beef 25.15 

Milk 58 

Poultry 14.7 

Eccs 6.8 

0 0 0 0 0 

34 25.15 0 0 27.4 

226 58 0 0 110 
20 14.7 0 0 0 
9.1 6.8 0 0 0 
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Wild game is not included in Table A5 for the All Pathways Farmer because this is an 
average individual. Hence, the game intake would be small and contribute very little to the total 
dose or risk or hazard index. If the average value for the IISRAM Recreational Scenario were 
used for the All Pathways Farmer, the meat intake would increase by about 17%. Since the wild 
game is not as contaminated as the cow, the resulting dose from a contaminated deer can be 
neglected. The consumption of wild game by the population is not included for the same reason. 
It is a minor addition to the total dose or risk or hazard index. 

For exposure of the population along the Columbia River, parameters are scaled up by the 
assumed total population of 5 million. Two exceptions are water intake and fish consumption. 
The average drinking rate of 545 V y  per person (Putnam and Allshouse 1999) will be used. 
About half of this number is water, while the rest is various other beverages. most of which are 
derived from drinking water supplies. Thc contaminated fraction of thc average diet is assumed 
to be SO%, due to widespread irrigation. The other 50% is obtained from non-imgated sources 
or imported from other regions. 

The quantity of contaminated fish consumed by the population along the Columbia River 
is limited by what the river is able to produce. The total mass of fish harvested from the 
Columbia River annually and consumed locally is approximately 15 metric tons (PNNL-9823). 
The average amount of fish consumed by 5 million people is thus 3 grams per year per person. 

A3.1.2 Garden Area Determination 

From the annual consumption of garden produce it is possible to estimate the minimum 
garden area needed to supply an individual. This area is required for intruder calculations in 
which the exhumed waste is spread over a garden. 

The quantity of food derived from the garden is proportional to the garden size. To 
estimate food production per unit garden area, two approaches were considered. The first is 
commercial food production in Washington State (WA Department of Agriculture 1994). 
Values for production per acre and per square meter are shown on Table A6. "cwt" means 100 
pounds. Bushels of grain werc assumcd to have a density 70 pcrcent that of water (700 kglm'). 
Thus a bushcl of ga in  is assumcd to w i g h  about 54 Ib. The catcgorics uscd for human 
consumption are from Table A4. The average person consumes the amount shown, in kgly. 
Based on the average food production rate, the necessary garden area is 233 m2. This total area 
is mostly needed for production ofgrains. This area also requires an efficient gardening 
operation to succeed. 

The second approach to estimating garden size uses garden production estimates published 
by the Washington State University (WSU) Cooperative Extension (19SO). Values are listed in 
Table A7. The referenced document provides estimates of pounds of produce pcr IO-foot row in 
a garden. In addition, it gives recommended row spacing. The spacing was treated as the row 
width to compute production per unit area. The USDA average annual consumption rates from 
Table A4 were used to determine garden area needs. The WSU production estimates are higher 
than the commercial production averages hence the needed garden area is smaller (207 m'). 
These were assumed to be optimum values under excellent growing conditions. 
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The post-intrusion resident’s arden is assumed to supply vegetables and fruit only. H Grains are excluded. Thus, a 100 m garden supplies 100% of the garden produce needs of a 
single adult over a year‘s time, or 25% of the garden produce needs of a family of four. Note that 
this area is half that used in the 2001 ILAW PA (200 m2) due to the elimination of grains. 
However, it represents a marked decrease from other Ifanford performance assessments, which 
use a garden are3 of 2,500 m2. 

The chosen garden area is consistent with recent performance assessments at other DOE 
sites. The Class L-I1 disposal facility at thc Oak Ridge Reservation has an intruder garden area 
of 200 m2 (ORNLTW13401). This garden area was judged adequate “to provide half the entire 
yearly intake of vegetables” (page G-50). A performance assessment for the Nevada Test Site 
(SAND2001-2977) uses an intruder garden area of 70 m2 based on food consumption. 

Table A6. Commercial Food Production as a Basis for Garden Size. 
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Table A6. Commercial Food Production as a Basis for Garden Size. 

Rye I I 
Wheat 63.6 bu 0.39 

Total Garden Area: 232.6 m' 

Table A7. Homeowner Food Production as a Basis for Garden Area. 
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Table A7. Homeowner Food Production as a Basis for Garden Area. 

A3.1.3 Soil Ingestion 

Inadvertent soil ingestion refers to trace amounts associated with soil dust that adheres to 
hands and is transferred to food or cigarettes. Another route is airborne soil that deposits on the 
lips and is subsequently ingested. Deliberate soil ingestion is not considered in the calculations, 
although it may occur in children. A survey ofmeasurements of soil ingestion is presented in 
NUREG/CR-5512, Section 6.3.2. Soil ingcstion is also discussed in detail in the Exposure 
Factors Handbook, Chapter 4 (EPA/600-P-95/002Fa). Values used in thc unit dose and unit risk 
factors are shown in Table A8. 

The average adult is assumed to ingest 100 mp/d in trace amounts. In the Native 
American scenario, the adult soil ingestion rate is applied to both the irrigated land and shoreline 
sediment, so that the annual amount ingested is nearly four times greater than the All Pathways 
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Farmer. In three of the HSRAM exposure scenarios two daily rates are used. The child’s soil 
intake rate is twice the adult’s and applies during the first 6 years. The adult rate is used during 
the next 24 years. For radionuclides. the 30-year total is used to calculate the increased cancer 
risk from soil ingestion. For non-carcinogenic chemicals, the child’s annual intake rate is used 
for soil ingestion. For carcinogenic chemicals, the 30-year total averaged over 70 years is used 
for soil ingestion. 

a 

In all prior Hanford Performance Assessments, the Post-Intrusion Resident and All 
Pathways Farmers ingest 36.5 g/y. In the present calculations, the Post-Intrusion cases ingest 
about half as much, 18 g/y. The reduction is based on the limited time of exposure to the 
contaminated area (garden, pasture, or field). Note that the Hams and Harper NASR ingests 
about half as much soil, 36 g/y. 

Table AS. Inadvertent Soil Ingestion. 

Inadvertent soil ingestion refers to trace amounts ingested aRer transfer from hands to 

Native American values are from DOEAU-96-16, Revision 1. IISRAM values are from 

Two values are given for the last threc IISRAM scenarios. The fmt is the rate for 

food or cigarettes. 

DOE/RL-91-4S Revision 3. 

children. and the second is the rate for adults. 
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A3.2 Inhalation Rates for People 

To determine the internal dose or risk from the inhalation of vapors and suspended 
particulate matter, one must compute the total activity inhaled. Values for the average air 
concentration. the time exposed at that concentration, and the average breathing rate during the 
exposure period are presented in this section. The inhalation intakes are separated into those 
from contaminated soil and those from contaminated water. 

A3.2.1 Airborne Soil 

A mass loading approach is used to estimate airborne concentrations of radionuclides for 
scenarios involving resuspension of contaminated soil. For the intrusion scenarios, a basic 
assumption regarding the waste materials in the soil is that the particle size distribution of the 
waste (either as exhumed waste or as contaminated irrigation water) is similar to that ofthe soil. 
If waste particles were finer than soil particles, then soil that becomes airborne would have a 
higher concentration of waste than the average for the garden. If waste particles were coarser 
than soil particles, then the airborne soil would be deficient in waste. For the irrigation 
scenarios, the dissolved and suspended particulate will most likely attach lo the finer soil 
particles bccausc that is whcrc thc grcatcst surface arca is found. 

The average mass loading in air depends on what is happening to the contaminated soil. 
Active gardening produces the largest average mass loading, at 0.5 mg/m3. Routine activities 
outdoors are assumed to take place at an average air concentration of 0.1 mg/m? Indoor 
activities are assumed to take place at lower air concentrations due to the presence of other 
airborne particulate sources. The basis for these air concentrations is presented very effectively 
inNUREGICR-5512, Section 6.3.1. It should be noted that the fine particulate suspended in air 
may have a greater contaminant concentration than the soil from which it is obtained. Hence, the 
mass loadings that have been chosen are somewhat high. (Typical annual average airborne mass 
loadings observed outdoors at the Hanford Site arc about 0.03 mdrn?) 

In the well-drilling scenario, the individual is assumed to be exposed for 40 hours, spread 
over 5 days. This is the time needed to drill the well. During this time the individual breathes at 
the outdoor activity rate (1.21 m h )  dcfined in ICRP Publication 66 (1994), Ilwnan Respirafov 
Tracf Model for Radiological Profecfion. The actual inhalation scenario is highly variable. The 
worker can be exposed to a high concentration when the waste material comes out of the hole. 
However, this material is soon buried by clean material coming from farther down the hole. In 
addition, the material is likely wetted as part of the drilling operation and to minimize fugitive 
dust emissions. Another modeling approach is to average the contamination over the assumed 
spreading area and compute the total inhaled over the 40 hour work period. 

In the Grouted Waste performance assessment (WHC-SD-WM-EE-004) the well-drilling 
worker inhales resuspended dust at a concentration of 0.1 mg/m3 for one hour. The breathing 
rate (1.20 m h )  is from ICRP Publication 23, Report of the Tusk Group on Reference Man 
(1975). However, the air concentration was not based on the waste concentration, but rather on 
the average soil concentration after spreading. In effect, the 0.64 m3 of waste exhumed in the 
Grouted Waste PA was diluted to a total volume of 15 m3=(100 m2)(0.15 m). These assumptions 
lead to the inhalation of 0.12 mg soil containing 0.0051 mg ofwaste, as shown in the 
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calculations below. Note that the soil density in the well is assumed to be the same as the soil 
density of the tailings to simplify the comparison with the prior performance assessments. 

Soil Inhaled (Grout PA) = (1 h)(1.2 m3/h)(0.1 mg/m3) = 0.12 mg soil inhaled 

0.64 m3 grout WasteInhalaed(Gr0ut PA)=(O.12 mgsoil 

= 0.0051 mg grout inhaled 

In the 2001 ILAW PA (DOWORP-2000-24 Revision 0) the driller inhales suspended soil 
for a period of 40 hours. The airborne soil is diluted to the average concentration of the well 
tailings (80 m well depth assumed) in addition to the dilution that results when the exhumed 
material is spread over an area of 100 m2 to a depth of 0.15 m. Finally. the 2001 ILAW PA 
assumes that 1% of the exhumed waste is available for inhalation. The inhalation intakes are 
shown below. 

Soil Inhaled (ILAW PA) = (40 h)(1.2 m3/h)(0.1 mg/m3) = 4.8 mg soil inhaled 

0.272 m3 waste 
5.84 m3 borehole 

Waste Inhalaed(1LAW PA) = (4.8 mgsoil 

= 0.000041 mg wasteinhaled 

In the present report, the dilution ofthe well tailings to a volume of 15 m3 is eliminated. 
The driller inhales 4.84 mg of the average soil concentration taken from the well. The well depth 
is 100 m and the waste depth is assumed to be 8 m. If 10% ofthe exhumed waste is available for 
inhalation, then the resulting inhalation intake is shown below. 

Soil Inhaled (Tank Waste PA) = (40 h)(1.21 m3/h)(0.1 mgh’)  = 4.84 mg soil inhaled 

8 m waste 
100 m well 

Waste Inhalaed (Tank Waste PA) = (4.84 mg soil)( )(0.1) 

= 0.033 mg waste inhaled 

For estimating inhalation exposure in the post-drilling residential scenario. the individual 
spends the entire year living in the contaminated area. The Grouted Waste performance 
assessment (WHC-SD-IVM-EE-004) used an average inhalation rate of 8,520 m3 per year and an 
avcngc air concentration of 0.1 rng/m3. Thc annual amount ofsoil inhalcd was 852 mg. The 
200 West Area Burial Ground performance assessment (WHC-EP-0645) used more detailed 
inhalation assumptions based on PNNL6312. The inhalation dose was based on an annual 
inhalation of 445 milligrams. 

Inhalation dose for the tank waste PA is an update of the model for the 2001 ILAW PA 
(DOWORP-2000-24 Revision 0). It is a refinement of the model used for the 200 West Area 
Burial Ground (WIC-EP-0645). It is also vcry similar to the method discussed in NUREGICR- 
5512. The post-intrusion residents spend a portion of the day in various average air 
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concentrations. These are shown in Table A9 for all three of the post-intrusion residents as well 
as the all pathways farmer (imgation scenario). The breathing rates shown on Table A9 are from 
ICRP Publication 66 Table B.16B. In Table A9 the 3,102 hour period asleep is 8.5 hours per day 
(IC€@ 66), 365 days per year. The exposed individual is outdoors for a certain number of hours 
each day for 180 days in every case. 

The suburban resident with a garden spends 2 hld (360 My) in or near his garden. Of this, 
about 10 hours are spent in relatively dusty conditions. Due to the small size of the garden 
(100 m2), it is assumed that the average air concentration during the non-outdoor periods is 10% 
ofthe air quality standard, (O.lO)(O.OSO mg/m’)=0.005 mg/m’. This is the concentration of 
contaminated soil in the air breathed by thc resident. There are other (Le.. uncontaminated) 
sources for airborne particulate. The annual soil mass inhaled by the suburban gardener is 
87 mgy. as shown in Table A9. 

The rural resident with a cow spends 4 hld (720 hly) in or near his pasture and hay field. 
Of this, about IO hours are spent in relatively dusty conditions. Due to the size of the pasture 
and hay field (5,000 m*), it is assumed that the avenge air conccntrafion during the non-outdoor 
periods is 20% of the air quality standard. The larger value is based on the larger area of the 
pasture and hay field. The annual soil mass inhaled by the run1 cow owner is 169 mdy. as 
shown in Table A9. 

The commercial farmer spends 8 hld (1,440 hly) in or near his fields. Of this. about IO 
hours ares ent in relatively dusty conditions. Due to the size ofthe field (160 acre, or 
647,500 m ), it is assumed that the average air concentration during the non-outdoor periods is 
20% of the air quality standard. The larger value is based on the larger area of the pasture and 
hay field. The annual soil mass inhaled by the rural cow owner is 169 mdy, as shown in 
Table A9. 

P 

The all pathways farmer spends a portion of his time in various average air concentrations. 
These are shown in Table A9. For 180 days the individual is outdoors. The all pathways 
farmer spends 10 Wd (1800 hly) exposed to higher levels ofdust outdoors. Of this, about 
100 hours are spcnt in relatively dusty conditions. In Table A9 the 3,102 hour pcriod asleep is 
8.5 hours pcr day (ICRP 66). 365 days pcr ycar. Duc to the small sizc of thc gardcn, it is 
assumed that the average air concentration during the non-outdoor periods is at the air quality 
standard as shown in Table A9. The annual soil mass inhaled by the all pathways farmer is 
539 mg. 

The outdoor air concentrations uscd in the table are discussed at lcngth in NUREGICR- 
5512, Section 6.3.1. The values chosen represent conservative bounds on likely concentrations 
for the activities indicated. The exposure times are also based on the NUREG/CR-5512, 
although the document is not as explicit as to the assumptions behind the time periods used. It 
appears that NUREGKR-5512 includes a vacation period of 2 weeks away from the residence. 
This is a minor (3%) reduction in the mass inhaled, and is not included. The combinations 
shown on Table A9 for the post-intrusion resident and all pathways farmer scenarios lead to the 
annual inhalation amounts shown. Dividing these by the volume of air inhaled in a year 
(8,094 m’) gives the average concentrations shown in the table subheadings. 
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Table A9. Calculation of the Soil Inhalation Amounts. 

Concentration 

Notes: 
Air concentrations for the AI1 Pathways Farmer are from NUREG/CRJ5 12, Section 6.3.1. 

The reduced values for the post-innusion scenarios depend on the affected area. 
Each individual spends 8.5 hours per day. 365 days per year asleep. For 1 80 days the post- 

inhusion resident spends 2.4, or 8 h/d outdoors, while the all pathways farmer spends 10 h/d 
outdoors. 

Breathing ntes are from ICRP 66 (1931). 
The All Pathways Farmer is exposed to the more ubiquitous soil contamination resulting from 

a contaminated water supply. Hence, the air concentration is at the ambient air quality guideline. 
The Post-intmsion Resident is exposed less frequently. Hence, the air concentration is smaller by 
a factor of 10. 

If the intakes are averaged over one year, and the annual average breathing rate from 
ICRP 66 (8.094 m3/y) is applied to calculate the amount inhaled, then the avcrage air 
concentration for the all pathways farmer is 0.0666 mg/m3 and the average air concentration for 
the post-intrusion resident is 0.0158 mdm? Thcse are shown on Table AlO. 



Exposure Scenario 
Well-Driller 

Post-Intrusion Suburban Resident 
Post-Intrusion Run1 Resident 

Post-Intrusion Commercial Farm 
All Pathwavr Farmer 

Breathing Average Alr Exposure Annual Soil 
Rate Concentration Frequency Inhalation 

9.68 0. I 5 4.84 
22.175 0.0107 365 87 
22.175 0.0209 365 I69 
22.175 0.0397 365 32 I . 
22.175 n 0666 165 5 7 9  

(m’/day) (mdm’) (dayslyear) (mC/y) 

I ColumbiaRiverPoaulation I 22.175 I 0.05 1 365 1 A05 I 
I SISRAM Industrial I 20 I 0.05 I 250 I 750 I 
I Recreational -ChildlAdult 1 10120 1 0.05 1 7 I ? 5 / 7  I 
I Residential - ChilUAdult 1 10120 I 0.05 I 365 I IR2~51165 I 
I Aericultunl-ChildlAdult 1 l O / Z O  I 0.05 I 365 1 IR2~51165 1 
Notes: 

,Breathing rates for the Well Driller and the All Pathways Fanner are from Table B.16B of ICRP 
66 for the adult mail sedentary worker. Breathing nte for the Native American comes from 
DOURL-96-16. Breathing rates for the IISRAM scenarios are from the IISRAM. Two values are 
given for the last three HSRAM scenarios. In these scenarios, non-carcinogens are inhaled at the 
child‘s rate (IO m3/d). while carcinogens arc inhaled at the adult’s (20 m3/d). 

from Table A9. 

and the exwsure freouencv. 

The Avenge Air Concentrations for the post-intrusion residents and the all pathways farmer arc 

The annual soil inhalation is calculated as the product of the breathing nte, the air concentration 

In the HSRAM scenarios. the average air concentration is the national ambient air quality 
standard, 0.05 mg/m3. The daily inhalation rate is either 10 m3/d or 20 m’/d. The smaller 
number is the breathing rate for children. The intake of non-carcinogens is evaluated using the 
child’s inhalation rate (10 m3/d). The inhalation ofcarcinogens is modeled at the adult inhalation 
rate (20 m3/d). In the industrial scenario there are no children, so the larger breathing rate is used 
for all materials. In the industrial scenario, the annual inhalation time is 250 days so that the 
total annual inhalation is 250 mg soil. In the recreational scenario the annual inhalation time is 

. 
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7 days. so the total annual inhalation is 3.5 mg soil for non-carcinogens and 7.0 mg soil for 
carcinogens. In the residential and agricultural scenarios the annual inhalation time is 365 days 
so that the total annual inhalation is 182.5 mg soil for non-carcinogens and 365 mg soil for 
carcinogens. The HSRAM inhalation intakes are therefore lower than the residential gardener 
commonly used in Hanford Site performance assessments. 

Special Model for Tritium 
Airborne concentrations of tritium in the irrigation scenarios are based on airborne water 

described in the next section. The contribution from the soil is included in the airborne water, 
and is not calculated separately. Airborne concentrations of tritium for the post-intrusion 
scenarios are calculated using an evaporation model derived from the RESRAD manual 
(ANUEADLD-2). The simple box model used for the tank waste PA assumes there is a volume 
of air dircctly over the garden that has a tritium concentration fed by evaporation and diminished 
by movement of air through the volume. The air volume is the garden area times a vertical 
height selected to represent the average extent of contamination. The rapid turnover of water 
during the irrigation season means that all of the tritium has left the soil in a few weeks. The rate 
at which the tritium leaves the surface soil layer decreases with time due to Icaching, 
evaporation. and radioactive decay. The evaporation rate is the amount currently in the garden 
times the evaporation constant @E). The leaching and evaporation are discussed in Section A6.O. 
The time dependence of the airborne tritium in the volume of interest is shown in the equations 
below. 

Tritium evaporation from garden = 1, Qo e-AT1 
P + I  

and I T = -  +l i t  1, =- 
E 

OLTin OLT,,, 
Wind removal from box = U Hfi C, = p W 

U and p=- W 
Jx c -- 

‘ - A H  

where 
A =  

D =  
CA = 

E =  

H =  

I =  

P =  

Qo = 

surface area of the garden, 100 m2 
tritium air conccntration in the volume (AH) above the gardcn, in CUm’ 
thickness of the surface soil layer from which nuclides migrate. 0.15 m 
(5.9 inches). 
total evapokanspiration during the irrigation season, 0.7806 m from Section 
A6.0 
effective vertical height above the garden for estimating air concentrations 
from Table AI l a  
total irrigation water applied during the irrigation season, in 0.823 m Nearly 
all of this is deposited during the 6 month period from April to September. 
total precipitation. in centimeters, during the irrigation period. Over the 
pcriod 1971 to 2000, the prccipitation during the 6 month irrigation season 
(April to September) has been 0.05766 m (PNNL-13859). 
initial total tritium activity in the garden, in Ci 
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t =  

Ti, = 
u =  

elapsed time, in years. At t=O the well was drilled and spread in the garden 
and irrigation begins. 
irrigation period, 0.5 y 
harmonic wind speed average through the volume of interest, 2.05 m / s  from 
PNNL-13859 for the years 1955 to 2001 
amount of tritium in the volume of air, Ci 
surface soil layer removal constant for removal by evaporation during the 
irrigation season, 52.04 per year 
radioactive decay constant for tritium, 0.05622 per year 
total tritium removal constant during the irrigation season, 58.76 per year 
effective removal constant by wind moving through a volume of air over the 
contaminated area. Calculated values are shown in Table AI la  
volumetric water content of the surface soil, milliliters of water per cubic 
centimeter of soil. A value of 0.2 mVcc is assumed (Section A6.0). 

The solution for the activity in the volume of interest (W) is shown below. The total 
activity inhaled by the resident is the time integral of the air concentration over the irrigation 
season. Because the removal constants are large, this is effectively an integral from 0 to infinity. 
The equation for the activity of tritium inhaled by the post-intrusion resident is shown below. 

where 
A =  

BR = 

FPI 

H =  

Qo = 
t =  

u =  

surface area of the garden, 100 m2 
breathing rate for the post-intrusion resident when outdoors in his garden, 
1.21 m3h from ICRP 66 
fraction of air that the individual breathes while located in the contaminated 
area. Computed as thc volume of air inhaled during thc hours outdoors 
dividcd by thc volumc inhalcd in 1 day. For the suburban gardcncr this is 
(2 h)(1.21 m3h)/(22.175 m3)=0.109 

effective vertical height above the garden for estimating air concentrations, as 
shown in Table AI 1 a 
initial total tritium activity in the garden. in Ci 
elapsed time. in years. At t=O the well was drilled and spread in the garden 
and irrigation begins. 
harmonic wind speed average through the volume of interest, 2.05 m / s  from 
PNNL-13859 for the years 1955 to 2001 
amount of tritium in the volume of air, Ci 
evaporation constant during the irrigation season, 52.04 per year 
total tritium removal constant during the irrigation season, 58.76 per year 
effective removal constant by wind moving through a volume of air over the 
contaminated area. Calculated values are shown in Table A1 l a  



Time 
Post-Intrusion Exposed 

Scenario (Wd) 
Suburban Garden 2 

RunlPasture I 4 I 0.2183 1 5.000 I 104.4 1 2 1 2.241E-07 
Commercial Farm 1 8 I 0.4365 1 647,500 1 9.170 1 4 I 1.97OE-08 

Averaging Loss Effective Tritium 
Inhaled Alr Area Rate, p Mixlng Height Inhalation 
Fraction, F,, (m’) (per h) (m) Fraction 
0.1091 100 137.9 1 1.585E-06 

The harmonic average wind speed is the inverse of the average of the inverse wind speeds 
from PNNL-13859 for the years 1955 to 2001. The inverse spceds arc weighted by the fraction 
of the hourly readings that have wind speeds in that group. The calm group in PNNL-13859 is 
assumed to have a wind speed of 1 milelhour. During the year, the average wind speed is 
slightly greater during the summer months, but this has a small effect on the average speed. 

The atmospheric dispersion parameter used in the EPA Soil Screening Guidance 
documents (EPA/540/R-96/018 and EPA/540/R95/128) to relate the surface emission rate (g/m2 
per second) to the average air concentration at the ground surfacc (k@m3) is known as Q/C. It is 
calculated using the EPA software ISCST3 (EPA-454lB-95-003) for area sources. The value 
given in the soil screcning guidance is 68.81 g/m2 pcr sccond pcr k g h 3  calculatcd using Los 
Angeles wind data and a 0.5-acre-square source. (0.5 acre = 2,023 m2). It is an annual average 
value at an elevation of zero meters above the soil surface. In the formalism shown above for 
tritium, the quantity Q/C is defined as shown below for the suburban garden. For the rural 
pasture (Le. H = 2 m and A = 5,000 m2) the Q/C is 58.0 g/m2 per second per kg/m3. 

g kg 0.205 ds = 205 7 pcr 7 -7Ez-= m s  m 
H U (1 m)(2.05 d s )  

Thc cffcctivc Q/C valuc used in this rcport lcads to smallcr amounts of tritium inhalcd than 
using the value presented in the EPA soil screening guidance documents. The value chosen can 
be regarded as an approximation of the result for an elevation greater than zero meters above the 
contaminated soil. Table A1 l b  summarizes some ISCST results using Hanford Site wind data 
collected at the 200 East area tower for the years 1992 to 1996. Air concentrations were 
calculatcd for a unit rclcasc rate for two contaminatcd areas at various radial distances and 
elevations. The peak values are shown in thc table below. An example input file is shown in the 
first attachment. 

The Hanford Site-specific result for the Q/C parameter shown in Table AI 1 b is somewhat 
smaller than the EPA default value of 68.81 g/mz per second per kg/m3. However, the numbers . 
from the box model use a more realistic assumption of non-zero receptor elevation. The values 
for the suburban garden, rural pasture, and commercial farm for tritium inhalation are 205.58.0. 
and 10.2 p/m2 per second per kg/m’, respectively. 
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Notes: 
The source area is square with an emission rate of 1 g/m* per second. 
Hanford Site wind dab from the 200 East Area for the yean 1992 to 1996 was used. 
The quantity Q/C is calculated as 1000 divided by the ISCST3 results. 

A3.2.2 Airborne Water 

For scenarios with inhalation of radionuclides suspended in water, three situations are 
modeled. The first is inhalation of airborne contaminants from ambient sources such as 
overhead irrigation, wind blowing across puddles, drops falling off foliage, and indoor sources 
such as washing and cooking. The second is inhalation of spray during a shower. The third is 
inhalation of contaminants in water that flashcs to steam in a wet sauna or "swcat lodge". These 
moisture inhalation pathways were used in the 2001 ILAW PA, but not in prior Hanford 
performance assessments. 

Because tritium is modeled as water (HTO). an equilibrium approach is used for tritium. 
The ratio of airborne tritium to total water in the air is the same as the concentration of the 
tritium in the water. For other radionuclides, air concentrations are estimated using entrainment 
factors suitable for the processes that aerosolize the liquid. For chemicals the air concentration is 
estimated using Henry's Law. To be consistent with the NASR in DOE/RL-96-16. the 
watcrbomc air conccntration in the swcat lodgc is sct to 0.1 Urn3, which mcans cach cubic metcr 
of air inhaled contains the contaminants found in 0.1 L ofwater. 

The entrainment of dissolved materials into the air requires some physical process, such as 
a water spray during irrigation or showering, to create droplets that will remain airborne for a 
time. While thcsc droplets are airborne they evaporate and leave behind any suspended solids as 
airborne particles. The air Concentration of the dissolved materials is therefore proportional to 
the total water content of the air. The constant of proportionality is assumed to be the 
entrainment factor. There are other sources of humidity that involve no entrainmcnt. Neglecting 
these lends conservatism to the air concentration estimates. 

A bounding water droplet concentration in air is about 10 mg liquid/m3, a value 
characteristic of fogs (Hinds 1982). This fog will be included in the shower, but not the ambient 
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case. The evaporation of the water droplets leads to partially saturated water vapor (a gas) in the 
shower. The assumed temperature and relative humidity determines the bounding water vapor 
concentration. Having determined the water content of the air. the next step is to select 
appropriate entrainment factors. 

In Airborne Release Fractions/Rales and Respirable Fractionsfor Nonreactor Nuclear 
Facilities, Volume I (DOE-HDBK-3010-94) data for aqueous solutions under various conditions 
are presented. The ambient condition is treated as a free-fall spill of liquid, for which the 
respirable release fraction shown on page 3-4 is 0.0002. Thc sudden depressurization of 
superheated aqueous solutions is summarized on page 3-4 also. The recommended bounding 
value (0.1) could be used to represent the sweat lodge, in which water flashes to steam when 
poured on hot rocks. The bounding value for lower temperature superheated water being 
suddenly dcprcssurizcd (0.01) will bc used to reprcscnt thc shower. These values are shown in 
Table A12. 

In Table A12. the ambient contribution to water inhaled is divided into the irrigation 
months (April through September) and the non-irrigation months (October through March). 
Because the irrigation season is largely outdoor activity, Hanford Site averages from 
PNNL-13859 are used for the average temperature (19.46 C) and the average relative humidit 
(40.2%). At this temperature and humidity the water vapor concentration is 0.89% or 6.7 g/m . 
The conversion of vapor concentration from mole fraction to mass concentration uses the 
formula weight for water (18.0153 g/gmole) and the ideal gas law. as shown below. Note that 
the temperature is in degrees Kelvin rather than Celsius, and also that Table A12 uses cubic 
meters (m’) as the unit for volume rather than liters. 

Mass of watcr vapor per unit volume = 

K 

(1 8.01 53 g/gmole)(Vapor Mole Fnction)/(0.082057 L.at~~olel’K)/(Temperature) 

During the non-irrigation season. time indoors is increased, so average indoor temperature 
(20 C) and humidity (30%) is used in the calculation of waterborne air concentration. A small 
amount of dilution by uncontaminated water sources brought into the home is assumed (90%). 

Thc cntrainmcnt factors dcscribcd abovc arc ncxt applicd to thc airbornc watcr content to 
calculate the equivalent concentration of dissolved particulate that is airborne. The airborne 
concentration ofentrained contaminants is shown in Table A12 in the line below the entrainment 
factors. The units ofg/m’ should be interpreted as the mass of contaminated water (Le., ground 
water or Columbia River water) that is present in each cubic meter of air. The mass airborne can 
be converted to volume airborne using an assumed density for dilute aqueous solutions of 
1,000 gn. 

The total concentration ofthe contaminated water in air is the sum of the “Entrained 
Contaminants” and “Droplet Concentration”. For ambient conditions an additional factor 
corrects for the presence of uncontaminated sources of moisture. This is the line labeled 
“Dilution Factor”. As discussed in Section A6.2, this leads to a factor of93.5% during the 
irrigation season. During the remainder of the year (without irrigation) the airborne water 
contamination is based on approximate indoor conditions. 
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The ‘Total Contaminant Airborne” is the product of the rainfall “Dilution Factor” and the 
sum of the “Entrained Contaminant” and the “Droplet Concentration”. For tritium, the ‘Tritium 
Airborne” is the product of the rainfall “Dilution Factor’’ and the sum of the “Water Vapor 
Concentration” and the “Droplet Concentration”. 

The annual intakes in the various exposure scenarios are calculated using the air 
concentrations from Table A12 and the breathing rates and annual exposure times shown in 
Table A13. The volume of liquid inhaled during the year is the product of these three factors. 
The assumed density of thc irrigation water is 1.0 kdL. 

Table A12. Water Concentration in Air. 
I I Ambient I Ambient I I 

Notes: 
The fint column of ambient conditions uses air temperature. relative humidity, and rainfall 

dilution from Hanford meteorological data (PNNL-13859). The second column uses reasonable 
assumptions based on indoor conditions. The two are similar in magnitude. 

Water Vapor Concentration is given as both a mole fraction and INSS concentration. 
The Entrainment Factors are based on particulate releases measured during violent boiling of 

The shower temperature is based on typical hot watcr settings. The relative humidity during 

The airborne concentrations are the effective mass of solution per cubic meter of air. 

solutions in DOE-FIDBK-3010-94. 

the shower is a value selected from the likely range of 60% to 100%. 

The All Pathways Fanner takes a shower every day that lasts 15 minutes. Since the indoor 
activity breathing rate is 1.18 m3/h, the volume of air inhaled during the shower is 0.295 m3. 
This volume has been subtracted from the daily air volume inhaled (22.175 m3) because the air 
concentrations during the shower include the effect of ambient conditions. Hence, the ambient 
daily volume inhaled is 21.88 m3. The resulting annual inhalation of0.054 L (48 L tritium) is 
similar to the intakes used in the 2001 ILAW PA, namely, 0.084 L (43.5 L tritium). 

The Native American Sweat Lodgc, or wet sauna. uses panmeters listed in 
DOERL96-16 (CRCIA). The Native American spends 1 hour in the sweat lodge every day. 
The NASR breathing rate during this activity is the daily average. 30 m3/d divided by 24 h/d. or 
1.25 m3/h. The daily total is not adjusted for the hour spent in the sweat lodge. The resulting 
annual inhalation of46 L (105 L tritium) is larger than the intakes used in the 2001 ILAW PA, 
namely, 0.179 L (53 L tritium). The present NASR model is more consistent with the CRCIA. 
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SISRAM Recreational 
Ambient 
Shower 

IISRAM Residential 
Amhicnl 

Table A13. Water Inhalation of Radionuclides by Scenario. 

IISRAM Industrial Total 0.026 29 
Ambient 20 0.001055 5.43 250 0.005 27 
Shower 0.197 0.418 40.8 250 0.021 2.0 

T O I ~  0.00058 0.056 
0 0.001055 5.43 7 0 0 

0.197 0.418 40.8 7 0.00055 0.056 

Total 0.036 33 
15 0.001085 5.43 365 0.006 29.7 

Shower1 0.197 I 0.418 1 40.8 1 365 0.030 2.9 

Ambient] I5 I 0.001085 I 5.43 I 365 

The ambient breathing rates for the non-IISRAM scenarios have been reduced to remove the breathing 
that takes place during the shower. No adjustment is made for the NASR. In the IISRAM residential and 
agricultural scenarios. the avenge indoor breathing rate (I5 m’/d) is used. 

The All Pathways Farmer showers I5 minutes per day. The Columbia River Population and HSRAM 
individuals shower 10 minutes per day. The sweat lodge lasts 1 hour and occurs every other day. 

The annual intakes for the child in the Recreational scenario are half the values shown. 
The air concentration for the NASR Sweat Lodge is from DOWRL-96-16. The other air concentrations 

The annual inhalation is the equivalent volume of water that is inhaled each year. It is calculated as the 
are calculated in Table A10. The ambient concentration is the average of the hvo shown in Table AIO. 

product of the breathing rate, the air concentration, and the exposure frequency. 

Note that the Hanis and Harper (1997) model for the NASR uses a higher air 
concentration in the sweat lodge, 164 dm’. However, this concentration is breathed at a slower 
rate, which rcsults in a minor increase in thc total inhaled during the year, 50 Vy. 

The Columbia River Population is assumed to take 10-minute showers every day of the 
ye&. Since the indoor breathing rate is 1.18 m3h  (ICRP 66). the volume ofair inhaled during 
the shower is 0.137 m’. This volume has been subtracted from the daily air volume inhaled 
because the air concentrations during the shower include the effect of ambient conditions. 

0.006 29.7 
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Hence, the ambient daily volume inhaled is 21.978 m’ rather than 22.175 m3. The resulting 
annual intake shown in Table A13 (0.039 L, 46 L tritium) is similar to the intakes used in the 
2001 ILAW PA (0.084 L, 43.5 L tritium). 

Dissolved chemicals are assumed to have air concentrations at 50% ofthe saturation value 
given by Henry’s Law. The maximum air concentration allowed is the water concentration (in 
mgL) times 0.5 Um’, the bounding value given in the HSRAM. This approach bypasses the 
need to classify chemicals as volatiles. In the HSRAM scenarios, the daily air inhalation rates 
are reduced to 75% of the daily adult ratc to represent indoor inhalation rates. The resulting 
annual air intakes for chemicals are shown in Table A14. 

Notes: 
The brealhing rates arc from Table AI 1, with the exception of the NASR The 

NASR breathing nte for ambient conditions is from the CRCIA. 
In the IISRAM recreational scenario inhalation of volatiles occurs during the 

shower only. Non-carcinogens are inhaled at the child’s nte (0.0985 rn’/d). while 
carcinogens are inhaled at h e  adult’s nte (0.197 m’/d). 

inhaled and the exDosure freoucncv. 
The annual volume of air inhaled is calculated as the product of the daily volume 

The air concentration for each chemical is  calculated using the unitless Henry’s Law 
Constants from Table A3. Owing to ventilation effects, the actual air concentration will not be at 
the upper limit given by Henry’s law. The average saturation fraction is 50% in analogy with the 
relative humidity. The formula used for this purpose is shown bclow. To express the air 
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concentration in terms of the equivalent volume of water per m3 of air one uses the ratio CA/CW. 
This ratio is not allowed to exceed the HSRAM number (0.5 Urn3). 

(1000L/m3)(1000mg/g)M,,,,, 
R T  GAS CA = &AT 

CA = FsAT(l 000 Vm3)H C, 

where, 
CA = 
cw = 

FSAT = 

€I' = 
MMOLE = 

PGAS = 
R =  
T =  

1OOOmglg = 
1 0 0 0 ~ ~ ~  = 

concentration of the chemical in air, in mg/m3 
concentration of the dissolved chemical in water, in mg/L 
fraction of the upper limit Concentration given by Henry's Law that is likely 
to be present on the average, 50% is assumed 
unitlcss Henry's Law Constant from Table A3 
molecular weight of the compound, in g/mole 
partial pressure of the chemical in the air. in atm 
ideal gas law constant, 0.082057 L-atdmole-K 
absolute temperature ofthe gas. 298.15 K (20 C) 
volume conversion factor 
mass conversion factor 

The airborne chemical concentrations also have a lower bound calculated from the non- 
tritium annual water inhalation volumcs (Vy) shown in Table A13 divided by the annual air 
inhalation volumes (m3/y) shown in Table A14. In this way the chemicals with very small 
Henry's Law constants are treated as any inert material would be. 

A33 External Exposure Times 

The external dose from radionuclides in soil depends on the radionuclide concentration (in 
Ci/m2) and the time of exposure (in hours). The exposure scenarios define what the radionuclide 
concentration will be. This section discusses the determination of the effective time of exposure 
for each exposure scenario. The annual exposure times are listed in Table A15. 

During thc drilling operation, the worker is exposed to varying dose ratcs. Until the waste 
is exhumed this dose rate is zero. While the waste comes from the hole, the dose rate is high. 
Since the volume of waste exhumed is small (less than 1 m3), the dose rate vanes inversely with 
the square of the worker's distance from the waste. The waste is soon covered with clean soil 
from deeper in the well, which reduces the dose rate. To represent the potential dose to the 
worker, the waste is assumed spread near the well to a d th o f5  cm. The volume of soil tailings 
from a well 8 inches in diameter and 100 m deep is 3.2 m . If this volume ofsoil is spread to an 
average depth o f5  cm, its area is 86 m2. The external dose rate factors from an infinite slab that 
is 5 cm thick are used to estimate the dose from 40 hours of exposure. This approach differs 
from previous performance assessments. which assume the well tailings are mixed with the soil 
in an area of 100 mz to a depth of 15 cm. The approach used in this report leads to larger 
external doses for the well driller. 
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Table A15. Annual External Exposure Times. 

The Annual Exposure Time for the Post-Inbusion Resident is reduced because of the small size of 
the contaminated area. For the All Pathways Farmer it is the total time outdoors plus one-third of 
the total time indoors. For the Native American it is the same as the IISRAM Residential and 
IISRAM AgriculNral. The Columbia River Population uses a value from prior performance 
assessments. 

for the IISRAM Recreational Scenario. 

factor. and the exposure frequency. 

The IISRAM Residential and Agricul~ral parameters have been assumed to match the parameters 

The annual external exposure time is calculated as the product of the daily time, the reduction 

For the post-intrusion scenarios, the contamination is localized to the area contaminated by 
the exhumed waste. The external dose rate is greatest in the center of this area. At the edge of 
the contaminatcd a m  thc dose rate has droppcd to roughly half thc valuc at thc ccntcr. At a 
distance of 5 mctcrs from the edge of thc contamination the dose rate has droppcd by an order of 
magnitude. Note that the dramatic decrease in dose rate is not the case for the airborne dust 
concentration. Thc annual avenge concentration of suspended dust from thc garden decreases 
by diffusion and turbulent mixing rather slowly with distance, falling to perhaps half the peak 
value at a distance of 100 m in the downwind direction. 
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In the post-intrusion scenarios, because the external dose rate decreases rapidly with 
distance from the contaminated area, the time indoors or asleep (Table A9) will be assigned zero 
exposure. It will be assumed that the resident spends most of the time outdoors away from the 
Contaminated area. The annual avenge exposure is half the peak value for an infinite plane 
because the exposed individual spends time in all parts of the contaminated area. For 
comparison with the effective annual exposure times shown in Table A15, the 2001 ILAW PA 
(DOYORP-2000-24) used 900 hours, the Grouted Waste PA (WHC-SD-WM-EE-004) used 
4,383 hours, and the 200 West Area Burial Ground PA (WHC-EP-0645) used 3,260 hours. In 
addition, the prior Hanford PA's spread the exposure over the entire year rather than calculating 
the accumulated dose during the first half of the year. 

In thc irrigation scenarios most of the area near the person's dwelling is contaminated. The 
extent of the contaminated areas will affect the calculation of external dose in the two exposure 
situations. The exposure to soil contamination is divided into two time periods during the year. . 
The first period is the time actually spent standing in the contamination. The second period is 
the total timc ncar the contamination, or indoors. 

In the irrigation scenarios, it is assumed that the entire time outdoors (1800 hours) is spent 
in exposure conditions similar to the center of an irrigated field. However, the dose rate indoors 
is reduced by a factor of 3. This factor of 3 is discussed in detail in NUREGICR-5512. Section 
6.7.4. Therefore the effective time ofexposure at the unshielded dose rate is 4,120 hours per 
year, as shown below. 

(1,800 hr) + (3,102 + 3,858 hr)/3 = 4.120 hours 

The dose rate reduction factor shown in Table A15 is calculated from this effective 
exposure time for completeness. The calculation is shown below. 

(4,120 My) I(12 h/d*365 d y )  = 0.941 

Thc 2001 ILAW PA used the samc timc pcriod for the all pathways farmcr, 4,120 h. The 
Groutcd Wastc pcrformancc asscssmcnt uscd an effcctive timc of 4,383 hours and thc 200 Wcst 
Area Burial Ground performance assessment used an effective time of 3,260 hours. 

The Native American exposure scenario also uses 7,008 My for the effective external 
annual exposure time. This is unchanged from the 2001 ILAW PA. However, when the 
contaminated watcr is from the Columbia River thcre is now an additional contribution from 
shoreline sediments and swimming and boating. These were not included in the 2001 ILAW PA. 

The annual exposure time for the Columbia River population is chosen to be 4,380 hours 
(12 h/d for 365 d). This is the same as used in prior performance assessments. 

For the HSRAM scenarios, the external exposure panmeters for irrigated land are from the 
HSRAM. The shoreline, swimming and boating activities for the residential and agricultural 
scenarios are assumed to match the recreational scenario. 
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A3.4 Absorption Through the Skin 

Each exposure scenario includes dermal contact with the contaminated medium. The 
driller and post-intrusion resident get the contaminated soil on their skin. The ground water 
scenarios have contaminated water being used for showers and saunas. This section evaluates 
the likely intakes due to contaminants being absorbed through the skin into body fluids. 

A3.4.1 Dermal Absorption of Radionuclides 

The internal dose from radionuclides absorbed through the skin is the product of the 
amount absorbed each day and an internal dose factor for dermal absorption. Internal dose 
factors for radionuclides absorbed through the skin can be estimated by dividing the ingestion 
dose factor by the gut-to-body-fluid transfer fraction (fl). This is somewhat inexact because the 
material in the gut is wet and contains a variety of chemicals secreted by the body to aid in the 
absorption of nutrients. In addition, the interior surface area of the small intestine is larger than 
the skin area of the entire body by two orders of magnitude. 

The amount absorbed through the skin dcpcnds on the surface concentration of the 
contaminant, thc area Contaminated, and how oftcn this happens during thc year. The transfer 
from the skin to the body fluids is assumed proportional to the fl parameter. The annual intake 
would then be multiplied by the internal dose factor constructed by dividing the ingestion dose 
factor by the fl. The fl transfer fraction thus cancels out of the calculation, and dermal contact 
can be regarded as another type of ingestion dose. 

An exception is for tritium as water vapor. The inhalation dose factor for tritium includes 
absorption through the skin in addition to the lungs by increasing the value by 50%. The 
ingestion dose factor is not modified. 

Contaminated Soil. Soil adheres to the skin, permitting materials in the soil to bc absorbed 
through the skin into body fluids. The adult body has a median skin area of about 20,000 cm2, 
Chapter 6 (EPAIGOO-P-95/002Fa). The recommended area for contact with soil outdoors is 
5,000 cm2, which is 25% of the total. Typical soil adherence values range from 0.1 mS/cm2 to 
5 mS/cm2 (EPNGOO-P-95/002Fa).). Actual soil adhcrcncc depends on soil properties such as 
moisture content and particle size, type of activity. and parts of the body surface exposed. The 
values selected for the performance assessment exposure scenarios are shown in Table AIG. The 
numbers are at the low end of the range, but are consistent with values selected for the IISRAM 
and NASR scenarios. 

A small fraction of the contamination present on the skin will be absorbed into the body 
through thc skin. This fraction is assumed to bc 0.001 times the fl value bascd on typical values 
for the dermal absorption factor for inorganic chemicals (scc Table A20). Table A16 
summarizes the affected skin areas, soil adherence, and annual contact events for each of the 
exposure scenarios. The product of these factors gives the equivalent annual soil ingestion due 
to dermal contact. The values shown are much smaller than the values for direct ingestion ofsoil 
presented in Table AS (less than 3%). Hence the approach taken in DOURL31-45 to neglect 
dermal absorption of radionuclides will be adopted in this report also. 



Soil 
Adherence 

Scenario (rnJcm') 
Well-Driller 0.25 

Post-Inbusion Scenarios 0.25 . 
All Pathwavs Farmer 0.25 

Exposure Equivalent Fraction of 
Frequency Ingestion Inadvertent 
(dayslyear) (Jyear) Soil Ingested 

5 0.0063 1.3% 

I80 0.23 1.3% 

365 0.46 1.3% 

Native American 

~ ~~ 

1 Native Amcrican Sweat Lodee I 1 1 365 I 7.3 I 0.7% 

I .O 365 1.8 2.5% 

Columbia River Population 1 0.2 

~ ~ ~~ 

The daily contact times are the sweat lodge duration for the Native American, and the showel 

The 'Equivalent Ingestion" is the product of the adult surface area (20.W em'). the daily 

The fractions shown in the last column are the equivalent ingestion per year divided by the 

duration for the others. 

contact time, the exposure frequency, and the assumed permeability coeflicient, 0.01 cmlh. 

annual water inrestion from Table A4. 

365 0.37 I 1 .O% 

Scenario 
All Palhwnvs Fanner 

Daily Contact Exposure Equivalent Fraction of 
Time Frequency Ingestion Total \\'ater 

(hourslday) (dryslycar) (Uyear) Ingested 
0.25 365 I R  n 

Columbia River Population I 0.167 365 I .2 0.2% 



Scenario 

All Pathways Farmer 
Native American 

Columbia River Population 
IISRAM Industrial 

Recreational - ChildlAdult 
Residential - ChildlAdult 
AgriculNral - ChildlAdult 

All Pathways Farmer 
Native American 

Columbia River Population 
Recreational - ChildlAdult 
Residential - ChildlAdult 
Acricultural - ChildlAdult 

%Nes: 
The recommended adult surface area involved in outdoor soil conbct is 5,000 cm' from the 

Exposure Factors Handbook, Chapter 6 (EPA/600-P-95/002Fa). The child's surface area for conbct 
with soil outdoors is half the adult value. For the last three 1ISRAM scenarios, the lint 6 years are at 
the child's rate while the next 24 years are at the adult rate. 

Soil adherence and exposure frequency numbers for the All Pathways and Columbia River 
scenarios are assumed. Values for the €ISRAM scenarios are from the [ISRAM. Values for the 
NASR are from the CRCIA. 

The "Annual Dermal Exposure" is the product of the skin contact area. the soil adherence. and the 
exposure frequency. 

In the absence of reference doses and slope factors for d c m l  absorptions, the dermal route is 
treated as a form of ingestion The elTective mount ingested is the product of the annual d c m l  
exposure and dermal absorption factor (Table A20) divided by the GI absorption factor (Table ,420). 

Skin Contact Soil Exposure Annual Dermal 
Area Adherence Frequency Exposure 
(em') (mgkm') (dayslyear) (&ear) 

Irrigated Land 
5,OOo 0.25 365 456 
5,000 I .o 365 1,825 
5,000 0.2 180 365 
5,000 0.2 146 146 

2500 I SO00 0.2 7 3.5 I 7  
2500 I 5OOo 0.2 180 9 0 /  I80 
2500 I5000 0.2 180 90/  I80 

Shoreline Sediment 
5,000 0.25 7 8.8 
5.000 1 .o 270 1.350 
5,000 0.2 5 5.0 

2500 I SO00 0.2 7 3.5 I 7  
2500 I SO00 0.2 7 3.517 
2500 / SO00 0.2 7 3.5 I 7  

The dermal absorption factors for contact with contaminated soil shown in Table A20 are 
from EPA guidance listed below. Note that values for carbon disulfide and PCBs are given in 
the second and third reference. 
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(1) United States Environmental Protection Agency. 1995. Supplemental Guidance to 
RAGS: Region 4 Bulletins, Human Health Risk Assessment (Interim Guidance). Waste 
Management Division, Oflice of Health Assessment. In general. the dermal absorption 
factor is 1% for organics and 0.1% for inorganics. 

( 2 )  United States Environmental Protection Agency. 1992. Dermal Exposure Assessment: 
Principles and Application. Interim Report. EPA/G00/8-91/011B. Ofice of Research and 
Development, Washington, D.C. Section 6.3 recommends the use of 6% for PCBs. 

(3) ATSDR (Agency for Toxic Substances and Disease Registry). 1992. Toxicological . _  - 
Profile for Carbon Disulfide. ATSDRNS. Public Health Skkice. 

Table A19. Dermal Absorption of Chemicals in Water. 

The "Surface Water Swimming" is not used in the AI1 Pathways Farmer or IlSRAM 
Industrial scenarios. AI1 others use this contact time in addition to conmct during bathing. 

The "Annual D e m l  Exposure" is the product of the adult surface area (20,000 em*). the 
daily contact time, and the exposure frequency. 

In the absence of reference doses and slope factors for d e m l  absorptions. the dermal route 
is treated as a form of ingestion. The effective amount ingested is the product of the annual 
d e m l  exposure of water and the permeability coefficient (Table A20) divided by the GI 
absorption factor (Table AZO). 

Thc pcrmcability constants for contact with contaminatcd watcr shown in Table A20 arc 
calculated from the formula below from Dernral Exposure Assessnrent: Principles and 
Application. Inrerini Reporf (EPA/G00/8-91/011B). Values for the logarithm of the octanol- 
water constant (Log Gw) and molecular weights (MW) for each chemical are listed in Table A3. 
The formula below was used even for inorganic compounds, provided there was a value for 
Log &w. For the few chemicals with no valuc for Log Gw, the default value ofO.OO1 cm/h 
was used. 

Log U~=0.71(Log &w) - O.OOGILMW - 2.72 

The gastro-intestinal absorption factors shown in Table A20 are from the RAlS database. 
Values in the database are from a large list of technical publications. The internet address for 
these references is http://risk.lsd.ornl.gov/tox/giabsretshtml. The GI absorption factors and 
references may also be accessed by chemical using http://risk.lsd.oml.gov/cgi- 
bidtoflOX-selec t?select=nrad. 

http://risk.lsd.ornl.gov/tox/giabsretshtml
http://risk.lsd.oml.gov/cgi
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Table AZO. Dermal Absorption Parameters for Chemicals. 
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Table AZO. Dermal Absorption Parameters for Chemicals. 
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Table AZO. Dermal Absorption Parameters for Chemicals. 

ermal Absorption Factors and GI Absorption Factors are from the EPA references listed in the text. 
e listing in this table is from the Risk Assessment Information System (RAIS) as of June, 2003. 

e molecular weight and octanol-water constants or the 
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A3.5 Internal Dose Factors for Radionuclides 

Internal dose factors specify the effective dose equivalent (EDE) from a unit intake 
(ingested or inhaled) of a radionuclide. The dose is accumulated over a period of 50 years. 
known as the dose commitment period. This dose commitment period was set by the ICRP in 
Publication 26 (1977) when determining internal dose and relating it to an equivalent whole body 
exposure. 

If a nuclide has radioactive progeny with short half-lives (Le. nuclides with a ‘UD” at the 
end of the name), then the internal dose factors for these progeny are included with the parent 
isotope. It is assumed that the progeny are in secular equilibrium with the parent nuclide. The 
internal dose factors for the progeny are multiplied by the branching ratio (see Table Al)  and 
added to the parent dose factor. 

Four internal dose factor collections will be considered. The first was widely used in 
performance assessments for the United States Department of Energy (DOEEH-0071). The 
second was prepared under the sponsorship of the United States Environmental Protection 
Agency (EPA-520/1-SS-020). This set is now recommended for use in performance assessments 
at DOE sites (DOELLW-93 and DOE M 435.1-1 Implemcntation Guidc Chapter IV). The third 
was computed for the GENII software (PNNL-6584). which is often used at the Hanford Site. 
The GENII internal dose factors are based on the 1993 revision (WC-SD-Wh4-TI-596). The 
fourth set of internal dose factors uses improved anatomical models and revised metabolic data 
adopted by the International Commission on Radiological Protection beginning in 1990. The 
summary compilation of internal dose factors for various age groups was released in ICRP 
Publication 72. 

The internal dose factors from the first three collections (GENII, EPA, and DOE) are listed 
in Tables A21 (ingestion) and A22 (inhalation). The ICRP 72 internal dose factors for the 
average adult are shown in Table A23. Thc internal dose factors havc becn converted to the 
common units of mrem per pCi intake. For the ingestion dose factors, the assumed values for !l, 
which is the fraction of the activity ingested that enters body fluids is shown. For the inhalation 
dose factors, the assumed activity median aerodynamic diameter of the particles is 1 pm.. The 
lung model category is shown in the tables. The ’Watcr” for tritium stands for tritiated water 
vapor (HTO), and includes a 50 percent increase due to absorption through the skin. The 
”Organic” for C-14 means that the carbon is assumed to have an organic chemical form rather 
than gaseous. The “ D ,  “W”. and “Y“ mean the material clears the lungs in a matter of days, 
weeks, or years, respectively. The improved lung model uses the designations “F”, “ M ,  and “S” 
which stand for fast, moderate, and slow. The chemical forms originally classified as “ D ,  ‘W”, 
or “Y” should be now be regarded as “F”, “ M ,  or ‘Y, respectively. 

The assumed lung clearance rate for many of the radionuclides was changed to incorporate 
the recommendations of the ICRP in Report Number 71 (ICRP 1996). Based on a literature 
review, the ICRP recommended certain default types for particulate aerosol when no specific 
information is available. No recommendations were given for beryllium, silicon, titanium, 
vanadium, cadmium. indium, tin. promethium, gadolinium, rhenium, bismuth, actinium, or 
protactinium. For these elements, the solubility class with the largest inhalation dose factor was 
selected. An exception to this approach was made for titanium. The largest inhalation dose 
factors are for class Y material, but the slow lung clearance was only observed for one 
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compound, SrTiOJ. Because this compound is unlikely to be found in Hanford tank waste, the 
titanium compounds were assumed to be class D. 

Comparison ratios of the GENII and DOE dose factors divided by the EPA dose factors 
are shown in Tables A21 and A22. Dose facton that differ less than 5% from the EPA numbers 
are not shown in the ratio columns. The only nuclides with differences greater than 25 percent 
are co-60, Nb-94. Tc-99, Ru-106, Ag-108111. In-1 15, Sn-126, Re-187, Bi-207, Ra-226, Ra-228, 
Th-228, Np-237, Pu-241, and Bk-247. 

The dose factor collection from the EPA (EPA-520/1-88-020) will be used in the tank 
waste PA. These are the only internal dose factors currently approved by the DOE for use in 
performance assessments (DOE M 435.1-1). The difference between the GENII. EPA. and DOE 
internal dose factors is minor bccause they are all based on the methods given in ICRP 30. 
However, the difference between the EPA and the ICRP 72 internal dose factors is appreciable in 
some cases. The ratios between the EPA and ICRP 72 internal dose factors are shown in 
Table A23. 

The internal dose factors for Nb-91 are not listed in any dose factor collection and were 
assumed bounded by the values for Nb-93m. Both nuclides emit low energy electrons and 
photons, as shown on the nuclear decay data summary of Table A24. For Nb-91, there is a 
continuous spectrum of low energy photons associated with the electron capture and positron 
decay. However, this continuous spectrum is a minor addition to the photon spectrum. The total 
electron plus photon energy for Nb-91 (15 keV) is less than that for Nb-93m (26 k e y .  
Therefore, the internal dose factor for Nb-91 should be less than that for Nb-93m. 

An additional consideration is the half-life of the two isotopes compared with expected 
residence times in the body. Inhalation class Y niobium is retained in the lungs for a 
considerable length of time. Most is removed during the first several years, but some is retained 
indcfinitely. The organ with the largest dose for class Y Nb-93m is the lung. Most (87%) ofthe 
dose from Nb-93m accrues during the first 10 years aner inhalation. Thus, the effect of 
Nb-93111's shorter half-life is small. It will be assumed that the internal dose factors for Nb-91 
are boundcd by those for Nb-93m. 

In addition to Nb-91, the internal dose factors for Po-209 are not listed in any dose factor 
collection and were computed by comparison with Po-210. Corrections were made for the 
energy ofthe alpha particles emitted, and the decay half-life using the equation shown below. 

Dose Factor a &[I - Exp(-h,,Td)] 
%N 

where 
E, = total alpha energy per decay. For Po-209 this is 4.866 Mev per decay, while for 

Po-210 this is 5.303 Mcv pcr decay. 
& = effective removal constant, which combines both the biological elimination and the 

radioactive decay of the nuclide, Le., & N =  bi0 + L d .  

T d  = dose commitment period used in the dose factor collections shown in Tables A21 
and A22, namely, 50 years. 
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From ICRP 30, the biological removal half time for polonium is 50 days &io=Ln(2)/50d 
=0.01386 per day). The decay half-life of Po-209 is 102 year (Ld=Ln(2)/102y/365.25=0.00002 
per day), thus its k n i s  0.01388 per day. The decay half-life ofPo-210 is 138.38 days 
~d=Ln(2)/138.38d=0.00501 per day), thus its kn is 0.01887 per day. Thus, the dose 
integration term in brackets is nearly equal to 1 after 50 years. The ratio of Po-209 to Po-210 
internal dose factors is shown below. This ratio was applied to the Po-210 inhalation and 
ingestion dose factors to amve at the Po-209 internal dose factors. 

= 1.247 Po -209 Dose Factor - (4.866 MeVxO.OlS87 per day) 
Po-210DoseFactor (5.304MeVX0.01388perday) 

- 

Special groups ofpeople such as children and diabetics, will have different internal dose 
factors due to differences in organ mass and retention times in the various tissues of the body. 
Internal dose factors for diffcrent age groups have been computed by the ICRP in Publication 72 
(1996). Unit dose factors for individuals whose metabolic characteristics differ considerably 
from those of the reference individual will also differ from those prcsented in Tables A21 and 
A22. As explained in DOE M 435.1-1 Chapter IV. the use of dose factors for representative 
members of the public is desirable to avoid overly conservative results. A bounding case 
exposure scenario evaluates possible upper limits. 

Absorption through the skin, and injection from an injury are not considered since they 
are not likely to add significantly to the doses computed in the intruder and irrigation scenarios. 
These may be computed using an internal dosimetry program such as CINDY (PNNL-7493). 
Values have been published (PNNL-10190) and are basically the ingestion dose factor divided 
by the internal transfer factor (fl). 

Any special exposure pathways associated with extended dermal contact with 
contaminated soil or vegetation will require appropriate dermal absorption dose factors. Dermal 
absorption methods for radionuclides have been included in the MEPAS' program 
(PNNL-I 0523). 

Table A21. Ingestion Dose Factors, mrem/pCi Ingested. 

'MEPAS is a registered trademark of Battelle Memorial Institutc. 
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Nuclide n CENII 

Cf-25 1 0.001 4.826-03 
Cf-252 0.001 1.09E-03 

EPA DOE CENII I EPA DOE I EPA 
4.85E-03 4.60E-03 0.95 
1.08E-03 9.40E-04 0.87 
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Table A22. Inhalation Dose Factors, mrem/pCi Inhaled. 
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Table A22. Inhalation Dose Factors, mrem/pCi Inhaled. 
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Lung 
Nuclide Model GENII 

Pu-244tD W 4.03E-01 
Am-241 w 4.41E-01 

EPA DOE CENll I EPA DOE I EPA 
4.03E-01 4.80E-01 1.19 
4.44E-01 5.20E-01 1.17 

Cm-248 W 1.15 
Cm-ZSOtD 
Dk-247 
Cf-248 
Cf-249 
Cf-250 
Cf-25 1 

~ ~~ 

W 9.43EMO 9.40Et00 9.40Et00 
W 4.65E-01 5.74E-01 HOE-01 0.8 I 
W 4.44E-02 4.44E-02 3.80E-02 0.86 
W 5.77E-01 5.77E-01 5.50E-01 
W 2.63E-01 2.62E-01 2.20E-01 0.84 
W 5.87E-01 5.88E-01 5.60E-01 

Cf-252 1 .  w 1 1.37E-01 I 1.37E-01 I 1.20E-01 I 0.88 
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Table A23. Internal Dose Factors for Adults from ICRP 72, mrem/pCi. 

sb-125 0.1 4.07E-06 0.69 M 1.78E-05 0.69 
Te-125m 0.3 3.22E-06 1.14 M 1.26E-05 0.58 
I- 129 I 4.07E-M 0.68 F 1.33E-04 1.30 
cs-134 1 7.03E-05 F 2.44E-05 1.89 
Cs-I35 1 7.40E-06 F 2.55E-06 1.78 



I .. 
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Table A23. Internal Dose Factors for Adults from ICRP 72, mredpCi. 
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Table A23. Internal Dose Factors for Adults from ICRP 72, mrem/pCi. 

The ingestion and inhalation doses are from ICRP Publication 72 for adults. All are 50 year committed 
effective dose equivalent. The inhalation dose factors assume the particle size distribution has an activity 
median aerodynamic diameter of 1 pm. 

"Lung Model" refers to the ICRP 66 lung model chssification,"F" is fast, "hl" is moderate, and "S" is 
slow absorption of inhaled particulate material into body fluids. 

The short-lived radioactive progeny shown on Table AI are assumed to be in secular equilibrium with 
their parent nuclide. The dose factors for implicit daughters have been multiplied by the bnnching ratios 
in Table A I and added to the parent dose factor to give the values shown. 

The ratios of the EPA dose facton divided by the ICRP 72 dose factors are shown if the difference 
between them is creater than 5%. 
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h’b-91 (680 y) 

electron capture 1254.6 

Particle energy, keV fraction of decays Weighted energy, keV 

0.99836 417.51 

positron 

electron 

I 15.69 I 0.18319 I 

232.6 0.00 I 6 4  0.13 

13.47 0.2348 3.16 

2.871 
15.77 

17.66 
photon 

0.35027 5.52 

0.10136 1.79 

511 

h’b-93m(16.13 y) 

~ 

0.00328 1.68 

isomeric transition 

Total for electrons +photons: 

Particle energy, keV fraction of decays 

electron 

15 keV 

Weirhted enerw, keV 

photon 

11.78 

14.15 

0.1430 1.70 

0.0365 0.52 

30.77 , I 1 - 1  30.77 I 

28.31 

28.40 

0.0262 0.74 

0.4710 13.38 

28.07 I 0.1340 I 3.76 I 

30.39 

16.52 

0.1360 4.13 

0.0310 0.5 I 

18.61 

30.77 

16.61 I 0.0590 1 0.98 - 1  
0.0175 0.33 

5.5 E-06 0.00 

Total for electrons +photons: I 26 keV I 
Note: The last column shows the product of the particle energies and the fraction of decays with 

this energy particle. Although the Nb-93m half-life is short enough that the total retained in the body (and 
hence the dose) decreases partly by ndioactive decay, its tot11 electron plus positron energy is  large 
enough to make up for the loss by decay. Data from ENDFm-VI. 
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A3.6 External Dose-Rate Factors for Radionuclides 

External dose-rate factors &e the expected dose equivalent rate to an individual standing 
near radioactive contamination. The composition and shape of the contaminated region 
determines the dose equivalent rates at a given concentration in the medium. Four contaminated 
regions will be described in this section, a 15-cm soil layer, a large cloud of airborne activity. 
and at the surface of a body of water. The doses from external exposure with the radioactivity 
distributed in air or water will be shown to be negligible in comparison to the inhalation or 
ingestion dose that normally accompanies the external exposure. 

A3.6.1 External Dose-Rate Factors for Radionuclides in Surface Soil 

The dose rate factors have units of dose equivalent rate per unit area of contaminated soil. 
The contamination is assumed uniformly spread over a very large area with a thickness of 15 cm 
(6 in.). If the area becomes smaller than a few hundred square meters, then the dose rate factors 
must be adjusted downward. The thickncss of the contaminatcd layer affects the dosc ratc and 
must be considered. For typical exposure scenarios the soil thickness is 15 cm. Radionuclides 
are assumed to be uniformly distributed through this thickness as a result of cultivating the soil 
for the purpose of growing a garden. 

External dose rates from a layer of contaminated surface soil are available from various 
references. Three references that have been used on the Hanford Site are the DOE surface 
gamma dose-rate conversion factors (DOEEH-0070). the EPA values in Federal Guidance 
Report Number 12 (EPA-402-R-33-081), and the external dose factors recently computed for the 
GENII program. The three sets of external dose rate factors are shown in Table A25. They have 
been converted to the common units of mremhour per Ci/m2 for purposes of comparison. 

The DOE surface gamma conversion factors (DOEEH-0070) are derived from an 
assumed contamination thickness ofzero. The contamination lies on top of the soil surface in a 
layer that is infinitely thin, perfectly flat, and infinite in extent. These assumptions necessarily 
exaggerate the dose rates. Strong beta-emitting nuclides such as Sr-90 produce no external dose 
since thc brcmsstrahlung radiation \vas ignored. 

The GENII external dose rate factors (PNNL-6584) were computed using a version of the 
ISOSHLD program known as EXTDF, which is part of the GENII software package. 
Bremsstrahlung radiation is computed for all beta emitters. The dose rate factors are calculated 
1 m above a contamination thickness of 0.05 m and 0.15 m. The surface soil is given a density 
of 1.5 grams pcr cubic centimeter. Again the surface layer is perfectly flat and infinite in extent. 
The finite thickness adds realism, since the contamination thickness assumed for the well-driller 
(0.05 m) is increased to 0.15 m during normal tilling operations that are part of the post-drilling 
scenarios. The 0.15-m dose rate factors have been used in prior Hanford Site performance 
assessments. 
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Table A25. External Dose Rate Factors, mremlh per Ci/m2. 
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Table A25. External Dose Rate Factors, rnremlh per Ci/m*. 

GENU external dose rate factors were computed using the EXTDF program. EPA external dose ratc 
factors are from Federal Guidance Report Number 12, EPA 402-R-93-081 (Sept 1993). DOE external dose 
rate factors are from DOEEH-0070 (July 1988). 

Short-lived radioactive progeny included in the "tD" nuclides are in secular equilibrium with their parent 
nuclide. 

The conversion to area units from volume units assumes a thickness of 0.05 rn or 0.15 m. The density 
correction applied to the EPA (1993) dose rate facton is 1.067. Because Nb-91 and Po-209 are not part of 
the EPA compilation. the GENll values were used. 

The last two columns show ratios of GENU (0.15 m) and DOE external dose rate factors to the EPA 
(0.15 m) dose rate factors. Ratios within 10% of the EPA value are not shown. 

The EPA external dose rate factors (EPA-402-R-93-0Sl) were computed using a Monte 
Carlo approach with the best available input data and dosimetric models, except that ICRP 30 
organ weighting factors rather than ICRP GO weighting factors were used. The EPA external 
dose rate factors also include exposure to thc skin using a weighting factor of 0.01. Thcse are 
considered to be the best external dose rate factors currently available and will be used in the 
tank waste PA. The EPA values shown in Table A25 arc for a soil contamination thickness of 
5 cm and 15 cm. The number shown for Eu-150 is listed as Eu-15Ob in the EPA compilation. 
The reference does not give values for Nb-91 and Po-210. Therefore, the values computed by 
EXTDF were used instead. 

The GENII and EPA external dose rate factors are available as dose rate per unit 
concentration in the soil. The unit concentration was converted to a unit area by multiplying by 
the contamination thickness. The DOE dose rate factors are already in area units. Note that the 
EPA dose ratc factors wcrc developcd for a soil dcnsity of 1.6 dcc. However, the tank waste PA 
will use a soil density for the surface layer of 1.5 dcc. Therefore, the EPA dose rate factors were 
multiplied by the ratio ofdcnsities (1.067) to give the values shown on Table A25. 

The thrce external dose factor collections are compared in Table A25. What is shown on 
this table are ratios of the GENII (15 cm) and DOE collections divided by the EPA ( IS  cm) 
collection. Diffcrcnces less than 10 percent arc not shown. Ratios for dosc ratc factors that are 
zero were not computed. 

The GENlI external dose rate factors agree fairly well (within 26%) for nuclides that emit 
penetrating gamma rays and have the largest dose rate factors. Examples are Na-22, AI-26, 
Ti-44, Mn-54, Fe-60, Co-60. Nb-94, Ag-lOSm, Sn-126, Cs-134, Cs-137, Eu-150. Eu-152, 
Eu-154, Ho-l66m, Bi-207. Ra-226, Ra-228, and Th-228. The disagreement between GENII and 
the EPA collcctions is over the low energy photon emitters. However, for these nuclides the 
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internal doses are typically much greater than the external, so the different external dose rate 
factors would not affect the total doses. 

In general, the DOE external dose rate factors are larger than the 1 5 t m  EPA dose rate 
factors by more than a factor of4. The exceptions (Be-10, C-14, Si-32, CI-36, Se-79. Rb-87. 
Sr-90, Tc-99, Cd-l13m, In-115, Sn-l2lm, Cs-135, and Pm-147) are for nuclides, which produce 
most of their photons through bremsstrahlung. For these nuclides, the DOE external dose rate 
factors are much too small. The 5-cm EPA dose rate factors are closer to DOE numbers due to 
the thinner source. 

In all three references used in Table A25 the dose rates were computed at a height of 
1 meter above the soil. The actual height has little effect on the dose rate. Table A26 
demonstrates this by comparing dose rate factors computed by the EXTDF program at 100 cm 
and 10 cm. The table shows the ratios of the 10 cm dose rate divided by the 100 cm dose rate for 
nuclides where the difference between dose rate factors was greater than 10 percent. It must be 
noted that all these nuclides have external dose rates that are insignificant compared with the 
internal. The exclusively low encrgy photons emitted by these nuclides are noticeably attenuated 
by the additional 90 cm of air. 

Table A26. Ratios of Dose Rate Factors at Two Elevations. 

Notes: 
Thc ratios are the dose ratc factor (DW) at 10 cm above the soil surface divided by 

the dose ratc factor at 1 mctcr above thc soil. Both DRFs arc from EXTDF. 
Nuclides having DRFs within 10% at the two elevations are not shown. 

Some of the external exposure pathways noted in Table 3 for the low water infiltration 
case are much smaller than internal pathways that accompany the external exposure. For 
example, the external exposure to an individual whose livestock drinks contaminated well water 
is much smaller than the internal dose resulting from the consumption ofthe animal products 
(milk, meat, poultry, and eggs). This follows from the observation that the dose resulting from a 
given amount ofradioactivity outside the body (leading to an external dose) is orders of 
magnitude lower than the dose resulting from the same amount of radioactivity ingested or 
inhaled (leading to an internal dose). Admittedly, the individual will not eat all of the 
radioactivity present in an animal, since the radioactivity will be present in organs and tissues 
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that are not normally eaten. However, the use of all four animal pathways combined with the 
observation that the individual is in close proximity to the animal for only short periods during 
the day gives assurance that this external pathway can be ignored. 

A3.6.2 External Dose-Rate Factors for Radionuclides in Air 

External dose rate factors for immersion in contaminated air are listed in Table A27. 
Values are from Federal Guidance Report Number 12 (EPA-402-R-93-081). The dose rate 
factors were computed assuming the individual is located at the center of a hemisphere of infinite 
extent. Hence these are also referred to as semi-infinite cloud dose rate factors. Values for 
Nb-91 and Po-209 are from the EXTDF program of the GENII soltware package. 

The columns labeled "Ratio" compare the external dose from submersion in contaminated 
air with the typical inhalation dose that accrues during the same period. The inhalation dose is 
computed as the product of the air concentration, the exposure time, the breathing rate 
(0.95 m'h), and the inhalation dose factor (Table A22). The submersion dose is computed as the 
product of thc air concentration, the exposurc time, and the submersion dosc rate factor. Thus 
the ratio of inhalation dose to submersion dose is the product of the breathing rate and the 
inhalation dose factor divided by the air submersion dose rate factor. This ratio is shown in 
Table A27. The light activity-breathing rate could also be used, but leads to larger ratios. 

For the nuclides used in this report (Table AI), the smallest ratio is 5.06 for Na-22. This is 
the only isotope with a ratio smaller than 10. In any exposure scenario involving Na-22 there is 
additional external exposure from soil contamination and ingestion doses. Thus the submersion 
dose is a minor contributor to the ovenll total dose. 

In Table A27. nuclides notable for large inhalation doses, like insoluble transuranic (TRU) 
isotopes. have ratios greater than 1 million. Because the activity inhaled by the individual is 
considerably smaller than the activity ingested, the inhalation dose for non-TRU isotopes is a 
small part of the total. Therefore, the air submersion dose from airborne particulate will not be 
included in the dose calculations. 

Table A27. External Dose Ratc Factors for Air, mrcm/h per pCi/m'. 
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Table A27. External Dose Rate Factors for Air, mremlh per pCilm? 

lIo-166m I .l3E-06 6.53Et02 Cf-250 5.99E-11 4.15Et09 
TI-204 7.45E- IO 3.07E+03 Cf-25 I 7.43E-08 7.52Et06 
Pb-205 6.74E- 12 5.53Et05 Cf-252 6.74E-11 I .93E+09 

Notes: 
External dose rate factors (DRF) for submersion in contaminated air are from Federal Guidance Report 

Number 12, EPA 402-R-93-081 (Sept 1993). Because Nb-91 and Po-209 are not part of the EPA 
compilation, the GENII values were used. Short-lived radioactive progeny included in the "tD" nuclides 
are in secular equilibrium with their parent nuclide. The nuclide is dispersed uniformly in a hemisphere of 
infmite extent. The receptor is at the center of the hemisphere. The following were omitted from the table 
because the DRF is zero: Ca-41, V-49, Fe-55, Ni-59. Ni-63. Sm-147. Gd-152, and Re-187. 

The "Ratio" columns compare the inhalation dose to the external dose. The ratio is computed as the 
inhalation dose factor times the daily average breathing ratc (0.95 m'h) dividcd by the submersion dose 
n t e  factor. 
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A3.6.3 External Dose-Rate Factors for Radionuclides in Water 

External dose rate factors for immersion in contaminated water are from Federal Guidance 
Report Number 12 (EPA-402-R-93-081). The dose rate factors in this reference were computed 
assuming the individual is located at the center of a sphere of infinite extent. Hence these are 
also referred to as infinite medium dose rate factors. Values for Nb-91 and Po-209 are from the 
EXTDF program of the GEM1 software package. 

The EPA values have been converted from Sv/s per Bq/m' for an infinite medium to 
mrem/h per pCi& for a semi-infinite medium. These are listed in Table A28. The semi-infinite 
medium corresponds to the dose rate at the surface of a body of water. It may include swimming 
or shoreline activities. The relationship between infinite medium dose rate factors and semi- 
infinite medium dose rate factors is simply a factor of two. 

The columns labeled "Ratio" compare the external dose from swimming in contaminated 
water with the ingestion dose from drinking water. The doses are calculated according to the 
usage parameters for the recreational sccnluio given in the IISRAM Rev 3. The daily ingestion 
dose is computed as the product of the water concentration, the volume consumed (2 Ud), and 
the ingestion dose factor (Table MI). The surface water dose is computed as the product of the 
water concentration. the exposure time (2.6 hld), and the dose rate factor (Table A28). Thus the 
ratio of ingestion dose to external dose is the ingestion dose factor times 2/2.6=0.769 L/h divided 
by the surface water dose rate factor. This ratio is shown in Table ,428. 

Table A28. External Dose Rate Factors for Water, mrem/h per pCi/L. 
Nuclide I H ' a t e r ~ ~ ~  I Ratio I Nuclide I Walcr DRF I Ratio 

I tl-3 I 0.00Et00 I 0.00Et00 I Pb-2 I OtD 3.19EtOG I 

Mo-93 3.94E-10 2.63E+03 Np237tD 1.52E-07 2.25EtW 
Tc-99 2.092-11 5.38Et04 F'U-236 9.86E-I I 9.10EtOG 

Ru-10GtD 1.49E-07 1.4 I Et02 Pu-238 7.59E-11 3.24Et07 
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Table A28. External Dose Rate Factors for Water, mrendh per pCUL. 
Nuclide I \ v a t e r ~ ~ ~  I Ratio Nuclide 1 \ v n t e r ~ ~ ~  1 Ralio 

Ag-I08m+D I 1.13E-06 I 5.20Et00 I Pu-239 I 6.39E-11 I 4.26Et07 
I 

IIo-l66m 
TI-204 
Pb-205 

1.23E-06 5.0GE+00 Cf-250 7.0GE-11 2.32E+07 
8.13E-IO 3.18E+O3 Cf-25 1 8.26E-08 4.51E+04 
7.79E-12 1.6IE+05 Cf-252 7.86E-11 1.06Et07 

For the nuclides used in this report (Table AI), the smallest ratio is 3.6 for Mn-54. 
Nuclides with ratios less than IO are Mn-54. Bi-207, Eu-150, Nb-94, €lo-IGGm, Ag-l08m+D, 
Na-22, Eu-152, Sb-125, and Eu-154. Each of these also has dose contributions from other 
pathways (mainly external) that are about the same size as the drinking water ingestion dose. 
Thus, the largest increase in the recreational scenario lint year total dose is 14% for Mn-54. The 
water submersion dose increases by less than 10% for all other radionuclides being considered. 
This is a small enough increase it can be ignored. The recreational scenario using ground water 
was chosen to maximize the effect of the water submersion dose on the total dose. All other 
scenarios have other pathways or increased ingestion dose which makes the water submersion 
contribution even less important. 
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Nuclides notable for large ingestion doses, such as the transuranic (TRU) isotopes, have 
ratios greater than 100,000. Thus, the water surface external dose will not be included in the 
dose calculations. It should be noted that Federal Guidance Report Number 13 does not provide 
unit risk factors for submersion in water. 

A3.7 Cancer hlorbidity Risk Coefficients for Radionuclides 

The HSRAM exposure scenarios are used to determine the potential lifetime intakes of 
hazardous materials left in the waste. The toxicity ofthose intakes depends on the chemical and 
nuclear characteristics of the material. Of primary interest is the risk to the exposed individual of 
developing some type of cancer, whether or not the cancer is fatal. For radionuclides, the 
recommended cancer morbidity risk coefficients are found in Federal Guidance Report 
Number 13 (EPA-402-R-99-001). 

Federal Guidance Report 13 provides both mortality (death from cancer) and morbidity 
(cancer induction) risk coefficients for an average member of the population. The risk is 
averaged over the age and gender distributions of a group of people whose survival fraction and 
canccr induction rates are bascd on recent data for thc Unitcd Statcs. While thcsc do change with 
time, they will nevertheless be uscd to estimate cancer induction risks to persons exposed 
hundred of years in the future. The risk coefficients can be used for short duration exposures to 
an entire population, or to lifetime exposurcs of one individual. 

For the radionuclides of interest in this report, the cancer morbidity risk coefficients are 
shown in Table A29 and A30. The GI absorption fractions and lung clearance types assumed 
previously are used here. Note that the ingestion and inhalation risk Coefficients for Nb-91, 
Po-209, Cm-248, Cm-250, and Cf-252 were not given in Federal Guidance Report Number 13. 
Values for these were estimated from other nuclides with risk coefficients. 

The ingestion and inhalation risk coefficients for Nb-91 are assumed bounded by those for 
Nb-93m. The external risk Coefficient is calculated from the external risk coefficient for 
Nb-93m and the GENII external DRFs for Nb-91 and Nb-93m shown in Table A25 using a 
simple proportionality, as shown below. In the equation below, "SF" refers to the morbidity risk 
coefficient. 

(3.83x10-~'ris~yper pci/g) - 5.74 mrem/h per Ci/m' - 
0.0433 mrem/h per Ci/m* 

= 5.07~10-~risWyperpCi/g 

In a similar manner, the ingestion and inhalation risk coefficients for Po-209 are calculated 
from the risk coefficients for Po-210 using the constant of proportionality, 1.247, derived in 
Section A3.5. The external risk coefficient is calculated from the external risk coefficient for 
Po-210 and the GENII external DRFs for Po-209 and Po-210 shown in Table A25 using a simple 
proportionality. as shown below. 
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SF( PO) = T I S F (  D W  ""Po 210Po) 

(3.95xlO"'risWyper pCilg) - 8.95 mremh pcr Ci/m2 - 
0.0268 mrcmh per Cilm' 

= 1.32xlO-'risWyperpCi/g 

Finally, the ingestion and inhalation risk coefficients for Cm-248, Cm-250, and Cf-252 are 
calculated from the risk coeficients for Cm-246, Cm-246, and Cf-250, respectively. The ratios 
between internal dose factors from ICRP 72 shown in Table A23 are used for this purpose. 
These surrogates were chosen because they have alpha particle energies that are roughly the 
same. The average alpha particle energies for Cm-246. Cm-248. and Cm-250 are 5,377 MeV. 
5,070 MeV, and 5,190 MeV. respectively. The avenge alpha particle energies for Cf-250 and 
Cf-252 are 6,024 MeV and 6,111 MeV. An example calculation of risk coefficient for inhalation 
of Cm-248 is shown below. 

SF("'Cm)= +ISF('&Cm) DF Cm 
DF z'6Cm 

- - 0S55 mrem/pCi (2.77xlO-'risk/pCi inhaled) 
0.1 55 mrem/pCi 

Table A29. Cancer Morbidity Risk Coefficients for Internal Exposures, risWpCi. 
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Table A29. Cancer Morbidity Risk Coefficients for Internal Exposures, risWpCi. 
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Table A29. Cancer Morbidity Risk Coefficients for Internal Exposures, risklpCi. 

Notes: 
The risk coefficients are cancer morbidity values from Federal Guidance Report Number 13 (EPA-402- 

R-99-001). Values for five nuclides were obtained using proportions between the ICRP 72 internal dose 
factors shown in Table A2I. In particular, h%91 values come from Nb-93m. Po-209 conies from Po-2 10. 
Cm-24s comes from Cm-246. Cm-250 comes from Cm-246, and Cf-252 comes from Cf-250. 
GI absorption fractions (k. .  fl values), and lung types are the wme as used in Table ,421. 
For 1-129, the ingestion of milk has a risk coefficient of3.22E-10 per pCi ingested. 
Shon-lived radioactive progeny included in the "+D" nuclides are in secular equilibrium with their 

parent nuclide. 
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The risk coeflicients for external exposure are cancer morbidity values from Federal Guidance 
Report Number I3 (EPA-402-R-99-001). Values for Nb-91 and Po-209 were estimated from the 
dose rate facton in Table A23 as described in the text. 

Short-lived radioactive progeny included in the "+D" nuclides are in secular equilibrium with 
their narent nuclide. 



HNF-SD-WM-TI-707 Rev 3 Page A-74 

A3.8 Slope Factors and Reference Doses for Chemicals 

For chemicals, the risk to the exposed individual of developing some type of cancer as 
well as nontanccr effects are of interest in human health risk assessments. The cancer risk is 
based on cancer induction slope factors, while the hazard from non-cancer effects is based on 
reference doses. Values for reference doses and slope factors adopted by the EPA are listed in 
the IRIS database. A somewhat larger version of the IRIS database is available from the Risk 
Assessment Information System (RAIS). The Oak Ridge National Laboratory (ORNL) 
maintains this toxicological data listing for human health risk assessments. The data may be 
obtained from the World Wide Web using the location http://risk.lsd.ornl.gov. 

The reference dose and cancer slope factors are expressed in terms of the average daily 
dose. This dose is normalized to the mass of the recipient, and has units of mgkg per day. 
Reference doses and cancer induction slope factors for the chemicals of interest are listed in 
Table MI. These values were found in IRIS and the RAIS databases during June, 2003. There 
are only two kinds at present, ingestion and inhalation. Reference doses and cancer induction 
slope factors for dermal absorption use the ingestion values. The reference doses and cancer 
induction slope factors for children are assumed to be the same as those for adults. 

Table A31. Reference Doses and Cancer Induction Slope Factors for Chemicals. 

http://risk.lsd.ornl.gov


. .  
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Table A31. Reference Doses and Cancer Induction Slope Factors for Chemicals. 
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Table A31. Reference Doses and Cancer Induction Slope Factors for Chemicals. 
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Table A31. Reference Doses and Cancer Induction Slope Factors for Chemicals. 

Notes: 
CASRN =Chemical Abstract Service Reference Number 
'e" means the number is from IRIS as of June, 2003 
?"means the number is from RAIS as of June, 2003 
"h" means the number in RAIS is from HEAST 
Slope factors give an upper bound on the probability that some type of cancer develops as a result of a 

lifetime exposed to a given chemical. The risk is multiplied by the lifetime average daily chemical dose to give 
the lifetime risk. Two special cases are noted below. 

The slope factors for vinyl chloride (CAS 75-01-4) apply lo the general population. When applying these to 
occupationally exposed individuals (industrial exposure scenario). the values are reduced by a factor of 2. 

The slope fxtors for PCDs (CAS 1336-36-3) are reduced for population (collective) exposures. The slope 
factors used for high, low and lowest risk PCXs are 1 .O, 0.3, and 0.04 per mgkg per day. 

Rcfcrcnce dose is an estimate of a daily dose to the human population (including sensitive subgroups) that is 
likely to be without an appreciable risk ofdeleterious effects during a lifetime. Special cases are noted below. 

The RID for manganese in drinking water is 1/3 the dietary RID shown on the table. 
The RID for dietary cadmium is twice the drinking water RID shown on the table. 
The RID for airborne particulate containing chromium (VI) is 2.8GE-05 mg&g per day. 

Several chemicals have a reference dose or slope factor given for ingestion, but none for 
inhalation. or vice-vena. Rather than omit this chemical, the calculations wcrc carried out with 
only the given route ofexposure (inhalation or ingestioddermal). The missing route was 
ignored. Sincc this omission can grossly undcrestimate the risk from a chemical, thc importance 
of the missing value was examined in Appendix C. Using simple methods for estimating the 
missing reference dose or slope factor, and looking for hazard quotients and cancer risks that 
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double, leads to a list of chemicals whose missing parameter may be important. This list is 
shown in Table C2. 

A4.0 ANIMAL PARAIIIETERS 

The animal parameters discussed here are those pertaining to the eventual concentration of 
a contaminant in animal products consumed as food, such as fish, milk, meat, poultry, and eggs. 
Thc model used to represent various animals assumes contaminants arc taken in by inhalation, 
ingestion, and dermal absorption at a rate that changes slowly during the year. The concentration 
in the animal reaches a steady-state maximum related to the concentration in its environment. 
This is a type of equilibrium in which the intake rate of a contaminant is the same as the loss 
rate, hence, the concentration in the animal product is constant. 

Note that the radiation doses received by the animals are assumed to be low enough to not 
affect their health or metabolism. In equilibrium, the Contaminant concentration in the animal 
product is proportional to the ingestion rate of contamination by the animal. The constants of 
proportionality are called bioaccumulation factors, or equilibrium transfer factors. 

Not all animals have transfer factors developed for them. It is assumed that other aquatic 
animals such as bottom-dwelling fish, crustaceans and mollusks are consumed in minimal 
amounts. If a group ofpeople is identified who consume significant quantities ofthese creatures 
then efforts will be made to quantify thc transfer factors that would apply to them. Other land 
animals such as pigs or goats or deer are assumed to have transfer factors that differ very little 
from cattle. 

The contaminant concentration in cattle and poultry depends on the rate at which the 
contaminant is consumed. The cattle and poultry diets are discussed in the next section. The 
equilibrium transfer factors for these animals are discussed afterward. 

A4.1 General Animal Parameters and Pasture Area 

Thc daily intake rates assumed for cattlc and poultry are listed in Tablc A32. Thcsc are 
from NLJREG/CR-5512, Section 65.1. No distinction is made betwcen the diets ofpoultry 
raised for food and egg-laying hens. For comparison with prior Hanford Site performance 
assessments, the default intake rates used by the GENII program (P"L6584) are also shown in 
Table A32. The water intake rates are the same for both. Note that the GENII program does not 
distinguish between the two types ofstorcd feed (Le. hay or grain), nor does it allow the animals 
to ingest soil directly. 

To calculate the contaminant concentrations in the animal foods, it is necessary to 
introduce a "dry-to-wet ratio". The "dry-to-wet ratio" is a unitless quantity measured as the ratio 
ofthe dry weight of the item to its wet weight. The "dry-to-wet ratio" for stored hay applies at 
the time of harvcst. (In practice the hay is dried before being fed to cattlc. Thus the "dry-to-wet 
ratio" for sun-cured hay is reported as approximately 0.9, similar to stored grain.) 
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The intake rates found inNUREG/CR-5512 will be used in the current performance 
assessment, as they were in the 2001 ILAW PA. The principal reason for this change from prior 
Hanford performance assessments is the extra detail provided for the diet. Previous performance 
assessments relied on the GEM1 software Version 1.485, which is unable to accommodate this 
detail. The tank waste PA for the low-level waste glass form will utilize hand calculations that 
incorporate the added detail. 

Type of Feed 

Fresh Forage 

Stored Hay 

Table A32. Animal Feed, Water, and Soil Intake Rates. 

[Values from NWFSGICR-5512 for use in the bnk waste PA 
Beef, kgld Milk, kgld Poultry. kgld 

dry-to-wet 
ratio dry wet dry wet dry wet 

0.22 3 27 8 36 0.0275 0.13 

0.22 6 14 6 29 0 0 

ToblFced,kg/dI 12 I 44 

I Stored Grain 1 0.91 I 3 I 3 I 2 I 2 I O.OS25 I 0.09 I 
16 67 0.110 0.22 

Drinking Water: 

I Soil1ngestionFate:I 0.6 kg/d I 0.8 kdd I 0.011 kdd I 
50 Ud 60 Ud 0.3 Ud 

Beef, kgld Milk. kgld Poultry, kgld 

I Type or Feed I -ratio I drv I wet I drv I wet I drv I wet I 

Stored Gnin 

I Fresh Foncc I 0.20 I 10 I 51 I 8 I 41 I 0 1 0 1  

NA NA NA NA NA NA NA 
Total Feed, kdd 

Soil Ingestion Rate: 

13 68 10 55 0.022 0.12 

NA NA NA 

I I I 

The wet weights for fresh fonge and stored hay are at the time of harvest or grazing. The GENU sohare  
(Version 1.485) has one type of stored feed that uses the soil-to-plant concentration factors for grains. In 
addition, GENII does not consider ingestion of soil by grazing animals. 

Drinking Water: 1 50 Ud 

The exposure of spccial groups living near waste sites or near locations where the ground 
water cntcrs the Columbia River would probably include the consumption of some type of native 
game animals. These animals could acquire radioactivity from drinking and grazing near 
locations were ground water enters the river. The larger examples of these, such as deer. would 
gnze over a large area. Thus only a small portion of the deer’s plant intakes would be 
contaminated. Similarly, the smaller animals might derive all of their nourishment from a 
contaminated area. However, such animals would have to be harvested from many locations 
over the course of a year. The average concentration from all such animals would be much 
lower due to the large forage area needed for hunting and gathering. For the cases where the 

60 Ud 0.3 Ud 
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ground water is the main source of contamination, it will be assumed that the game animals are 
contaminated at such a low level compared with the domesticated animals that the dose from 
game animals can be ignored. For the cases where the Columbia River is the main source of 
contaminated water, the animals will be assumed to obtain all of their drinking water from the 
river, but their vegetation intakes will be assumed uncontaminated. The transfer factors for beef 
will be used to represent transfer to the edible portion of the deer. The daily water intake for the 
deer is assumed to be 25% that of the milk cow. Waterfowl are similarly represented using the 
poultry data, except there is no difference in the daily water intake. 

It should be noted that animals killed by native hunters would be more eficiently 
scavenged than common farm animals. Some of the internal organs would be eaten. The animal 
skins could be used for clothing, and larger bones could be used as tools or ceremonial items. 
The morc extensive use of animal parts could increase the exposed person’s radiation dose. 
Nevertheless, it will be assumed that this dose is small compared with that from farm animals. 

The land area needed to support a cow can be calculated from the consumption rates given 
in Table A32. A search of the internet for “pasture size” or “animal unit month” uncovers 
numerous reports dealing with estimating how much land is needed to support grazing cows. 
One common factor in the calculations is the fraction of the grass lost to trampling. The usual 
factor is 40%, which will be used here also. An additional consideration is the fraction ofthe 
standing biomass that the cow can eat. The usual factor is 50%. which will be used here also. 
Additional factors, such as the standing biomass and growing period are presented in Table A39 
below. An irrigation period of 0.5 y means that there are 6 crops of grass (30 d each). The 
irrigation period (Le., the grazing period) cancels out of the equation below. 

= 2.400 m2 M G m  T GmwGnrs - - (36 kddX30d) 
A,, = 

Yc, Fhlcn (I - FTnmple) (1.5 kdm2 xO.5xl- 0.4) 
where, 

A G ~ ~ ~  = pasture grass area needed for the milk cow. 2,400 m2 
F F ~ ~ ~  = fraction of standing biomass eaten by the cow while grazing, 0.5 

Fln,,,,,lc = fraction of the standing biomass trampled by the cow while w i n g ,  0.4 
M G ~ ~ ~  = mass of grass eaten each day by the cow from Tahle A32,36 kg (wet)/d 

T G ~ ~ , G ~ ~  = growing period for the grass from Table A39,30 days 
Y G ~ ~  = standing biomass for mature grass from Table A39, 1.5 kdm2 

A similar equation is needed for the hay field. The hay grows during the irrigation period 
and is consumed by the cow during the remainder of the year, the no-irrigation period. An 
irrigation period of 0.5 y means there are 4 crops of hay (45 d each). Since the hay growing 
period is the same length as the hay consumption period, it cancels out of the equation below. 
The loss from trampling is not needed, but the fraction harvested is used. The harvested fraction 
is assumed to be the same as the fraction that the cow eats while grazing, 50%. 

where. ~. 
Allay = hay field area needed for the milk cow, 2,600 m2 

FllJwesl = fraction of standing biomass harvested for the cow, 0.5 
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Mllay = mass of hay eaten each day by the cow from Table A32.29 kg (wet)/d 
T ~ ~ ~ a l ~ ~  = growing period for the grass from Table A39,45 days 

Y,lay = standing biomasss for mature grass from Table A39,1.5 kg/m* 

A4.2 Equilibrium Transfer Factors for Radionuclides 

The equilibrium transfer factors for cattle and poultry relate the rate of intake of a 
radionuclide to the eventual steady-state concentration in meat or milk or eggs. These 
parameters are the ratio of the equilibrium concentration of a nuclide in the animal product to the 
daily intake by the animal. For beef, poultry and eggs the units are Ci/kg per C i d  (equivalent to 
d/kg), while for milk the units are Ci/L(milk) per Cud (equivalent to a). Transfer factors for 
organs such as liver or brain are not available. Since some elements may be found in higher 
concentrations in these tissues. individuals who consume the organs would receive higher doses 
from the radioactive isotopes of the elements. 

The concentration of waterborne contaminants in fish is assumed to be proportional to the 
conccntration of thc contaminant in thc watcr cnvironmcnt of thc fish. Thc constant of 
proportionality for fish is callcd a "bioaccumulation" factor. It is thc average conccntration of 
the contaminant in the edible portion of the fish divided by the concentration in the water. This 
paramctcr has units of Llkg. The transfer factors used in the prcscnt report for cows, chickens 
and fish are shown in Table A33. Bioaccumulation factors include the effects ofcontaminants in 
sediments, plant life, and other aquatic organisms contribute to contamination in the edible 
portions of the fish. 

There are several sources for these transfer factors, as indicated by the letter beside each 
number in Table A33. The following hierarchy is used for selecting values. The first values are 
chosen from PNWD-2023. This report compiled Hanford-spccific data developed for dose 
reconstruction of historical atmospheric releases from the Hanford Site. For elements that are 
not discussed in PNWD-2023. values from IAEA Technical Report 364 were chosen. The IAEA 
report is a compilation from many sources. For elements not discussed in the IAEA report, 
values from ORNL-5786 were used. For elements not discussed in these reports, values from 
NUREGICR-55I2 Volume 1 were chosen. For elements not discussed in those reports, values 
from NCRP-123 were used. A few clcmcnts still had no assigned valucs. In these cases values 
were assumed based on chemical similarities. 

For cows and chickens it was necessary to assume values for berkelium (Bk). These were 
assumed to be the same as americium (Am). For the chicken it was necessary to assume values 
for boron (B), aluminum (AI), titanium (Ti), and vanadium (V). Thesc were assumed to be the 
samc as silicon (Si), gallium (Ga), scandium (Sc), and chromium (Cr), respectively. 

For accumulation in cows and chickens, the PNWD-2023 report only supplied a value for 
transfer of iodine (I) to milk. The transfer factors for the other animal products are specified as a 
range and this range covers the values given in the IAEA report. For accumulation in fish, 
PMVD-2023 provides values for the elements sodium ma), phosphorus (P), arsenic (As), and 
neptunium (Np). It is assumed that plutonium (Pu), americium (Am), and curium (Cm) share the 
samc accumulation factor as Np. 
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Table A33. Transfer Factors for Radionuclides to Cows, Chickens, and Fish. 

II  of the transfer factors are derived using the wet weights. Note that Egg values are for e g ~  
contents rather than the whole egg. 

Cow and chicken parameters were selected using the following hierarchy: (a) PMVD-2023, 
(b) MEA #364, (c) OWL-5786. and (d) NUREG/CR-SSIZ. Bk is assumed the same as Am for all 
cow and chicken parameters. Cow and chicken transfer factors for carbon were computed from the 
equilibrium model described in the text (0. Values for hydrogen are not used in the calculations (na) 
because an equilibrium transfer model is used instead. 

For the Poultry and Egg ( i t .  chicken), the values for Si are used for B, the values for Ga arc used 
for AI the values for Sc are used for Ti and the values for Cr are used for V. 

Transfer factors for tritium (H-3) are not needed because the animal concentration is 
calculated using the equilibrium model described in the discussion of scenario dose factors. The 
transfer factors for C-14 are computed from an equilibrium model. The ratio of radioactive C-14 
to the non-radioactive carbon in the animal's diet is assumed to be reproduced in the food 
product. The equilibrium transfcr factor is thcn thc fraction ofcarbon in the food product 
divided by the daily intake of carbon. The assumed element fractions arc listed in Table A34 
below. Values in this table were taken from NUREG/CR-5512. The formula to describe the 
calculation of C-14 transfer factors is shown below. Note that the carbon content ofwater is 
assumed insignificant. 

where, 
B ~ ~ r - 1 4  = animal transfer factor for C-14 into animal product type q shown in Table 

A33, in daylkg 
Fc.* - - mass fraction of carbon in fodder type p from Table A34 
Fc4 = mass fraction of carbon in animal product type q from Table A34 
F c ~  - - mass fnction of carbon in garden soil from Table A34 
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MQ 
MvOA 

p 
q 

= daily mass of soil ingested by animal type q in Table A32, in kg/d 
= daily mass of animal fodder type p eaten by animal type q. in kg (wet)/d. 

These amounts are shown in Table A32. 
= index to the various types of animal fodder shown in Table A39 
= index to the four types of animal products, Le., meat, milk, poultry, and eggs 

The bioaccumulation factors shown in Table A33 are used to estimate total population 
dose from fish consumption to people living near the Columbia River. The edible portion of fish 
is the muscle normally cooked and consumed. The rest of the fish is assumed to be discardcd. If 
there are individuals who eat or otherwise use other parts of the fish they could receive additional 
dose. 

A subject requiring research is the equilibrium transfer factors for wild animals consuming 
native vegetation. These species may be "harvested" by humans for food. In addition, since 
standard uptake factors are for muscle tissue only, there would need to be organ-specific uptake 
factors for those organ meats that are consumed by special groups of people. 

Table A34. Hydrogen and Carbon Fractions for Equilibrium Models. 
Food Pathway Item 

Garden Soil 
Leafy Vegetables 
Other Vegetables 

Fruit 
Gnin 

Fresh Forage 
Stored Hay 

Stored Gnin 
Beef 
Milk 

Pouluv 

Hydrogen Fraction Carbon Fraction 
0.0149 0.03 
0.10 0.09 
0.10 0.09 
0.10 0.09 
0.068 0.40 
0.10 0.09 
0.10 0.09 

0.068 0.40 
0.10 0.24 
0.11 0.07 
0.10 0.20 

Eggs 

A 4 3  Equilibrium Transfer Factors for Chemicals 

As with radionuclides, the equilibrium transfer factors for cattle and poultry relate the rate 
of intake of a chemical to the eventual steady-state concentration in meat or milk or eggs. These 

0.11 0.15 
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parameters are the ratio of the equilibrium concentration of a chemical in the animal product to 
the daily intake by the animal. The units are g k g  per g/d (equivalent to dkg). Transfer factors 
for chemicals are scarce. The need to estimate concentrations in the animal products consumed 
by people motivated the creation of methods to estimate these parameters. For organic 
chemicals, the transfer factors for beef, milk, and eggs were estimated from the octanol-water 
partition coefficient &w) of the chemical using formulas presented by McKone (1934). Values 
for Log &W are given in Table A3. Numbers for the accumulation of organic chemicals in fish 
were obtained from the EPI Suite soAware version 3.10. 

FBEEF = (2.5 x 10") K o w  

FEGG = (8.0 x IOd) Kow 

For inorganic chemicals, the transfer coefficients are obtained from Table A33. No 
method was found to estimate the transfer of organic chemicals into poultry. The missing values 
were assigned values of zero for the calculations of unit risk factors. It is assumed that the 
poultry contribution to the total hazard index or cancer risk is small because poultry is only 
considered along with beef, milk, and eggs. The list of equilibrium transfer factors for the 
chemicals of interest in the representative animal products is shown in Table A35. 

Table A35. Transfer Factors for Chemicals into Cows, Chickens, and Fish. 
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Table A35. Transfer Factors for Chemicals into Cows, Chickens, and Fish. 
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Table N 5 .  Transfer Factors for Chemicals into Cows, Chickens, and Fish. 
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Table A35. Transfer Factors for Chemicals into Cows, Chickens, and Fish. 

CASRN = Chemical Abstract Service Reference Number 
The transfer factors into beef, milk, and eggs for organic chemicals are calculated from the octanol-water 

coefIicients in Table A3. The numbers for fish are from the EPI Suite software version 3.10. AI1 numbers for the 

A5.0 PLANT PARAFIIETERS 

Living plants eaten by people fall into two broad categories, aquatic plants and terrestrial 
plants. It will be assumed that aquatic plants contribute very little to the typical human diet. If 
exceptions are identified then a suitable set ofpararneten and models for contaminant uptake by 
aquatic plants and subsequent consumptions by humans will be utilized. All plants eaten are 
assumed to be terrestrial rather than aquatic. 

The calculation of radionuclide concentrations in living terrestrial plants uses three main 
routes, (1) root uptake, (2) resuspension to leaves (also called "rain splash"), and (3) direct 
deposition of irrigation water on foliage. Each of these will be considered separately below. 
The three uptake routes are then combined to obtain the total concentration in edible portions of 
plants. 
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A5.1 Root Uptake 

The model for root uptake of a contaminant into terrestrial plants assumes that the 
concentration in the edible portion is proportional to the concentration in the soil at the time of 
harvest. The constants of proportionality are known as the soil-to-plant concentration ratios. 
These concentration ratios are measured as the concentration of the dry produce item divided by 
the soil concentration. They have no units, since the soil and food items have the same mass- 
based concentration units, e.g., pCi/kg. 

Because the human consumption rates for plants shown in Table A4 are the wet weights, it 
is necessary to select suitable constants to convert to dry weight. These constants are known as 
"dry-to-wet ratios". They are simply the dry weight of the food item divided by the wet weight 
of the item. The "dry-to-wet ratios" from three sources are listed in Table A36. The values 
chosen for the tank waste PA are from PNWD-2023 for leafy vegetables and NUREGKR-5512 
for the others. The chosen values for the tank waste PA appear in the last column of Table A36. 
The values under the "GENII" column have been used in prior Hanford Site performance 
assessments. 

Type of Produce 

Other (protected) 
Fruit (exposed) 

Gnins 

Leafy Vegetables 
GENU ORNL5186 Tank Waste PA 

0.10 0.067 0.09 
0.25 0.222 0.25 
0.18 0.126 0.18 
0.18 0.888 0.9 1 



HNF-SD-WM-TI-707 Rev 3 Page A-90 

The transfer factors for manganese (Mn), cobalt (Co), and technetium (Tc) into leafy 
vegetables from IAEA Technical Report Number 364, are the weighted sum of concentration 
ratios for cabbage, lettuce, and spinach. The weighting is based on the USDA consumption ntes 
found in Statistical Bulletin Number 965 (1999). In this bulletin the average individual eats 
10.6 Ib cabbage, 28.2 Ib lettuce, and 0.5 Ib of spinach mual ly .  In terms of percentages these 
correspond to 27.0%, 71.8%, and 1.3%. The mean transfer factors for cabbage. lettuce and 
spinach were multiplied by these percentages to arrive at the weighted transfer factor. 

Table -7. Transfer Factors for Radionuclides into Plants. 
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Table A37. Transfer Factors for Radionuclides into Plants. 

nmeters were selected using the following hierarchy: (a) PNWD-2023. 
echnical Report Number 364, (c) OWL-5786, and (d) NURFXYCR-5512. 

The values for Leafy and Root in MEA #364 are weighted sums of leafy or protected 
crops discussed in the text. 

Transfer factors for Bk are assumed to be the same as Am. 

Similarly, for several nuclides in IAEA Technical Report Number 364 the transfer factors 
into root vegetables are the weighted sum of concentration ratios for root vegetables (i.e., onions, 
carrots. radishcs, potatoes, pods, corn, and othcr crops). The weighting is based on the USDA 
consumption rates found in Statistical Bulletin Number 965 (1999). In this bulletin the average 
individual eats 16.8 Ib onions, 12.1 Ib carrots. 0.4 Ib radishes, 82.9 Ib potatoes, 3.5 Ib pods, 7.4 Ib 
corn, and 67.5 Ib others annually. The mean transfer factors for the root crops that are listed in 
the IAEA report are weighted by these consumption rates to arrive at the weighted transfer factor 
shown in Table A37. The elements for which this was carried out are manganese (Mn). cobalt 
(Co), zinc (Zn), strontium (Sr), technetium (Tc), cesium (Cs), lead (Pb), radium (Ra), thorium 
(Th), uranium (U), neptunium (Np), plutonium (Pu), americium (Am), and curium (Cm). 

Concentration ratios for berkelium (Bk) were assumed to bc the same as those for 
americium (Am), because none of the references supplied any values for berkelium. 
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Animal fodder is not shown separately in Table A37. Pasture grass (fresh) and hay 
(stored) are represented using the transfer factors for leafy vegetables. The stored grain is 
represented using the factors for grain. 

Root uptake for chemicals into plants will be calculated using concentration ratios listed in 
Table A38. The ratios for just one type ofplant are given on this table. The concentration ratios 
for organic chemicals are from the octanol-water constants shown in Table A3. The formula 
used to calculate the soil-to-plant (wet) factors is from McKone (1994) and is shown below. The 
factors for the dry plant are calculated by dividing the wet plant numbers by the dry-to-wet ratio, 
0.2 from Table A36. 

The concentration ratios for the inorganic chemicals are obtained from Table A37. The 
concentration ratios for the four plant types were combined into one using the USDA 
consumption amounts shown in Table A4 and the dry-to-wet ratios shown in Table A36. Grains 
were omitted from the weighting becausc they arc assumed to have no contaminated irrigation 
water. For this generic garden crop a dry-to-wet ratio of 0.2 is assumed. 

Table A38. Transfer Factors for Chemicals into Cart  
the Surface 5 

Soil-t+Plant 
(dry) 

Transfer 
W I  Chemical I Factor CAS- , 

50-32-8 Benzo[a]pyrene 1.06E-02 
53-70-3 Diknz[a.h]anthnccne 4.62E-03 
5623-5 Carbon teachlonde 8.68E-01 

75-014 IVtnyl chloride (Chloroethcne) 1 4.37E+00 

:n Produce, and Leaching from 
3iI. 

4.38E-03 

6.65E-01 

3.47E-01 
1.40E-03 

2.72E+00 
2.72E+00 
2.3 1 E+OO 
3.75E-0 1 
2.1SE+00 
8.72E-02 

2.79E-01 

1.4OE-03 

5.26E-01 I 7.12E-01 I 2.37E+0l 



. . ,  - , .  . ,  
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Table A38. Transfer Factors for Chemicals into Garden Produce, and Leaching from 
the Surface Soil. 
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Table A38. Transfer Factors for Chemicals into Garden Produce, and Leaching from 
the Surface Soil. 
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Table N 8 .  Transfer Factors for Chemicals into Garden Produce, and Leaching from 
the Surface Soil. 

Votes: 
CASRN = Chemical Absac t  Service Reference Numbcr 
The soil-to-plant ansfer  factors for organic chemicals are from EPI Suitc version 3.10. Numbers for the 

Soil-water partition coeficienu for organic chemicals were calculated as the product of the organic carbon 
inorganic chemicals are from Table A36. 

partition coeficicnt and the assumed carbon fraction in soil, 3%. from Table A33. Numbcrs for inorganic 
chemicals arc from Table A40. 

Leaching factors are calculated from the Soil-Water Partition Coeficienls as described in Section A6.0. 
Missing values are indicated with %a", which means %ot available". 

The Manford Site is very dry and sandy, so that plant uptake factors would likely differ 
from the generic values listed in Tables A37 and A38. However, the preparation of the soil for a 
garden changes the properties of surface layer. The tilling, watering and addition of fertilizers 
and organic material produces soil that resembles the generic garden soil. It is therefore assumed 
that the concentration ratios in Tables A37 and A38 are adequate to describe plant uptakes in 
possible future gardens on the Hanford Site. 
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Groups of people gathering native vegetation for nourishment and other household needs 
may require special consideration. The soil-to-plant transfer factors for species not usually 
considered as garden plants growing without cultivation could differ considerably from the 
values shown on Tables A37 and A38. Soils deficient in some mineral may have much higher 
uptake factors for materials that are chemically similar to what is missing. The converse is also 
true. In addition, the distribution of the contaminant in the native vegetation during the growth 
of the plant is important. For example, Native American Indians use various parts of the cattail 
over its gowth stages (CTUIR 1995). However, the tank waste PA exposure scenarios involve 
localized areas of contaminated soil resulting from intrusion or irrigation with contaminated 
ground water. In general, the transfer factors for native plant species are not needed because the 
contaminated portion would be an insignificant part of the overall diet. 

A5.2 Rain Splash 

The term "rain splash" refers to all the processes that cause soil to deposit on the surfaces 
of plants. It includes the transport of soil by the irrigation water, rain drops, and the wind. The 
standard model (NRC 1977) thcn includcs a "translocation" factor, which is thc fraction of 
activity deposited on plant surfaces that ends up in the edible portions of the plant. There are 
two basic approaches to estimating the concentration in plants due to resuspension of 
contaminated soil. The standard approach bcgins with an estimate of the average air 
concentration and then computes the.activity deposition rate on the plant. The other approach 
(NUREG/CR-5512 1992) simply treats rain splash in a manner similar to root uptake. 

In NUREG/CR-5512, Vol. I ,  the amount ofrain splash is characterized by a "mass 
loading" factor. which is the ratio of foliage contamination due to rain splash divided by the 
concentration in the soil nearby. It is similar to the root uptake concentration ratio described in 
the previous section. The value recommended in NUREG/CR-5512, Section 6.5.2 is 0.1 Ci/kg 
(dry produce) per Cikg  soil for all plant types. In addition. this value "includes consideration of 
translocation of activity in soil from plant surfaces to edible parts of the plant." The only other 
parameter used to estimate the actual plant concentration from rain splash is the dry-to-wet ratio. 
Using a generic dry-to-wet ratio of 0.2 means that about (0.1)(0.2)=2% of the wet mass of the 
plant comes from attached soil. This large value applies to irrigation methods that involve large 
water drops and planting methods that lcave considcrable space bctwccn plants even at the time 
of harvest. 

In IAEA Technical Report 364 (1994) the soil adhesion is given a range from 0.010 (short 
plants) to 0.25 for leafy vegetation. Using a representative dry-to-wet ratio of 0.1 for leafy 
vegetables means the mass loadings range from 0.1% to 2.5%. In NCRP Report Number 123 
Section 5.1. the soil-to-plant concentration ratio has a minimum value ofO.OO1. In effect this is 
the soil adhesion term for the wet plant. Thus, the effective mass loading is 0.1%. 

In the arid environment of southeastern Washington, irrigation methods that reduce 
evaporative loss are preferred. This has the effect of lowering the amount of soil transferred to 
plant surfaces during irrigation. The model used at Hanford and elsewhere (eg., SAND2001- 
2977) begins with an average air concentration near the plants and computes a deposition rate 
onto plant surfaces. The RESRAD program (ANLJEADLD-2) has a dcfault mass loading air 
concentration of 0.1 mg/m? The default value in GENII is 0.225 mplrn? Both of these use a 
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deposition speed of 0.001 mlsec, which is suitable for respirable particles. The resulting 
deposition rate in RESRAD is 8.64 mg/m2 per day, while in GENII Version 1.485 it is 19.44 
mg/mZ per day. However, these assumptions lead to rain splash transfers that are two or three 
orders of magnitude below the experimental data referenced in "REGICR-5512. Vol. 1. 

For the tank waste PA the customary soil deposition model will be used rather than the 
effective mass loading approach of NUREGICR-5512. However, the assumed average 
deposition rate will be taken to be 270 mg/m2 per day. which is larger than used in GENII 
(19.44 mg/mZ per day), but smaller than was used in the 2001 ILAW PA (864 rng/m2 per day). 

The decrease from the 2001 ILAW PA stems from the fact that imgation is not 
continuous, but takes place for a relatively short period (less than 1 hour) every day or so. Thus 
the average involves large deposition ratcs during short periods with little deposited betwecn due 
to the moist conditions. For a small garden, much of the soil that adheres ma come from 
sources ofdust outside the garden. The average air concentration of 1 mg/m with a deposition 
speed of 0.01 mls used in the 2001 ILAW PA represents conditions during active imgation. 
However, the average deposition ratc will be some factor lower due to the intermittent nature of 
the irrigation process. 

Y 

The increase from the deposition rate used in other performance assessments is based on 
the need to match the minimum value listed in the IAEA Technical Report Number 364 and 
NCRP Report Number 123. With a deposition rate of270 mg/m2 per day, the mass loading in 
leafy vegetables is about 0.1%. The calculation is shown below. 

where, - FINT - 

FTRANS = 

JSPUSII - 
Tw = 

Yv = 

- 

J S P U S l l  F F  INT TRANS T W = (2.7 x lo4 kdm2 per day)(0.407Xl.OX18 d) - - 9.89 
YV 2.0 kg/m2 

interception fraction for airborne dust on exposed surfaces of leafy vegetables, 
0.407, from Table A39 
translocation factor from exposed surfaces to the edible portion of leafy 
vegetables, 1 .O, from Table A39 
average soil deposition rate due to rain splash, 2 . 7 ~ 1 0 ~  kgm2 per day 
effective exposure time for leafy vegetables, 18.0 days, from Table B l .  This is 
derived from a 45-day growing period with a weathering half life of 14 days. 
yield of leafy vegetables, from Table A39,2.0 kg(wet)/m2 

In particular, the effective wet concentration ratios for leafy, other, fruit, and p i n s  are 
calculated using the formula shown in Section 3.2 for the post-intrusion resident ingestion dose. 
The wet ratios are 0.099%, 0.022%, 0.01 5%, and 0.025% respectively. Since NUREGKR-5512 
recommended a number of about 2%. thc model selected for the tank wastc PA remains much 
lower, to some extent consistent with previous Hanford performance assessments. 

Other parameters that are part of thc standard model for foliar deposition, are the 
interception fraction, the crop yield (biomass), the translocation factor, the weathering half-life, 
and the growing period. 
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The interception fraction is the portion of the airborne contamination depositing in a unit 
area that initially attaches to vegetation. It includes the fraction of the ground surface that is 
covered by vegetation. Values for interception fraction for various crops are given in 
ORNL-5786. More recent publications described in PNNL-6584 (Section 4.7.4) will be used as 
the b s i s  of the interception fractions for this performance assessment. The empirical 
relationship between interception fraction and standing biomass (dry weight) is shown below. 

Interception Fraction = 1.0 - Exp[-(P)(Dry Yield)] 

The parameter P depends on the type of vegetation, as discussed in PNL-6584 Volume 1. 
For leafy vegetables, grains, gnss and hay the measured value for P is 2.9 m2kg, while for fruits 
and other plants the measured value for P is 3.6 m*kg. The “Dry Yield” is the mass per unit area 
of the standing biomass at the time of harvest, adjusted for water content. The ”Dry Yield” is 
calculated as the product of the dry-to-wet ratio and the crop yield (wet). Values for biomass and 
interception fraction are shown on the Table A39. 

Type of Produce 

Generic Vegetables 

Dry-lo-wet Crop Yield Interception Translocation Growing 
Ratio kg(wet)/m* Fraction Factor Period 

0.2 2 0.5 0.2 60 d 

Leafy Vegetables 

Other (protected) 

Fruit (exposed) 

0.09 2.0 0.407 1 .o 45 d 

0.25 2.0 0.835 0.1 90 d 

0.18 3.0 0.857 0.1 90 d 

Grains 0.20 

Fresh Forage - Cow 0.22 

0.8 0.371 0.1 90 d 

1.5 0.6 16 1 .o 30 d 
----- 

Notes: 
The “Generic Vegetables“ is used in the calculations for chemicals. 
The dry-to-wet ratio for leafy vegetables is from PMVD-2023. All other values are from 

Interception fractions are calculatcd using the formula described in the text (PNNL-6584 Section 4.7.4). 

The translocation factor is the fraction of what deposits on the foliage that reaches the 

NUREG/CR-SSIZ Section 6.5.7. 

edible parts of the plant. The values are shown on Table A39 are widely used in calculations of 
this type (NRC 1977; PNNL-6584 1988; NUREGKR-5512 1992) and will be used in the tank 
waste PA. The value shown for “Generic Vegetables” is used in the calculations for chemicals. 
It is selected so that the consumption weighted mass of soil deposited on the foliage is the same 

Stored Hay - Cow 0.22 1 .o 0.472 1 .o 
Stored Grain - Cow 0.91 1 .o 0.472 0.1 90 d 

Forage - Poulhy 0.22 1 .o 0.472 1 .o 30 d 

Grain -Poultry 0.91 1 .o 0.472 0.1 90 d 

~ - - ~ ~ -  
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as for the total leafy, protected, and exposed crops used &th radionuclides in the all pathways 
exposure scenario. 

The weathering half-life is the time required for half the contamination initially deposited 
on plant foliage to be removed by the action of wind, rain and irrigation. The value chosen for 
both chemicals and radionuclides is 14 days. based on the recommendations ofNRC (1977) and 
the review given in ORNL-5786. 

The growing period is the timc that a plant is subject to the mechanical action of 
weathering prior to be harvested. The growing period varies with crop type. It is the time 
needed to produce one crop. During the irrigation season more than one crop may be harvested. 

A53 Direct Deposition 

The models for root uptake and rain splash contributions to growing plants depend only on 
the soil concentration at the time of harvest. Direct deposition is unique to overhead irrigation. 
It rcfcrs to thc tnnsfcr of contamination from irrigation watcr to the foliage interccpting the 
water as it falls. 

A key parameter to model the contamination of foliage by direct deposition is the 
interception fraction. The value recommended for all plant types by the NRC (1977) will be 
used, 0.25. This value is not well documented, but is widely used in other reviews (PNNL6584 
1988; NUREG/CR-5512 1992). 

The other panmeters determining plant concentrations exposed to contaminated irrigation 
water are the translocation factors, the weathering half-life, and the growing periods. The same 
panmeters used for describing rain splash will also be used for direct deposition. The 
translocation factors and growing periods are shown on Table A39, while the weathering half- 
life is 14 days. 

If a special group of people were using overhead irrigation to increase growth density and 
crop yield, then the same panmeten used for the standard group would apply to them also. No 
spccial modcling would be required unlcss the individuals wcrc using thc crop in some manner 
that could produce more dose than simply eating it. 

A6.0 SOIL PARAMETERS 

Thc soil parameters of interest arc those pcrtaining to the various exposure pathways and 
to retention of contaminants that have been introduced by spreading exhumed waste, or irrigation 
with contaminated water. The two main types of exposure are from external and internal 
sources. In addition, the internal exposure can be divided into inhalation and ingestion intakes. 
Each of these routes of exposure will be discussed below. 

The principal effect of the soil on the external radiation exposure received by someone 
living ncarby is through the soil density, chcmical composition, and roughness. The surface soil 
density is assumed to be 1.5 dcc. The contamination of interest is distributed through the top 
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15 cm. The assumed composition is primarily silicon dioxide, with various additions, such as 
water. Over time the radioactive contaminants have been observed to migrate into deeper layers. 
The radioactive elements are affected by the average flow ofwater through the surface layer into 
deeper layers. Some elements, such as hydrogen and iodine are very soluble and leach from the 
surface layer in a few years. Other elements, such as cesium and plutonium hardly move at all. 

The principal relationship between soil contamination and inhalation dose is through the 
ease with which contaminants in the soil become airborne. The presence of ground cover and 
moisture reduces the air concentration. Hand-tilling activities increase the air concentration. 
The gradual leaching of radioactive contamination to deeper layers of soil reduces the air 
concentration as well. The particle size distributions of the soil and any exhumed waste are 
important indicators of whether the mass-loading approach for estimating air concentrations 
could bias the expected contaminant conccntration. If the contaminants tend to be found in the 
smaller particles, then the air concentration of contaminants would be higher than predicted 
because the average concentration in soil would be lower than the average concentration in dust. 

The principal relationship between soil contamination and ingestion dose is through the 
ease with which contaminants in the soil become incorporated in plant and animal produce. It is 
assumed that the effects of tilling and fertilizers lcad to soils that are similar to those for which 
the concentration ratios shown in Tables A37 and A38 were derived. The gradual leaching of 
contaminants into deeper layers of soil (below the root zone) reduces the concentration in plant 
and animal products as well. An additional consideration is how easily the contaminants adhere 
to exposed skin. Better adherence leads to increased dermal absorption. 

A6.1 Leaching from the Surface Layer 

Soil-specific parameters related to leaching are the soil composition (sand, clay, silt and 
organic), the distribution coefficients, the density, porosity. and the water content. The 
composition of the surface layer is assumed to be sandy. where sandy is defined to have greater 
than 70 percent sand-sized particles. With few exceptions this is what lies near the surface of the 
entire Hanford Site. The soil-to-plant concentration ratios and distribution coefficients depend 
on this assumption. However, the preparation of the soil for a garden changes the properties of 
surfacc Iaycr. The tilling, watering and addition of fertilizers and organic matcrial produces soil 
that tends to reduce the mobility of contaminants. 

Leaching factors and distribution coefficients for chemicals are shown in Table A38. The 
value for the cyanide ion (CAS 57-12-5) is from Table C-4 in the EPA Soil Screen Guidance 
User’s Guide (EPA/540/R-I)b/018). Values for other organic chemicals were calculated from the 
organic carbon partition coefficient shown in Table A38. The formula uscd is shown below. 
The carbon fraction in garden soil is 0.03 from Table A34. This is larger than the various values 
found in EPA soil documents, which is conservative as it leads to less leaching from the surface 
soil layer with time. The distribution coefficients for inorganic chemicals were taken from 
Table A40. Because nitrate, nitrite, and chromium (VI) are very mobile. the Kd for tritium 
shown in Table A40 (0.7 mug) was assumed to apply. Thus, the leaching coefficients for nitrate, 
nitrite, and chromium (VI) are all 0.533. 

& = (0.03) €& 
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Leaching factors and distribution coefficients for radionuclides are shown in Table A40. 
The hierarchy used for selecting values was first the Hanford-specific values for agricultural 
soils in PNNL-14041. For elements with no values in PNNL-14041, IAEA Technical Report 
Number 364 was used. Sandy soil was used to represent the Hanford area. The next report 
consulted was ORNL-5786. Last of all came NUREG/CR-5512. The values shown for iodine 
lie within the range of possible values given in PNWD-2023, so PNWD-2023 was not needed. 

Leaching factors and distribution coefficients for berkelium (Bk) were assumed to be the 
same as those for americium (Ark), because none of the references supplied any values for 
berkelium. 

The thickness of the surface soil of interest in the dose calculations is the top 
15 centimeters. This thickness represents typical cultivation depths for mechanical mixing of 
deposited activity. In addition. it represents typical root depths. This thickness has been used in 
all prior Hanford Site performance assessments. 
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Table A40. Leaching Factors for Radionuclides in Garden Soil. 

The density and thickness of the affected surface layer determine the external dose rate 
factors, as well as the leaching coefficients computed for the surface laycr. Leaching is thc 
process by which contaminants migrate from the surface layer of soil into deeper layers below. 
The driving force behind the leaching process is the application of water to the soil. Leaching is 
treated as a removal rate constant giving the fraction of the material in the surface layer that is 
removed per unit oftime. It is calculated using the equation shown below. 

. P + I - E  
AS = 

Od(1 + PK%)Tim 

where, 
d =  

E =  

I =  

K d =  

P =  

Ti, = 
1s = 

P =  

thickness of the surface soil layer from which nuclides migrate, 15 cm 
(5.9 inches). 
total evapo-transpiration during the irrigation season, in cm. For the 
population scenario a value of 59.27 cm is assumed. For the other scenarios 
a value 78.06 cm is assumed. These assumptions lead to a total over- 
irrigation (PtI-E) of 10 cm. This over-irrigation assumption is consistent 
with PNWD-2023, which assumed that farmers over-irrigate by 10 percent. 
total irrigation water applied during the irrigation season, in cm. For the 
population scenarios this is 63.5 cm (25 in.). For thc othcr sccnarios it is 
82.3 cm (32.4 inches). Nearly all of this is deposited during the 6 month 
period from April to September. 
distribution coefficient in surface soil for an element, in mug. Values for 
chemicals are shown on Table A38. Values for radionuclides are shown in 
Table A40. 
total precipitation, in ccntimctcrs, during the irrigation pcriod. Over the 
period 1971 to 2000, the precipitation during the 6 month irrigation season 
(April to September) has been 5.766 cm (PNNL-13859). 
imgation period, 0.5 y 
average soil leaching coefficient. fraction removed from a soil layer of 
thickness "d" during the time that irrigation occurs, per ycar. 
bulk density of the surface soil, 1.5 dcc. 
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0 = volumetric water content of the surface soil, milliliters ofwater per cubic 
centimeter of soil. A value of 0.2 mVcc is assumed. Because the total soil 
porosity is about 0.4 ml/cc, thc saturation ratio is about 50%. 

The values assigned to the variables in the above equation were used in prior Hanford 
performance assessments. The annual irrigation total (82.3 c d y )  is based on the Specific 
Information on the Terrestrial Environment (SITE) database referenced ORNL-5786. The SITE 
database reports that a large percentage of the drier western states falls into the range from 70 to 
85 c d y .  The values chosen in NUREGKR-5512 is 76 c d y .  while the value more appropriate 
to Hanford is 82.3 c d y  (WHC-SD-WM-EE-004). The Hanford value is based on irrigation 
rates in the counties surrounding the site. Note that the amount of irrigation is assumed to be the 
same for all plant types including gnins. 

For the population living along the Columbia River. the annual irrigation amount is 
reduced to account for the greater precipitation closer to the ocean. In addition, the average 
irrigation rate along the river is 25 i d y  (63.5 c d y )  (WHC-SD-WM-EE-004). This value was 
obtaincd as an average in counties along the Columbia River, and thcrcby diffcrs from the 
irrigation rate assumed for individuals living near the IIanford Site. Because this average is over 
a large population it will have an insignificant range. 

Leaching coefficients computed from the above equation are listed in Table A40 along 
with the distribution coefficient. The numerator represents the excess water added each year. It 
is taken to bc about IO cm during the irrigation season based on the discussion in PNWD-2023. 

The Hanford Environmental Dose Reconstruction Project (HEDR) found the irrigation rate 
in the counties surrounding the Hanford Site ranged from 61 c d y  to 98 c d y  (PNWD-2023, 
Rev 1). The excess watering term in the numerator @+I-E) then ranges from 0 to 26 c d y ,  and 
the leaching coefficients range from 0 to 2.5 times the chosen values. This range has little effect 
on the resulting doses for most nuclides bccausc the leaching coefficients are generally small. 

The leaching factor for tritium includes both evaporation as well as percolation out of the 
surfacc laycr. The evaporative losses arc estimated assuming thc soil gains no water. Thus, the 
amount dcpositcd as irrigation or prccipitation is thc amount that Icavcs. During thc irrigation 
season, April through September, there is 5.77 cm precipitation (PNNL-13859). The remainder 
of the year the precipitation average is 11.96 cm. Irrigation is 82.3 cm for the individuals, and 
63.5 for the Columbia River population. The effective leaching coefficient for water during the 
irrigation months is 46.18 per year for the population and 58.71 per year for the individuals. 
During thc non-irrigation months thc effcctivc leaching cocfficicnt is 7.975 pcr year. These are 
calculated using the equations below. The numerators in both cases are the amount of 
evaporation that is assumed. The variables were defined in previous equations. 

during irrigation months P + I -10 c d y  Tritium Emanation = 
0 d Tim 

during non -irrigation months P 
=:- 

0 d T”, 
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A6.2 Garden Soil Concentration 

A two-part removal rate from the soil has been adopted for use in the tank waste PA. It is 
assumed that significant irrigation occurs during 6 months of the year. The rest of the year has 
very little water infiltration. During the no-irrigation period there is no leaching from the surface 
layer. Tritium is an exception that is discussed below. 

In the post-intrusion residential scenario, the irrigation water is free of contaminants and 
acts to reduce the surface soil concentration. The surface soil concentration decreases 
exponentially with time. The removal constant is the sum of the leaching coeflicient and the 
decay coeflicient. The equation below shows the factor that is applied to the initial garden soil 
concentration to calculate the concentration at the end of the year. 

FNS = ExP(-hTim) ExP(-hRTno) 
and l .=hs+X,  and T i m + T n o = l y  

where, 
FNS 

Tim 
Tno 

h 
hR 

XS 

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

= irrigation period, 0.5 y 
= no irrigation period, 1 y - Ti, = 0.5 y 
= total removal constant, per year 
= radioactive decay or chemical decomposition constant, per year. These are 

calculated as In(2)=0.6931472 divided by thc material half life (in yean). 
= average soil leaching coeflicient, fraction removed from a soil layer of 

thickness "d", per year 

Each year the same factor is applied to calculate the soil concentration at the end of the 
year. Thus the soil concentration after N years is FNS raised to the Nth power. 

The initial tritium concentration in soil decreases according to the above formula, with one 
exception. During the no-irrigation season, the removal constant (8.032 per year) is the decay 
constant (0.05622 per year for tritium) plus the evaporation constant (7.975 per year). 

In the various irrigation scenarios, the irrigation water is contaminated and adds to the 
surface soil concentration. The surface soil concentration increases during the irrigation season, 
and decreases during the no-irrigation season. The equation below shows the factor that is 
applied to the irrigated soil total concentration (amount deposited per unit area during the year 
divided by the area density of the soil) to calculate the concentration at the end of the year. 

1 - EXP(- h T~,) 
Exp(- 'RTno 

Tim 
FIS = 

and h=l. . ,+l . ,  and Tim+Tno=ly 

where, 
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Fls = fraction of the total soil concentration (amount deposited per unit area during 
the year divided by the area density of the soil) that is present at the end of 
1 year when the irrigation water is adding contaminants to the soil 

Ti, = irrigation period, 0.5 y 
T., = no irrigation period, 1 y - Ti, = 0.5 y 

h~ = radioactive decay or chemical decomposition constant, per year. These are 
calculated as ln(2)=0.6931472 divided by the material half life (in years). 

1s = average soil leaching coeflicient, fraction removed from a soil layer of 
thickness "d", per year 

h = total removal constant, per year 

Each year the same amount is added to the soil by ongoing irrigation. and the amounts 
depositcd in prior years decrease by the factor FNS each year. ARer N years of irrigation. the soil 
concentration is the total soil concentration (amount deposited per unit area during one year 
divided by the area density of the soil) times the factor shown below. 

Natural precipitation acts to dilute contaminatcd irrigation watcr slightly. It adds water 
that is not contaminated. The formula below shows the dilution factors [Le.. Y(I+P)] used in 
these calculations during the irrigation season. These factors are used wherever Fls is used. 

Dilution Adjustment (individual) = (82.3 cm)1(82.3 + 5.77 cm) = 0.9345 

Dilution Adjustment (population) = (63.5 cm)/(63.5 + 5.77 cm) = 0.9168 

The tritium concentration in irrigated soil is calculated using an equilibrium model. The 
tritium is chemically bound in a water molecule and thus goes with the water. The concentration 
of tritium in irrigation water. is similar to the concentration in the water in the soil. The soil 
hydrogen fraction is 0.0149 kg hydrogen per kg soil, as shown in Table A34. Thus the effective 
moisture content ofthe soil is calculated as shown below. The density ofwater is 1.0 kgL. 

(8.94 g €IzO/g Hz)(0.0149 kg €Illkg soil)/(l.O kgL) = 0.133 L HzOkg soil 

This value may also be calculated from the assumed value for the volumetric water content 
ofsoil (0.2 ml/cc) and its density (1.5 kgL). Note that the value reported in NLJREWCR-5512 is 
0.1 Lkg. A somewhat higher value is being used in the tank waste PA, which leads to higher 
tritium concentrations in soil during the irrigation season. 

The tritium concentration in irrigated soils during the irrigation season is this soil water 
concentration times the concentration of tritium in the irrigation water times the natural 
precipitation dilution fraction. During the non-irrigation season the tritium concentration 
decreases exponentially using the evaporation plus decay removal constant (8.032 per year) 
discussed above. By the end of the year, the tritium concentration is essentially zero. Thus, 
there is no accumulation of tritiated water in soil in the present model. 
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A63 Shoreline Sediment Concentration 

Shoreline sediments accumulate contaminants present in river water much the same as 
garden soil. A simple model to represent this accumulation is based on models from BNWL- 
1754 and NCRF' Report No. 76. In the former, the accumulated sediment concentration depends 
on the water concentration, a deposition factor, and the radioactive half life. In the latter, the 
accumulation depends only on the water concentration and the distribution coefficient for 
sediment. The model chosen for these calculations is a combination of the two and is shown 
below. 

CD= - cw vs [I - Exp(-hT)] and h=hs +hR 
P d h  

where. 
CD = 
cw = 

d =  

P =  

concentration of the contaminant in shoreline sediment, in Cikg  
concentration of the contaminant in the river water, in C f i  
thickness of the shoreline sediment layer that holds the contaminants. 15 cm 
(5.9 inches) assumed 
time at which the sediment concentration is calculated, in years 
effective river to sediment deposition rate, 25,300 Urn2 per year (BNWL- 

total removal constant, per year 
decay or decomposition constant, per year 
average soil leaching coefiicient. fraction removed from a soil layer of 
thickness "d", pcr year 
bulk density of the shoreline sediment layer, 1.5 g/cc assumed 

1754 and PNNL-6584) 

If the product (hT) is small, the sediment concentration grows linearly with time. If this 
product is large, the sediment concentration is proportional to the inverse of the total removal 
constant 0). which depends on both the decay half life and the distribution coefficient. In 
general, sediment concentrations are much larger than garden soil concentrations. For an 
irrigation rate of 82.3 c d y ,  there is 823 Urn2 applied by irrigation each year. The shoreline 
sediment increases by 25,300 Urn2 each year. a factor of 30 greater. 

A6.4 Volatile Emissions from the Soil Surface 

Chemicals dissolved in water that is applied to the soil for irrigation purposes will 
evaporate much like the water does. A simple model to represent this process was developed by 
Jury, et al. (1983, 1984, and 1990). EPA has adopted a simplified version for estimating 
inhalation dose from volatile chemical emissions from the soil surface (EPA/540/R95/128). The 
simple model represents the time dependence of a layer of surface soil that is initially 
contaminated at some uniform Concentration (Co). The formula for the fractional loss rate from 
the surface layer as a function of time is shown below. 
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where, 
co = 
d =  

kv = = - Exp( -d2 )]Exp(-kR T) 
pdC,  d x T  4 D E  T 

0’z D, + D, H‘ 
(pK, + 0 + 0, H)q2 

DE = 

initial soil concentration. in gkg 
thickness ofthe surface layer that holds the contaminants, I5 cm (5.9 inches) 
assumed 
diffusion coefficient for the chemical vapor in air from Table A41, cm2/s . 
effcctive diffusion coefficient for contaminant motion from the soil and soil 
water into the soil air, cm2/y 
diffusion coefficient for the chemical dissolved in water from Table A41, 
cm2/s 
time at which the chemical loss rate is calculated, in years 
unitless Henry’s Law Constant for the chemical from Table A3 
mass flux of the chemical out of the soil surface, in dcm2 per year 
distribution coefficient for the chemical in surface soil, in mVg. Values for 
chemicals are shown on Table A38. 
total soil porosity, in mVcm3. cp = 1 - p/pp = 0.40 mVcm’ 
volatile emanation constant for the chemical, or fractional loss rate from the 
surface soil layer into the air above the soil, per year 
decomposition constant for the chcmical, per year (assumed zero) 
bulk density of the surface soil layer, 1.5 dcm3 assumed 
particle density of the surface soil layer, 2.5 gkm3 assumed 
volumetric water content of the surface soil, milliliters ofwater per cubic 
centimeter of soil. A value of 0.2 mVcm3 is assumed. 
volumetric air content of thc surface soil, milliliters of air per cubic 
centimeter of soil. 0, = cp - 0 

Thc loss rate dccreases with timc. Tlius, an average loss rate is calculatcd by pcrforming 
the time integnl of the above formula divided by the averaging time (TAvE). The average loss 
rate (or emanation constant) assuming no decomposition (A.R=O) is shown in the equation below. 

2ixl - Ex( -d2 )] + &ERF{ 
d ] = xTAVE DE TAVE 2 J m z  

Values for the diffusion coefficients (DA and Dw) are shown in Table A41 along with the 
emanation constants (kv). Irrigated fields are represented as a series of contamination events. 
Active watering ofthe soil lasts less than an hour. The averaging period is taken to be the time 
between irrigation additions to the soil. Because the emanation constant decreases with time, the 
longest avenging time possible was used, namely. 168 hours (1 week). During the non- 
irrigation period, the emanation constants are calculated using an avenging period of 0.5 year. 
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Table A41. Diffusion Coefficients and Emanation Constants 
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Table A41. Diffusion Coefficients and Emanation Constants 



I 1 . .  

Diffusion Coefficients 
( c m h c )  

Emanation Constants 
(per year) 

CASRN 
14797-65-0 
16065-83-1 
18540-29-9 

none 

l??!ASRN - Chemical Absact Service Reference Number 

Chemical Air Water Irrigation Irrigation 
Nitrite na na 5.33E-01 0.00EtOO 
Chromium (111) (insoluble salts) na na 6.62E-03 0.00EtOO 
Chromium (VI) (soluble salts) na na 5.33E-01 0.00EtOO 
Uranium (soluble salts) na na 6.23E-02 0.00E+00 

~~ 

e 
The averaging time is 1 week (168 hours). 
Missing values are indicated with ”na”, which means “not available’*. 
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Attachment AI. ISCST3 Input Files for the 100 m2 Source 

First Case - Zero Elevation Receptors 

CO STARTING 
TITLEONE 
MODELOPT 
AVERTIME 
TERRHGTS 
FLAGPOLE 
POLLUTID 
RUNORNOT 
ERRORFIL 

CO FINISHED 

Area Sources --- 100 sq.m 
MSGPRO CONC RURAL 
ANNUAL 
ELEV 
0.0 
OTHER 
RUN 
ERRORS.LST 

SO STARTING 
* *  SRCID SRCTYP XS YS 
t t  ----- ------ ----- ----- 

LOCATION A100 AREA -5.0 -5.0 

t t  SRCID QS HS XINIT 

SRCPARAM A100 1.0 0.0 10. 

EMISUNIT 1.00 (GRAMS/(SEC-M**Z)) 

SRCGROUP AREA1 A100 

* *  ----- -- -- ---- ----- 

SO FINISHED 

RE STARTING 
GRIDPOLR POLl STA 

DIST 1. 1.5 2. 2.5  3. 
GDIR 36 0.0 10.0 

GRIDPOLR POLl END 
DISCCART 0. 
DISCCART 0. 
DISCCART 0. 
DISCCART 0. 
DISCCART 10. 
D I SCCART 10. 
DI SCCART 10. 
DISCCART 10. 
DI SCCART 10. 
DISCCART 10. 
DI SCCART 0. 
DISCCART 0. 
DISCCART -10. 
DISCCART -10. 
DISCCART -10. 
DISCCART -10. 
DISCCART -10. 
DISCCART -10. 

RE FINISHED 

ME STARTING 

0. 
0. 
10. 
10. 
10. 
10. 
0. 
0. 

-10. 
-10. 
-10. 
-10. 
-10. 
-10. 
0. 
0. 
10. 
10. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
1. 
0. 
1. 
0. 
1. 
0. 
1. 
0. 
1. 
0. 
1. 
0. 
1. 
0. 
1. 
0. 
1. 

zs 

.oooo 
----- 

YINIT 

10. 
----- 

grams/cubic-meter 

5 .  10. 1 5 .  20. 
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INPUTFIL MET\EPA92-96.2E 
ANEMHGHT 10.0 
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SURFDATA 67656 1992 Hanford-200 
UAIRDATA 67656 1992 Hanford-200 

ME FINISHED 

OU STARTING 
RECTABLE ALLAVE FIRST SECOND 
MAXTABLE ALLAVE 50 

OU FINISHED 

Second Case - 0.5 m Elevation Receptors 

CO STARTING 
TITLEONE 
MODELOPT 
AVERTIME 
TERRHGTS 
FLAGPOLE 
POLLUTID 
RUNORNOT 
ERRORFIL 

CO FINISHED 

Area Sources --- 100 sq.m 
MSGPRO CONC RURAL 
ANNUAL 
ELEV 
0.5 
OTHER 
RUN 
ERRORS.LST 

SO STARTING 
tt  SRCID SRCTYP XS YS 2s 
t t  ----- ------ ----- ----- ----- 

LOCATION A100 AREA -5.0 -5.0 .oooo 

* *  SRCID QS HS XINIT YINIT 

SRCPARAM A100 1.0 0.0 10. 10. 
* *  ----- ---- ---- ---- - ---- - 

EMISUNIT 1.00 (GRAMS/(SEC-M"2)) grams/cubic-meter 

SRCGROUP AREA1 A100 
SO FINISHED 

RE STARTING 
GRIDPOLR POLl STA 

DIST 3. 5. 6. 7. 8. 9. 10. 12. 15. 
GDIR 36 0.0 10.0 

GRIDPOLR POLl END 
RE FINISHED 

ME STARTING 
INPUTFIL MET\EPA92-96.2E 
ANEMHGHT 10.0 
SURFDATA 67656 1992 Hanford-200 
UAIRDATA 67656 1992 Hanford-200 

ME FINISHED 

OU STARTING 
RECTABLE ALLAVE FIRST SECOND 
MAXTABLE ALLAVE 50 

OU FINISHED 
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Third Case - 1 m Elevation Receptors 

CO STARTING 
TITLEONE Area Sources --- 100 sq.m 
MODELOPT MSGPRO CONC RURAL 
AVERTIME ANNUAL 
TERRHGTS ELEV 
FLAGPOLE 1.0 
POLLUTID OTHER 
RUNORNOT RUN 
ERRORFIL ERRORS.LST 

CO FINISHED 

SO STARTING 
* *  SRCID SRCTYP 
t t  ----- ------ 

LOCATION A100 AREA 

t t  SRCID QS 
* *  ----- ---- 

SRCPARAM A100 1.0 

EMISUNIT 1.00 (GRAMS/(SEC-Mf*2)) 

SRCGROUP AREA1 A100 
SO FINISHED 

RE STARTING 
GRIDPOLR POLl STA 

grams/cubic-meter 

DIST 8 .  12. 13. 14. 15. 16. 17. 20. 25. 
GDIR 36 0.0 10.0 

GRIDPOLR POLl END 
RE FINISHED 

ME STARTING 
INPUTFIL MET\EPA92-96.2E 
ANEMHGHT 10.0 
SURFDATA 67656 1992 Hanford-200 
UAIRDATA 67656 1992 Hanford-200 

ME FINISHED 

OW STARTING 
RECTABLE ALLAVE FIRST SECOND 
MAXTABLE ALLAVE 50 

OW FINISHED 
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DECAY PROGENY INGROIVTA 

B1.O INTRODUCTION 

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

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

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

B2.0 TIME DEPENDENCE OF SOIL CONCENTRATIONS 

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

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

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

B2.l DECAY WITHOUT LEACIIING OR IRRIGATION DEPOSITION 

The radioactive decay constants will be represented as Xlrr Xzr, X3r, b,, and so forth until 
A,,,, which is the last member of the chain. The leaching coefficients describing removal from the 
surface layer by watcr infiltration will bc rcprcscntcd as X lr, Xzrr 13s. bs, and so forth. Thc sum 
of thesc the radioactive and leaching constants for a givcn nuclidc will bc represented as X 1 . 1 2 ,  
A,, h.4, and so forth. In other words, 12 is defined by the equation 12 = Xzr + Xzs .  Radioactive 
decay constants are computed by dividing the half life of the nuclide (Table Al)  into the 
logarithm o f2  (Ln 2 = 0.69314718). Leaching coefficients for radionuclides arc listed in 
Table A40. 

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

ql is the initial soil concentration ofthe first member of the chain. C,, is the 
concentration of the "nth" member of the chain after the time "t" has elapsed. Csn is assumed to 
bc zcro initially, and to incrcasc with time. Both conccntrations havc units of Cikg. 

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

The decay equations are presented as Equation (4) for the first four nuclides. In a four- 
step decay chain. nuclide 1 (the parent) decays to nuclide 2, which then decays to nuclide 3, 
which then decays to nuclide 4. 

C ~ I  = C,O1 Exp(-XIrV 

Csz = C,O1 BIZ hZr{Exp(-XIrT)/(hzrlil,) + Exp(-~zrT)~(hlr~zr)} 

GI = C,O1 BIZ &I h.2r11r { Exp(-n~rT)/[(hzrh~r)(h~rh~r)l 

+ Exp(-h~rT)/[ (hlJ-~r)(l-i3r&r)l+ Ex~(-h~rT)/[(h~rh~r)(~~rh~r)l I 
C U ~  = C,O1 B I Z  B23 B34 I ~ r 7 c , r h 4 r  { E~~(-h1rT)/[(h~rh1r)(h1rh1r)(h4rh1r)l 

+ E~~(-h-~rT)/[(h1r~~r)(~1r~2r)(hlr~2r)l 
+ Ex~(-X1rT)/[(~1r~1r)(h~r~1r)(h4r~1r)l 

+ Ex~(-~4;T)/[(~1rh4~)(h~r-h4r)(~1r-h4r)l I 
where, 

ql = initial concentration of nuclide 1 (Le. at T=O), in Cikg. The initial 
concentrations of all other members of the chain are assumed to be zero. 

Cs~,Csz, = concentration ofnuclides 1,2,3,  and 4 at time T, in Cikg. 
Cs1,Cs-l 

B~z,BzI, = branching ratios for nuclides 1,2, and 3. 
BJJ 

hlr,hz,, = radioactive decay constants for nuclides 1,2,3, and 4. Note that the dccay 
h]& constant is the natural logarithm o f 2  divided by the half-life of the nuclide. 

Note also that the decay constants in a decay chain are all different so the 
differences will never be zero. 

(4) 

82.2 DECAY WIT11 LEACIIING BUT WITIIOUT IRRIGATION DEPOSITION 

The situation with an initial soil contamination that decreases due to irrigation and 
radioactive dccay is described next. When leaching from the surface layer takes place, there is 
an additional removal mechanism that increases the size of the removal terms. Leaching 
coefficients were discussed in Section A6.0 and are listed in Tables A38 and ,440. Multiple 
years of leaching and decay will be described using a hvo-part irrigation model. The first half of 
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the year has significant leaching due to the irrigation. The second halfof the year has no 
leaching. 

B2.2.1. Initial Soil Concentration During the Irrigation Season 

The addition of leaching only changes Equations (2) and (3) by replacing the radioactive 
decay constants (kkr) with the combined leaching and decay coeflicients (kk = 7110 + 7ikr). In 
effect, the radioactive decay constant increases. The new equations for decay with leaching are 
shown below as Equations (S) ,  (6), and (7). Note that the product ofradioactive decay constants 
in Equation ( 5 )  is unchanged from Equation (1). 

The term q, is the same as in Equation ( I ) .  It is the initial soil concentration ofthe 
parent nuclide in the chain. The Bk.k+I terms are also the same as in Equation (1). The change in 
the definition of the time-dcpendcnt function DSI, increases the exponents, so the decline in soil 
concentration is faster. Note that when n=l. PDI,I.I=I. Note also that the subtractions in the 
PDl,k,,, term do not eliminate the leaching factor unless they are all the same for that decay chain. 
Therefore Equations (3) and (7) are normally not the same. 

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

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

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

where, 
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Tin 
T.0 

WII 

- - soil concentration of the first member of the decay chain at the end of the 
first year, in Cikg 

= initial soil concentration of the first member of the decay chain, in Cikg 
= irrigation period, 0.5 y 
= no irrigation period, T,, = 1 y - Ti, = 0.5 y 
= fraction of the initial soil Concentration of the first member of the decay 

chain that is left at the end of 1 year when the irrigation water adds no 
contaminants 

= total removal constant for the first member of the chain, per year 
= radioactive decay constant for the first member of the chain, per year 
= average soil leaching coeficient for the first member of the chain, per year 

The first daughter of nuclide "I" is produced during the irrigation period and then decays 
during the rest of the year. It also is produced from the decay of the parent nuclide that is present 
at the end ofthe irrigation season. This is shown in Equation (9). The term Bl2 contains the 
branching ratio and product ofdecay constants found in Equations (1) and (5). It is not the 
branching ratio shown in Equation (4). The W12 term is introduced to simplify later equations. 

The concentration of the third and fourth nuclides in the chain at the end of the first year is 
calculated using Equations (10). Longer chains are computed in a similar fashion. Note that all 
possible decay paths must be considered. This leads to as many terms as there are members in 
the decay chain. 
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B2.23. Initial Soil Concentration after Several Years 

To describe the concentration of a nuclide in the soil after several years, the decay factors 
are multiplied by the soil concentration at the start of each year. This is demonstrated for the 
first member of the decay chain in Equation (1 1). The concentration is at the end of N years 
when the amount at the start of the first year was C$. Each year the concentration decreases by 
the factor WII.  

For the 2"d member of the decay chain, there are two sources. The first source is the 1" 
member ofthe decay chain. The 1" member's activity is multiplied by B12W12. The second 
source is the presence of the 2"d member in the soil after the first year. The activity of the 2"d 
member is multiplied by W22, which is similar to WII except that the decay factors use the decay 
and leaching parameters for the 2"d nuclide. The X-notation is introduced in Equation (12) to 
simplify the calculation. The exponent (N-1) does not refer to the exponentiation process, but 
rather is another index. When N=l the X12 term is 1. 

c,(N)=c,(N-I)w,, +c, ,(N-I)B,,  wlz =c:: B,, xy (12) 

For the 3" member of the decay chain, there are three sources. The first source is the 1" 
member of the decay chain. The 1" member's activity is multiplied by B I J W I ~ .  The second 
source is the presence of the 2"d member in the soil after the first year. The activity of the 2"d 
member is multiplied by Bz~W23. The third source is the presence of the 3" member in the soil 
after the first year. The activity of the 3" member is multiplied by WJJ. The X-notation is used 
in Equation (13) to simplify the calculation. The exponents o f X  are indices rather than 
exponentiation. When N=l the XI] term is 1 but the Xi23 term is 0. 

For the 4Ih member of the decay chain. there are four sources corresponding to the four 
members of the decay chain. The X-notation is used in Equation (14) to simplify the calculation. 
This notation also indicates the technique for modeling longer decay chains. When N=l the XI., 
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B2.2.4. Initial Soil Concentration Cumulative Dose 

Tho doses that result from continuous intakes, or exposurcs, during the ycars of interest 
can bc calculated from thc above equations for soil conccntration assuming the instantaneous 
dose rate (Le. dose per day) is proportional to the soil concentration. The dose during one year is 
the time-integral of the soil concentration times a conversion factor. This time integral of the 
soil concentration during the irrigation period is shown in Equations (15) and (16). Note that 
Equation (7). which defines PDlk.,,, is not changed by the integration. Also note that the 
integrated soil concentration term (IDS) is unitless. 

A similar function results from the time integral of DR over the latter halfof the year. The 
total dose that accumulates during the first year is shown in thc equations below (17). The year 
must be divided into the irrigation and non-irrigation parts to complete the integration. 
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H,(I)=cF, c;I B , ~ ( w Z  Tim + ( ~ z  m ~ z z  + ~ i  mRlz)Tno)=CFz c;l BIZ ~ 1 2  

H*,(I)=CF1 c:1 Bll TI, 

%(I)= CF4 el Bl, TI, 

Hsl(l)=CFl c:l Bll(IDSll (DSll  IDRl1 +DS12 IDR2l +DSll  lDRll)Tno) 

Hs4(1)=CF4 C;l B14(IDS14 Ti,, + (DS14 IDR, +DS1, IDR], +DS12 IDR,, +DSl l  IDR14)Tno) 

The cumulative dose afler N years is the sum of the doses received in the previous (N-1) 
years plus the dose that accumulates during the Nth year. For the 1" isotope in the decay chain, 
it is the sum o f N  terms, as shown in Equation (18). The Y term is introduced to simplify later 
equations. Note that the uppcr index of the Y term is not an exponent. unlike the upper index of 
the WII  term. 

1 - W N  

K=I K=l I-wll 

N N 

H ~ ~ ( N ) = ~ H ~ ~ ( K ) = ~ H ~ ~ ( I ) w ~ ~  = ~ ~ ~ ( i )  ' I  = H  SI (I)Y;-' 

For decay fractions that arc close to 1. a small decay approximation has bccn derived to 
improve numeric accuracy. This approximation is shown bclow. 

For W =e-& and c < 0.001 

W" - W N 2  zl--(N-l)+-(2Nz & & 2  -3N+1) 
1 - w  2 12 

--(N1 E 3  -2N2 +N)+-(6N4 E4 -15N1+10N2 -1) 
24 720 

w h e r e N = N , + N ,  and N 2 = N : + N I N 2 + N :  

For the 2"d member ofthe decay chain the cumulative dose has two components. The first 
is the contribution from the 1" member of the decay chain each ycar. The second comes from 
the 2nd member of thc dccay chain as it accumulates aflcr thc first ycar. These arc shown in 
Equation (19). The Y term simplifies later equations. It also illustrates the technique for 
modeling longer decay chains. Equation (19) is largely the same as Equation (12) except that 
WN has been replaced with (l-WN)/(l-W). Note that when N=l, the YI term is 1 while the Ylz 
term is zero. This indicates that all the dose calculated from the 2nd member during the first year 
comes directly from the 1" member of the decay chain. Not until the second year does the 2"d 
member become a sepante source of dose. 
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For the 3" member of the decay chain the cumulative dose has three components. The 
first is the contribution from the 1" member of the decay chain each year. The second'and third 
come from the 2"d and 3" members of the decay chain as they accumulate after the first year. 
These are shown in Equation (20). The Y term illustrates the technique for modeling longer 
decay chains. Equation (20) is largely the same as Equation (13) except that WN has been 
replaced with (l-WN)/(l-W). Note that the Yl23 term is zero until N=3. 

For the 4'h member of the dccay chain the cumulative dose has four components. The first 
is thc contribution from the 1" member of the dccay chain each ycar. The others arc from the 
2nd, 3d, and 4Ih members of thc dccay chain as they accumulate after the first ycar. These are 
shown in Equation (21). The Y tcnn illustrates the technique for modcling longer dccay chains. 
Equation (21) is largely the same as Equation (14) except that WN has been replaced with 
(l-WN)/(l-W). Note that the Y I Z ) ~  term is zero until N=4. 
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R2.3 DECAY WIT11 1,EACIIING AND IRRIGATION DEPOSITION 

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

ID, = C, I (1 0 L m-' cm-I) / Ti, 

ID, = instantaneous activity deposition rate during the i m  ation ofareas growing plant 

C, = irrigation water concentration, in curies per liter (Ci/L). This concentration is 

Where 

5 type p, in curies per square meter per year (Ci y-l m- ). 

assumed to be constant (no decay) during the 6 month application period. 
I = irrigation water applied to plants during the irrigation period. For the maximum 

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

Ti, = irrigation period in years. The value 0.5 yr is used since the irrigation is assumed 
to take place 6 months per year (April through September). 

The instantaneous rate of increase in the soil concentration is computed from 
Equation (22). 

ID:, =ID,/( p d )  

Where 

IDO SI = instantaneous rate of increase in the soil concentration during the irrigation season, 
in curies per kilogram per year. 
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ID, = instantaneous activity deposition rate during the irri ation of soils growing plant 3 type p, in curies per square meter per year (Ci y-' m 1. 

used in Hanford Site PA work is 1.5 gkc. 

be 15 cm (5.3 inches). 

p = bulk density of the surface soil, in grams per cubic centimeter. The value normally 

d = thickness of soil from which nuclides migrate, in centimeters. This is assumed to 

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

B23.1. Irrigated Soil Concentration During the Irrigation Season 

Using contaminated irrigation water, the concentration of radioactivity in the surface layer 
ofsoil increases with time. The equations to represent this turn out to be the time integral of 
Equations (5), (G) ,  and (7). This activity accumulation is shown in Equations (23) and (24), 
below. Equation (7), which defines PDl,kflnr is not affected by the integration. The term ID:, is 
the rate at which the concentration of the parent nuclide increases due to irrigation deposition. 
Note the addition of the irrigation time (1) to the equation to make the DI decay term a unitless 
fiction representing accumulation in the soil ofcontaminants that decay or are leached from the 
surface layer. At the end of the irrigation period, t=Ti,. The DI term is mathematically identical 
to the IDS term shown in Equation (16). 

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

One exception to the abovc is for tritium in the irrigation water applied to the soil. An 
equilibrium approach is used. The tritium concentration in the soil moisture is assumed to equal 
the tritium Concentration in the applied irrigation water, adjusted for natural precipitation. This 
is calculated using the formula below. Note the absence of time dependence. The tritium 
concentration is constant during the irrigation season. 
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C~.HI = 8-94 F H ~  G.IO W+P)  
Where 

C , J ~ ~  = concentration of tritium in the surface soil during the irrigation season. in curies per 
kilogram. 

8.94 = factor to convert the hydrogen weight fraction into a water fraction. It comes from 
the ratio of molecular weights for hydrogen (2.0159 glgmole) and water 
(18.0153 glgmole). 

Table A34). 
F11, = fraction of hydrogen in garden soil, 0.0149 g hydrogen per gram of soil (from 

Cw,H3 = concentration of tritium in the irrigation water, in pCin. 
I = total irrigation water applied to the soil during the irrigation season, 82.3 cmly 

P = total natural precipitation water reaching the soil during the irrigation period, 
(63.5 cmly for the population). 

5.77 cmly (PNNL-13859). 

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

B23.2. Irrigated Soil Concentration a t  the End of the First Year 

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

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

0 = instantaneous soil deposition rate from irrigation for the first member of the 
IDS1 decay chain, in Cilkg per year 

Ti, = irrigation period, 0.5 y 
T., = no irrigation period, Tm = 1 y - Ti, = 0.5 y 

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

csl(l) = first year. in C i g  
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11 = total removal constant for the first member of the chain, per year 
11, = radioactive decay constant for the first member of the chain, per year 
11% = average soil leaching coeflicient for the first member of the chain, per year 

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

Cs2(l)=TimIDtl BIZ (DIIzDRzz+DIII DRtd (26) 

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

Csd1)=TimID,OI BIIQII~  DR~I+DIIzDRzJ+ DIII DRIJ) 

In practice, it is better to calculate the decay factors for each nuclide, since these are 
unitlcss fractions whose value is ncar 1.0 for nuclides with long half lives. The calculation of 
media concentrations and dose can be carried out ignoring decay. A decay factor can then be 
added. 

B2.3.3. Irrigated Soil Concentration after Several Years 

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

For the 1" member of the decay chain (the parent nuclide) after several years of irrigation, 
the total soil concentration is the sum of N years of deposition each adjusted for decay. This is 
demonstrated in Equation (28). The concentration is at the end of N years when the amount 
added every year is CS1. Each year the concentration added in any year decreases by the factor 
WII .  The Y-notation is used in Equation (28) to simplify the calculation. These are the same 
W's and Y's that were used in Equation (18). The exponent (N-I)  does not refer to the 
exponentiation process, but rathcr is another index. When N=l the YI term is 1. 
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For the 2nd member of the decay chain. there are two sources for the residual 
contamination. The first source is the activity of the 1" member of the decay chain at the end of 
(N-1) years. The 1" member's activity is multiplied by B12W12. The second source is the 
presence of the 2"d member in the soil after the first year. The activity of the 2nd member of the 
decay chain after (N-1) years is multiplied by W22. The W's and Y's arc the same as used in 
Equation (19). 

For the 3" member of the decay chain, there are three sources of residual contamination. 
The first source is the activity of the 1" member of the decay chain at the end of (N-1) years of 
irrigation. The 1"mcmbcr's activity is multiplied by BIJWIJ and B I J W I ~ W ~ J .  Thc sccond 
source is the presence of the 2nd and 3" members of the decay chain at the end of (N-I) years. 
The activity of the 2nd member is multiplied by B23W23. The activity of the 3" member is 
multiplied by WJJ. The Y-notation used in Equation (30) is the same as used in Equation (20). 
The exponents of Y are indices rather than exponentiation. When N=l the YIJ term is 1 but the 
YIZJ term is 0. This indicates that during the first year, all the activity of the 3" member comes 
directly from the 1" member of the chain. 

N N N 

ccs3(l) "E1 + ~ C r 2 ( 1 ) B 2 3 w 2 3 X ~ ~ 2  + ~ c s l ( ~ ) B 1 3 ( w 1 3 x ~ 2  + wlZ w23xII':) 
K=l  K-2 K-2 

Cr3(N)= cs3(1)y?-1 + Cs2(1)B23w23y~2 4- c s l ~ ~ ~ B 1 3 ( w 1 3 y ~ ~ 2  + w12Lv23y~;3) (30) 

For the 4Ih member of the decay chain, there are four sources of residual activity 
corresponding to the four members of the decay chain. These are shown in Equation (31). The 
Y term illustrates the technique for modeling longer decay chains. It is the same Y shown in 
Equation (21). 
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B23.4. Irrigated Soil Concentration Cumulative Dose 

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

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

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

H,,(l)= CF,TinDl:, (IDI,, Ti, + Dl,, TDR,, Trio) (34) 
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The cumulative dose after N years is the sum of the doses received in the previous (N-I) 
years plus the dose that accumulates during the Nth year. The dose in the Nth year is the dosc 
from irrigation (the same every year) plus the dose from the soil contamination that is present 
after (N-a) years of irrigation. For the first member of the decay chain, the cumulative total dose 
at the end of N years is shown in Equation (35). C,l(l) is the soil concentration at the end of the 
first year of irrigation as defined in Equation (25). TI, is the same as defined in Equation (17). 
The Z term is introduced to simplify later equations. The Z terms are sums of the Y terms. 

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

For W = e-' and c c 0.001 
WNI - W N 2  .. .. 1- 

(N, -N,)(I-w) -- - (N-I) +-(N2 c -3N+2) 
1 - w  - 2  G 

--(N3 cz -4N2 +5N-2)+ -(3N4 E3 -15N3 + 25N2 -15N+ 2) 
24 360 

where N = N, + N, and N2 = N: + N,N2 + N: 

For the second member of the decay chain, the cumulative total dose at the end of N years 
is shown in Equation (36). C&) is the soil concentration of the 2"d member at the end of the 
first year of irrigation as defined in Equation (26). T12 is the same as defined in E uation (17). 
T22 is similar to TI ,  except that the decay and leaching parameters belong to the 2" member of 
the chain. 

9 
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For the third member of the decay chain, the cumulative total dose at the end of N years is 
shown in Equation (37). C,3(1) is the soil concentration of the 3d member at the end of the first 
year of imgation as defined in Equation (27). TI, is the same as defined in Equation (17). 

For the fourth member of the decay chain, the cumulative total dose at the end of N years 
is shown in Equation (38). Cd(1) is the soil concentration of the 4Ih member at the end of the 
first year of irrigation as defined in Equation (27). TI4 is the same as defined in Equation (17). 
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B3.0 EXTERNAL AND INlIALATION DOSE 

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

H b w  = Qwb c w  Dinh Tinh  (42) 
Where 

H b w  = inhalation dose from airborne moisture during one year, in mrem. 
Qvb = quantity of contaminated water inhaled by the person while in the shower or sauna, 

in Vy. Values are given in Table A28. 
C, = concentration of a nuclide in the contaminated water, in pCin. 

Dlnh = inhalation dosc factor for a nuclidc, in mrcm pcr pCi inhaled. Values are given in 

Tinh = inhalation exposure time of the individual, 1 y. 
Table A22. 

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

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

I = index over the decay chain. 1=1 refers to the first member, or parent nuclide; I=2 

due to radioactivity in the soil, mrem 

refers to the second member of the decay chain; I=3 refers to the third member; 1 4  
refers to the fourth member. 

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

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

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

Dexli = external dose rate factor for exposure to radiation from nuclide "1" in contaminated 
soil, in mremlh per Cum2. Values are given in Table A25 

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

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

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

1 
h 

T 
TimeIntegral= IExp(-lit)dt =-[I -Exp(-XT)] 

0 
(44) 

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

[ 1 - Exp(-hT)]lh = T*[ 1 - hT/2 + (hT)2/G - (hT)'/24] (45) 

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

Second Integral = [LT - 1 + Exp(-LT)]/n2 

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

[AT - 1 + Exp(-LT)]/n2 = T2*[ 1 - AT13 + (LT)’/12 - (LT)’/60]/2 (47) 

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

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

Initial Soil Contamination: (from Equation 8) 
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Irrigation with Contaminated Water: (from Equation 25) 

(49) 

'1 C,, dT = Tin ID11 (Tin) + T m  2 DII t (Tin) IDRtn (Tm) 
0 t-l 

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

note that 
Ti, = irrigation period in years. The value of 0.5 yr is assumed based on current 

T,, = interval during which no irrigation takes place, Tno = l y  - Ti, 
T,,, = consumption period for garden produce, assumed to be 90 days 
Tker = consumption period for beef after slaughter, assumed to be 120 days. 

practices near the Hanford Site. 
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B4.0 INGESTION DOSE 

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

B4.1 SOIL AND WATER INGESTION 

no progeny. 

where 
He.# = 

Qwe = 

cw = 

Dmg = 

Ting = 

The ingestion dose from drinking water is shown in Equation (51). The drinking water has 
. The concentration of each nuclide in a chain is treated separately. 

ingestion dose from drinking water, in mrem. 
quantity of contaminated drinking water ingested by the person, in Yy. See 
Table AS for values. 
Concentration of a nuclide in the contaminated water, in pCVL. 
ingestion dose factor for a nuclide, in mrem per pCi ingested. Values are given in 
TableA21. 
ingestion exposure time of the individual, 1 y. 

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

where 
Ha = ingestion dose accumulated during thc year from one radionuclide and its progeny 

I = index over the decay chain. 1=1 refers to the first member, or parent nuclide; 1=2 
due to radioactivity in the soil, mrem 

refers to the sccond member of the decay chain; 1=3 refers to the third membcr; 1=4 
refers to the fourth member. 
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M, = mass of soil ingested annually by the individual, in mdy. 
C,i = time-dependent soil concentration of the ith nuclide during the year, in Ci/kg. It is 

afFected by radioactive decay and leaching from the surface layer of soil. 
Dlng,i = ingestion dose factor for nuclide "I", in mrem per pCi ingested. Values are given in 

TableA21. 

B4.2 GARDEN PRODUCE 

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

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

The garden produce intakes are based on the two situations. The first applies to leafy 
vegetables. It is assumed that leafy vegetables are produced more-or-less continuously during 
the growing season. Thcy are consumed shortly after being collected. Thus the continuous 
model uses a time integnl to represent the accumulated dose from leafy vegetables during the 
growing season. It is further assumcd that leafy vegctablcs arc not raiscd after the growing 
scason has cndcd. Any lcafy vcgctablcs consumed aftcr thc growing scasons cnds arc assumcd 
to have been imported from uncontaminated areas. The 25% of a person's diet that comes from 
contaminated sources is tlieii assumed to be 50% during the irrigation period and 0% during the 
remainder of the year. 

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

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

n 

H,(others)=x Rp Bpi Q,? Csi IDRi(TwJ Ding.1 Tins 
i - I  

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

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

R, = dry to wet ratio for plant type p. See Table A36 for values. 
Bpi = soil to plant concentration ratio, as Ci/kg dry weight of vegetables to C i g  of soil. 

Q, = quantity of plant type p eaten by the person, in kdy. See Table A5 for values. 
C,i = soil concentration of the ith nuclide, in Ci/kg. It is affected by radioactive decay 

and leaching from the surface layer of soil during the irrigation season. In the 
second equation it is the soil concentration at the time ofharvest. 

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

IDRi = decay factor that accounts for radioactive dccay of thc ith nuclide during thc 
consumption of garden produce 

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

See Table A37 for values. 

Dmgj = ingestion dosc factor for nuclide "I", in mrcm pcr pCi ingested. Valucs are givcn in 
TableA21. 

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

Where 
Hepf = ingestion dose from plant type p due to resuspension of contaminated soil onto 

plant surfaces (rain splash), in mrem. 

vegetables (p=l). The second equation covers other vegetables, fruit, and grain 
@=2,3,4). 

day. See Section AS.2 for further discussion. 

lands on the plant. Computed as shown in Section A5.2. Values are listed in 
Table A39. 

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

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

Y,, = harvest yield of crop type p, in k@m2 (wet weight). Also called the standing 
biomass. Values are listed in Table A39. 

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

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

practices near the Hanford Site. 

consumption of garden produce 

p = type of plant. There are 4 types of garden produce. The first equation covers leafy 

Jd = average soil deposition rate on plant surfaces due to rain splash, 2 . 7 ~ 1 0 ~  k@mZ per 

Ffp = interception fraction for plant type p. The fraction ofwhat falls to the earth that 

Ti, = irrigation period in ycars. The value of 0.5 yr is assumed based on current 

IDRi = decay factor that accounts for radioactive decay of the ith nuclide during the 

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

45 days 

90 days 

Ting = ingestion exposure time of the individual, 1 y. 
Dlnkl = ingestion dose factor for nuclide "I", in mrem per pCi ingested. Values are given in 

TableA21. 

15.6 days 

18.0 days 

20.0 days 

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

T, = ( 1 - Exp[-(h, + h,)T$) I (h, + h,) (55) 
Where 

T, = effective exposure period for foliar deposition, in days. Values are shown in 

h, = weathering removal coefficient. 0.0495105 per day, or 18.0713 per year, which 

h, = radioactive decay constant, namely, the natural logarithm of 2 divided by the 

Tablc B1. 

corresponds to a 14 day halftime. 

radioactive decay half life in days. Values are listed in Table Al. 

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

Tp 

Table B1. Effective Exposure Times for Foliar Deposition 

I Growing Pcriod I T W  I 

The cNcctive exposure timcs are computed assuming radioactivc dccay is negligible 
forthcnuclidnofTable AI. 

The previous two avenues by which contamination reaches the edible portions ofthe 
plants apply only to activity, which is present in the soil. This section discusses direct deposition 
of contaminants in irrigation water onto the foliage. The ingestion dose due to radioactivity in 
the edible portion of the plants due to direct deposition on foliage is given in equation (56). 
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Where 
Hepd = ingestion dose from plant type p due to deposition of a nuclide in contaminated 

irrigation water onto plant surfaces, in mrem. 

vegetables @=I). The second equation covers other vegetables, fruit, and grain 
@=2,3,4). 

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

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

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

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

Yp = harvest yield of crop typc p, in k&mz (wct weight). Also called the standing 
biomass. Values are listed in Table A39. 

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

IDRi = decay factor that accounts for radioactive decay during the consumption ofgarden 
produce 

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

p = type of plant. There are 4 types of garden produce. The first equation covers leafy 

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

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

Table B2. Summary of Ingestion Dose from Garden Produce 
I I 

Rp Bp Cs Qyp Ding Tins 

Essential Dose Calculation for an Initial Soil Contamination I 

Leafy Vegetables: 

Other Vegetables. 
Fruit, and Grain: 

IDSUim) 

DS(Th).JDR(Tvcg) 

Correction for Radioactive Decay and Progeny In-growth 
I 

Other Vegetables. 
Fruit, and Grain: 

~ ~ 

Root Uptake & Splash: DI(Ti,,)IDR(TvCg) 
Direct Deposition: IDR(Tvcg) 

I Correction for Radioactive Decay and Progeny In-growth I 

I Leafy Vegetables: 
Root Uptake & Splash: IDI(Ti,,) 

Direct Deposition: no decay 

Explanation of Symbols Used in Table B2. 
Bp = soil to plant concentration ratio. as C i g  dry weight of vegetables to C i g  ofsoil. 

C, = soil concentration ofa nuclide, in Ci/kg. It is a k t e d  by radioactive decay and 

D,,, = ingestion dose factor for a nuclide, in mrem pcr pCi ingested. Values are given in 

Ffp = interception fraction for plant type p. The fraction of what falls to the earth that 

See Table A37 for values. 

leaching from the surface layer ofsoil during the irrigation season. 

Table A2 1. 

lands on :he plant. Computed as shown in Section A5.2. Values are listed in 
Table A39. 
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F, = translocation factor, Le. the fraction of what deposits on the foliage that ends up in 

ID, = instantaneous activity deposition rate due to irrigation of soils growing plant type p, 

Jd = average soil deposition rate on plant surfaces due to rain splash, 2 . 7 ~ 1 0 ~  kdm2 per 

the edible portions of the plant. Values are listed in Table A39. 

in Ci/yr/m2. 

day. See Section AS.2 for further discussion. 
p = type of plant. There are 4 types of garden produce. The first equation covers leafy 

vegetables (p=l). The second equation covers other vegetables, fruit, and grain 
@=2,3,4). 

Qyp = quantity of plant type p eaten by the person during the year, in kdy. See Table AS 

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

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

for values. 

Tin, = ingestion exposure time of the individual. 1 y. 
Ti,, = irrigation period in years. The value of 0.5 yr is assumed based on current 

Tveg - - consumption period for garden produce, assumed to be 90 days 
practices near the Hanford Site. 

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

Y,, = harvest yield of crop type p, in kdm2 (wet weight). Also called the standing 
biomass. Values are listed in Table A39. 

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

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

vegetables (p=l). The second equation covers other vegetables, fruit, and grain 
@=2,3,4). 

(63.5 c d y  for populations). 

p = type of plant. There are 4 types of garden produce. The first equation covers leafy 

I = total imgation water applied to the soil during the imgation season, 82.3 c d y  

C,,l,, = concentration of tritium in the imgation water, in pC&. 
P = total natural precipitation water applied to the soil during the imgation period, 5.77 

SI,, = fraction of hydrogen in plant type p. Values are listed in Table A34. The factor of 
c d y  (PNNL-13859). 

8.94 converts the hydrogen fraction to an effective water fraction that includes 
organically bound hydrogen. 

for values. 

produce 

Qyp = quantity ofplant type p eaten by the person during the year, in kdy. See Table A5 

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

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

Dlng.l13 = ingestion dose factor for tritium, in mrem per pCi ingested. Value is given in 
TableA21. 

B1.3 ANIMAL PRODUCTS EATEN 

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

Her = ingestion dose from contaminated fish, in mrem. 
Qrc = quantity of contaminated fish consumed by the person during the year, in kdy. See 

C, = concentration of a nuclide in the contaminated water, in pC&. 
Br = bioaccumulation factor in fish from Table A33, in Llkg. It is the ratio of the 

contamination in the edible parts of the fish to the concentration in the water. 

Table A5 for values. 

Ti,, = ingestion exposure time of the individual, 1 y 
D,,, = ingestion dose factor for B nuclide, in mrem per pCi ingested. Values are given in 

Table A2 I. 
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The ingestion dose from foods obtained from land animals is computed using equilibrium 
transfer factors shown in Table A33. These relate the total radioactive material ingested by the 
animal each day to the concentration in the animal product consumed by a person. The total diet 
of the animal must be taken into account. The animal may drink contaminated water, ingest 
contaminated soil, graze on contaminated grass and be fed stored material that is also 
contaminated. Each of these will be presented in turn. The total ingestion dose from animal 
products is the sum of these. 

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

The ingestion dose from contaminated water consumed by the animal is shown in 
Equation (59). Because the progeny nuclides are not allowed to form in the water supply, the 
dose from each nuclide in a chain will be calculated separately. When the beef cattle is 
slaughtered (Le. harvcsted), thcre is a large quantity of bcef availablc. This food is thcn 
consumed over a pcriod of time during which radioactive decay and progeny in-growth occurs. 
The quantity of contaminated bcef consumed during the year is from Table A5. These values 
have already been adjusted for the fraction of the year that contaminated beef is consumed. 
Hence, the factor (Ting/Tkr) is included. 

where 
Hcqw = ingestion dose from animal product q due to contaminated drinking water, in 

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

Qwq = quantity of contaminated drinking watcr ingcstcd by the animal associatcd with 

C, = concentration ofthe parent nuclide in a decay chain in the contaminated water, in 

Fqi = equilibrium transfer factor for animal product q for the ith nuclide in a decay chain, 

mrem. 

poultry, and eggs. 

animal product q each day, in Ud. See Table A32 for values. 

pCi/L. The progeny nuclide concentrations are assumed to be zero in the water. 

in d/kg (or d/L. for milk). Values are given in Table A33. Fq is the transfer factor 
of the first nuclide. 

Qaq = quantity of animal product q consumed by the person during the year. in kg/y (or 
LJy for milk). See Table A5 for values. 
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Trace Soil Ingestion: 
Fodder - Root Uptake: 
Fodder - Rain Splash: 

Page B-35 

Cs Qq 

RP BP Cs Qw 
Jd Ffp (FpTw/Yp) Cs Qpq 

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

Dlng,i = ingestion dose factor for the ith nuclide in a decay chain, in mrem per pCi ingested. 
Values are given in Table A21. D,,, is the ingestion dose factor of the l int  nuclide 
in the chain. 

Soil Ingestion 

Stored Hay (grass) 
and Fresh Grass: 

and Stored Grain: 

[Tim*IDS(Tim) + Tno.DS(Tim).IDR(T”o)I/Ting 

DS(Th).DR(Ts).IDR(Tm) 

I 
Corrcction for Radioactive Dccay and Progcny In-growth -- Milk. Poultry, Eggs 
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Trace Soil Ingestion: 
Fodder - Root Uptake: 
Fodder - Rain Splash: 

Fodder - Direct Deposition: 
Drinking Water Ingestion: 

G Qq 

Rp Bp Cs Qw 
R' Vd Frp (Ftp T w ~ P )  CS QW 

ID, (0.25) (F,T~N,) Q~ 
Cw Qwq 

Root & Splash: DI(Tim).DR(Ts).IDR(Tacr) 
Direct Deposition: DR(Ts).IDR(Ta,r) 

Stored Hay and Grain: 

Trace Soil Ingestion: 

Fresh Grass: 

DI(Tin)lDR(Tt.ccd 
Root & Splash: DI(Ti,).IDR(T&r) 

Direct Deposition: IDR(Tt.ccr) 

1 

Drinking Water: IDR(T&r) 
Correction for Radioactive Decay and Progeny In-growth - Milk, Poultry, Eggs 

Trace Soil Ingestion: I [Tim*IDl(Tin) + T,.DI(Ti~)IDR(T,)]ri"~ 

Fresh Grass: 

~ 

Notes: Beef is hawcstcd and consumed over a pcriod of time. Milk, poultry. and e g s  arc consumed continuously 
during the year. The decay factors arc unitlcss fractions shown in Equation (SO). Progeny in-growth is computed using 
the method shown in Section B2. 

Explanation of Symbols Used in Table B3. 
B, = soil to plant concentration ratio, as Cikg dry weight of vegetables to Cikg of soil. 

C, = soil concentration o f a  nuclide, in Cikg. It is affected by radioactive decay and 

Cw = concentration of a nuclide in the contaminatcd water, in pCi/L. Any progcny 

See Table A37 for values. 

leaching from the surface layer ofsoil during the irrigation season. 

nuclide concentrations are assumed to be zero. 

Table A2 1. 
D,,, = ingestion dose factor for a nuclide, in mrem per pCi ingested. Values are given in 

Root Uptake & Rain Splash: 

Direct Deposition: no decay 
[Tin*IDI(Tin) + Tn,.DICrin).IDRCr",)]~i"~ 

Stored Hay and Grain: 

Drinking Water: 

Root & Splash: DI(Tin).DR(T,)IDR(Tan) 
Direct Deposition: DR(TS).IDR(Tan) 

no decay 
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F,, = equilibrium transfer factor for animal product q for a nuclide, in dlkg (or d/L for 

Frp = interception fraction for plant type p. The fraction of what falls to the earth that 
milk). Values are given in Table A33. 

lands on the plant. Computed as shown in Section A5.2. Values are listed in 
Table A39. 

the edible portions of the plant. Values are listed in Table A39. 

in Ci/yr/m2. 

day. See Section A5.2 for further discussion. 

hay, and stored grain. 

poultry, and eggs. 

milk). See Table A5 for values. 

Table A32 for values. 

product q each day, in kgld. See Table A32 for values. 

animal product q each day, in Ud. See Tablc A32 for values. 

FIp = translocation factor, Le. the fraction of what deposits on the foliage that ends up in 

ID, = instantaneous activity deposition rate due to irrigation of soils growing plant type p, 

Jd = average soil deposition rate on plant surfaces due to rain splash, 2 . 7 ~ 1 0 ~  k g h 2  per 

p = index for animal fodder. There are 3 types of animal fodder, fresh grass. stored 

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

Qaq = quantity of animal product q eaten by the person during the year, in kgly (or U y  for 

Qw = quantity of fodder type p eaten by the animal during the year, in kdy. See 

Qw = quantity ofcontaminated soil ingested by the animal associated with animal 

Qwq = quantity ofcontaminated drinking water ingested by the animal associated with 

% = dry to wet ratio for plant type p. See Table A36 for values. 
Tan = time period over which stored hay and grain are consumed by the milk cow and 

chickens. Assumed to be the same as T,,,, 90 d. 
T k r  = consumption period for beef cattle, assumed to be 120 days. 

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

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

Ti, = irrigation pcriod in years. The value of 0.5 yr is assumed based on currcnt 
practices near the Hanford Site. T,, = l y  - Ti, 

TI = storage time for the stored feed (hay and grain), 90 d. 
T, = effective exposure period for foliar deposition, in days. The values are computed 

using a foliage weathering time of 14 days. Values are shown in Table BI. 
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Trace Soil Ingestion: 
Fodder - Root Uptake: 

Drinking Water Ingestion: 

Yp = harvest yield of crop type p, in kg/m2 (wet weight). Also called the standing 
biomass. Values are listed in Table A39. 

8.94 Fils Y(I+P) Qw 

8.94 Flip Y(I+P) Qw 

Q w q  

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

Table B4. Ingestion Dose from Animal Products from Tritium 

Trace Soil Ingestion: 
Fresh Grass: 

Stored Hay and Grain: 
Drinking Water: 

IDR(Tt4  
IDR(Tbeed 

DR(Ts).I DR(Tbccr) 
IDR(Tt4  

Notes: Beef is harvested and consumed over a pcnod of time. hlllk. poultry. and egss arc consumed continuously 
during the year. The dccay fxton arc unitlcss fractions shown in Equation (50). Progeny in-growth is computed using 
the method shown in Section B2. 

Explanation of Symbols Used in Table B4. 
Cw,tl, = concentration of tritium (H-3) in the irrigation water, in pCi/L. 

Dlng.113 = ingestion dose factor for tritium. in mrem per pCi ingested. Value is given in 

Fq = equilibrium transfer factor for animal product q for tritium, in d/kg (or d L  for 
Table A3. 

milk). Value is given in Table A33. 

~ . 

Trace Soil Ingestion: 
Fresh Grass: 

Stored Hay and Grain: 
Drinking Water: 

[Tin + Tno*IDR(Tno)]TTing 
[Tin + Tno*IDR(Tno)]TTing 

DR(Ts).IDR(Tan) 
no decay 
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Fllr = fraction of hydrogen in garden soil. The value used is listed in Table A34. The 
factor of 8.94 converts the hydrogen fraction to an effcctive water fraction that 
includes organically bound hydrogen. 

8.94 converts the hydrogen fraction to an effective water fraction that includes 
organically bound hydrogen. 

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

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

P = total natural precipitation water reaching the surface soil during the irrigation 
period, 5.77 c d y  (PNNL13859). 

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

milk). See Table A5 for values. 

Table A32 for values. 

product q each day. in kg/d. See Table A32 for values. 

animal product q each day, in Ud. See Table A32 for values. 

chickens. Assumed to be the same as Tvcg. 90 d. 

Ftlp = fraction of hydrogen in plant type p. Values are listed in Table A34. The factor of 

Qaq = quantity of animal product q eaten by the person during the year, in kg/y (or U y  for 

Qm = quantity of fodder type p eaten by the animal during the year, in kg/y. See 

Qw = quantity of contaminated soil ingested by the animal associated with animal 

Qwq = quantity of contaminated drinking water ingested by the animal associated with 

Tan = time period over which stored hay and grain are consumed by the milk cow and 

Taer = consumption period for beef cattle, assumed to be 120 days. 
Ti., = ingestion exposure time of the individual, 1 y. 
Ti, = irrigation period in years. The value of 0.5 yr is assumed based on current 

practices near the IIanford Site. T,,, = l y  - Ti, 
TI = storage time for the stored fecd (hay and grain), 90 d. 
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AlTACIIhlENT B1. 
HAND CALCULATIONS FOR TRlTIURl 

BA.1 NO WATER INFILTRATION EXPOSURE SCENAFUOS 

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

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

For tritium, the inhalation dose factor is 9.60E-08 mrem/pCi or 96,000 mrem/Ci inhaled. 
The ingestion dose factor is 6.4OE-OS mrem/pCi or 64,000 mrem/Ci ingested. The external dose 
ratc factor is 0. 

BA.1.1 Ofkite Farmer 

Assume 1 curie H-3 is released into the air during the year. The bounding annual average 
air transport factor is 1.OE-04 dm’. 

Inhalation Dose: From Table El, 0.0237 mrem 

BA.1.2 Onsite Resident 

Assume the H-3 emanation rate is 1 pCi/m%. The average air concentration in a dwelling 
with an air exchange to floor area ratio of5.OE-04 m / s  is computed as shown below. 

C,, = (1 pCi/m2/s)/(S.0E-04 ds) = 2,000 pCi/m3 

The individual is present in his dwelling about 8,040 My from Table A9 (rural pasture 

V.,= (3,102 My)(0.45 m3h) + (4,908 h/y)(l.lS m3h) = 7.187 m’/y 

scenario). The total volume of air inhaled during this period is computed as shown below. 

Inhalation Dose: 
(2,000 pCi/m3)(7,187 m3)(9.60E-0S mredpCi) = 1.38 mrem 

BA.13 Intruder (Well Driller) 

The unit dose factors for the Well Driller assume an avenge soil concentration of 1 Ci/kg. 
The actual concentration is calculated as the activity removed from the borehole divided by the 
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mass of soil and waste removed. A mass loading approach is used, so that the driller inhales a 
total of 4.84 mg (4.84E-06 kg) of soil (Table AIO). He ingests a total of 500 mg (5.OE-4 kg) soil 
(Table A8). His external exposure time is 40 hours (Table AIS). The inhalation, ingestion, and 
external dose calculations are shown below. 

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

Ingestion Dose: 
(5.OE-04 kg ingested)( 1 Ci/kg)(G4,000 mredCi) = 32.0 mrem 

External Dose: 
Note that the well tailings have a density of 1,500 kg/m' and are spread to an average 

thickness of 5 cm. The worker spends 40 hours in the middle of this radiation source. 
(40 h)(l Cig)(1.500 kg/m3)(0.05 m)(O mrem/h per Ci/m2) = 0 mrem 

Total Dose to Drillcr: 

Note that the well driller dose factor from Table 7 is 32.5 mrem per Ci/kg. 
0.465 mrem + 32.0 mrem + 0 mrem = 32.5 mrem per Cikg 

BA.1.4 Post-Intrusion Suburban Gardener 

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

CS = (1 Ci)/(lOO m2)/(225 kg/m2) = 4.444E-5 Ci/kg 

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

h,=(O.69315)/(12.33 y)=O.O56216y-' 

I, = (5.766i82.3 cm)/(0.2)/(15 cm)/(O.S y) = 58.710667 y" (Section A6.0) 
A, = 71, + I ,  = 58.76688 y" 

XI= (1 1.963 cm)/(O.2)/(15 cm)/(0.5 y) = 7.975333 y-' (Section A6.0) 
1, = h,+ X, = 8.03155 y-' 

During the irrigation season : 

During the non-imgation season : 

&Ti, = (58.76688 y-')(O.5 y) = 29.38344 
DS(Ti,) = E~p(-29.38344) = 0 
IDSCr,,) = [l - Exp(-29.38344)]/(29.38344) = 0.034033 

&Tn0 =(8.03155 y-')(0.5 y) = 4.01578 
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IDR(Tno)= [l - E~p(-4.01578)]/(4.01578)= 0.244528 

Ti,.IDS(Ti,) + Tno.DS(Tim)IDR(Tno) = 
(0.5y)(0.034033) + (0.5y)(0)(0.244528) = 0.017017 y 

DS(Th) = Exp[-(58.76688 y-’)(0.25 y)] = 4.164E-7 

I,TVeg = (0.056216 y-’)(90 d)/(365 dy )  = 0.0138615 
IDR(TVcg)=[l -E~p(-0.0138616)]/(0.0138615)=0.99310 
DS(Th)IDR(TvCg) = (4.164E-7)(0.99310) = 4.135E-7 

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

Inhalation Dose: (rcsuspcnded soil) 
(1.585E-6 Ci inhaled/Ci exhumed)(l Ci exhumed)(96.000 mrem/Ci) = 0.1522 mrem 

Ingestion Dose: (soil only) 

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

(0.01 8 kg)(4.444E-5 Ci/kg)(64,000 mrem/Ci)(0.034033 y) = 1.742E-3 mrem 

External Dose: 

100 m2. 
Note that the 1 Ci tritium in the well tailings has been mixed into a garden with an area of 

(180 h/y)(l CU100 m2)(0 mrem/h per Ci/m2)(0.034033 y) = 0 mrem 

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

Cv~l.3 = (4.444E-5 Ci/kg)(8.94)(0.1)(1.5 kg/L.)/(0.2) = 2.980E-4 Cilkg 

Ingestion Dose: (garden produce) 
leafy: (0.25)( 17.8 kg)(2.980E-4 Cilkg)(O.O34033)(G4,000 mrem/Ci)=2.8882 mrem 
other: (0.25)(86.5 kg)(2.980E-4 Ci/kg)(4.135E-7)(64,000 mrem/Ci)=l.70E-4 mrem 
fruit: (0.2S)(SS.S kg)(2.980E-4 Cilkg)(4.135E-7)(64,000 mrem/Ci)=1.69E-4 mrem 

Total from root uptake: 2.8885 mrem 

Total Dose: Suburban Garden Scenario: 

Note that the suburban gardener’s dose factor from Table 8 is 3.04 mrem/y per Ci exhumed. 
0.1522 + 0.001742 + 2.8885 mrem = 3.04 mrem per Ci exhumed 



"F-SD-WM-TI-707 Rev 3 Page B-44 

BA.1.5 Post-Intrusion Urban Pasture Scenario 

The unit dose factors for the urban uasture sc rio assume 1 curie .3 is exhumed from 
the well and spread over an area of 5,000m2. The initial average soil concentration is computed 
as shown below. 

CS = (1 Ci)/(S,OOO m2)/(225 kg/m2) = 8.889E-7 Cikg 

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

A special model described in Section A3.2.1 is used for inhalation dose, so that the 
rcsidcnt inhalcs a total of2.241E-07 Ci tritium pcr Ci exhumcd. €IC also ingcsts a total of 
0.018 kg soil during the year (Table AS). The effcctive external exposure time is 360 h 
(Table A15). The inhalation, ingestion, and external doses from these sources are shown below. 
These also match the numbcn for tritium shown in Tablc D2. 

Inhalation Dose: (resuspendcd soil) 
(2.241 E-7 Ci inhaled/Ci exhumed)( 1 Ci exhumed)(96,000 mrem/Ci) = 0.021 5 1 mrem 

Ingestion Dose: (soil only) 

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

(0.018 kg)(8.889E-7 Ci/kg)(G4,000 mrem/Ci)(0.034033 y) = 3.485E-5 mrem 

External Dose: 

100 m2. 
Note that the 1 Ci tritium in the well tailings has been mixed into a garden with an area of 

(360 h/y)(l Ci/5,000 m2)(0 mrem/h per Ci/m2)(0.034033 y) = 0 mrem 

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

kg/d fraction intake, U d  source 

forage 36 0.894 32.184 0.1 
hay 29 0.894 25.926 4.1 

grain 2 0.6079 1.216 4.1 

water 60 1 60 I n 
soil 0.8 0.1333 0.107 0.017017 1.82 IE-03 

animal intake water total water contaminated 
water intake h a y  

D17017 0.54768 

- -. - 

35E-07 1.072E-OS 
35E-07 5.028E-07 

I .. _ _  
total 119.433 0.5495 1 

tritium conc in milk = (8.889E-7 Ci/kg)/(0.1333 Llkg)(0.9834 ukg)(0.85827) = 3.017E-8 Ci/kg 
Total dose from milk: (3.017E-8 Ci/kg)(58 kg)(64.000 mrem/Ci) = 0.1 120 mrem 
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Total Dose: Rural Pasture Scenario: 

Note that the tritium dose factor from Table 10 is 0.133 mremly per Ci exhumed. 

BA.1.6 Post-Intrusion Commercial Farm Scenario 

0.02151 + 3.485E-5 + 0.1 120 mrem = 0.1335 mrem per Ci exhumed 

The unit dose factors for the urban pasture scenario assume 1 curie H-3 is exhumed from 
the well and spread over an area of 647,000 m2. The initial average soil concentration is 
computed as shown below. 

CS = (1 Ci)/(647,000 m2)/(225 kg/m2) = 6.869E-9 Ci/kg 

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

A special model described in Section A3.2.1 is used for inhalation dose, so that the 
resident inhales a total of 1.97OE-08 Ci tritium per Ci exhumcd. He also ingests a total of 
0.018 kg soil during the year (Table AS). The effective external exposure time is 720 h 
(Table A15). The inhalation, ingestion, and external doses from these sources are shown below. 

Inhalation Dose: (resuspended soil) 
(l.970E-8 Ci inhaled/Ci exhumed)(l Ci exhumed)(96,000 mrem/Ci) = 0.001891 mrem 

Ingestion Dose: (soil only) 

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

(0.01 8 kg)(6.869E-9 Ci/kg)(64,000 mrem/Ci)(0.034033 y) = 2.693E-7 mrem 

External Dose: 
Note that the 1 Ci tritium in the well tailings has bccn mixed into a gardcn with an arca of 

100 m'. 
(720 h/y)(l Ci/647.000 m2)(0 mrem/h per Ci/m2)(0.034033 y) = 0 mrem 

Total Dose: Commercial Farm Scenario: 

Note that the tritium dose factor from Table 11 is 0.001 89 mremly per Ci exhumed. 
0.001891 + 2.693E-7 + 0 mrem = 0.001891 mrem per Ci exhumed 

BA.2 LOW WATER INFILTRATION EXPOSURE SCENARIOS 

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

Cs' (1.OE-12 Ci/L)(0.2)/(1.5 ka)(0.9345)= 1.246E-13 C f i g  

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

Normally, three significant digits are kept during calculations. Because the spreadsheet 
software keeps seven1 digits, ageement with the spreadsheet can only be obtained if 4 or 5 
significant digits are retained. This is particularly true in the calculation of decay factors. 

BA.2.1 All Pathways 

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

&Tn0 = (8.03155 y-')(0.5 y) = 4.01578 
IDR(Tn0) = [ I  - E~p(-4.01578)]/(4.01578) = 0.244528 

Ti, + Tno*IDR(Tno) = (0 .5~)  + (0.5~)(0.244528) = 0.62226 y 

&TVeg = (0.056216 y-')(90 d)/(365 d/y) = 0.0138615 
DR(Tvcg) = E~p(-0.0138615) = 0.98623 
IDR(Tveg)=[l - E~p(-O.O138615)]/(0.0138615)=0.99310 

~T~~=(O.O56216y" ) ( I20  d)/(365 d/y)=O.O18482 
IDR(Ta,f) = [ 1 - E~p(-O.Ol8482)]/(0.018482) = 0,99082 

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

Inhalation Dose: (showcring and ambient humidity) 
(48 Uy)(l.OE-12 Ci/L)(96,000 mrendCi)(l y) = 4.608E-6 mrem 

Ingestion Dose: (drinking) 

Note that the all pathways farmer's drinking water dose factor from Table 12 is 3.49E-5 mrcndy 
per p C i .  

(545 Uy)(l.OE-12 Ci/L)(64,000 mrendCi)(l y) = 3.488E-5 mrem 
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Ingestion Dose: (soil only) 
(0.0365 kg/y)(1.246E-13 Ci/kg)(64,000 mrem/Ci)(0.62226 y) = 1.81 1E-10 mrem 

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

(0.9345)(1 .OE-12 Ci/L)(64,000 mrem/Ci)=5.98 1E-8 mrem/L 

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

Ingestion Dosc: (gardcn producc) 
(5.981E-8 mrem/L)(0.894 L/kg) (4.45 kg) (1.00000) = 2.379E-7 mrem 
(5.981E-8 mrem/L)(O.S94 L/kg)(21.625 kg)(0.99310) = 1.148E-7 mrem 
(5.981E-8 mrcm/L)(0.894 L/kg)(25.45 kg) (0.99310) = 1.139E-7 mrem 

Total from garden produce: 2.525E-6 mrem 

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

Ingestion Dose: (beef) 
Contaminated water fnction for the beefcow: 84.176 I88.558 = 0.95042 

animal intake water total water rain contaminated 
kdd  fraction intake, Ud dilution watcr intakc decay source 

forage 27 0.894 24.138 0.9345 1 22.557 
hay 14 0.894 12.516 0.9345 0.98623 11.535 

soil 0.6 0.1333 0.080 0.9345 1 0.075 

total 88.558 84.167 

g n i n  3 0.6079 1.824 0 0.98623 0 

water 50 I 50 I 1 50 

tritium concentration in beef = (1.OE-12 Ci/L)(0.894 L/kg)(0.95042) = 8.497E-13 Cikg 
Total dose from beef: (8.497E-13 Cikg)(25.15 kg)(64,000 mrem/Ci)(0.99082) = 1 .355E3-6 mrem 
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Ingestion Dose: (milk) 
Contaminated water fraction for the milk cow: 102.506 I 119.433 = 0.85827 

animal intake water total water rain contaminated 
k d d  fraction intake, U d  dilution water intake decay source 

forage 36 0.894 32.184 0.9345 0.62226 18.715 
hay 29 0.894 25.926 0.9345 0.97943 23.729 

soil 0.8 0.1333 0.107 0.9345 0.62226 0.062 
grain 2 0.6079 1.216 0 0.9 7 9 4 3 0 

water 60 1 60 1 1 60 
total 119.433 102.506 

tritium conccntration in milk = (1.OE-12 Ci5)(0.9834 L/kg)(0.85827) = 8.44OE-13 Cikg 
Total dose from milk (8.44OE-13 Ci/kg)(58 kg)(64,000 mrem/Ci) = 3.133E-6 mrem 

Ingestion Dose: (poultry) 
Contaminated water fraction for the chicken: 0.36843 10.47240 = 0.77991 

animal intake water total water rain contaminated 
kdd  fraction intake, Ud dilution water intake source 

forage 0.13 0.894 0.1 1622 0.9345 0.62226 0.06758 
hay 0 0.894 0 0.9345 0.97943 0 

grain 0.09 0.6079 0.05471 0 0.97943 0 
soil 0.01 1 0.1333 0.00147 0.9345 0.62226 0.00085 

total 0.47240 0.36843 
water 0.3 1 0.3 1 1 0.3 

tritium Concentration in poultry = (1.OE-12 Ci/L)(0.894 L/kg)(0.77991) = 6.972E-13 Cikg 
Total dose from poultry: (6.972E-13 Ci/kg)(14.7 kg)(64,000 mrendCi) = 6.56OE-7 mrem 
tritium concentration in eggs = (1.OE-12 Ci/L)(0.9834 L/kg)(0.77991) = 7.670E-13 Cikg 

Total dose from eggs: (7.67OE-13 Cikg)(6.8 kg)(64,000 rnrendCi) = 3.338E-7 mrem 

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

Total Dose for the All Pathways Farmer (irrigation from a well): 

Note that the all pathways farmer’s total dose factor from Table 12 is 4.75E-5 mrendy per pCi5. 
4.608E-6 + 3.488E-5 + 1.81 IE-10 + 2.525E-6 + 5.478E-6 = 4.749E-5 mrem per pCi/L 

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

Ingestion Dose: (fish) 
(1.OE-12 CVL)(l Ukg)(O.SO)(G.58 kg)(64,000 mrem/Ci)(l y) = 2.10GE-7 mrem 

Note that the all pathways farmer’s fish dose factor from Table 13 is 2.1 1E-7 mrendy per pCi5. 

Ingestion Dose: (shoreline sediment) 
(1.OE-12 Ci/L)(0.1333 L/kg)(0.0007 kg)(64,000 mrcm/Ci)(l y) = 5.973E-12 mrem 
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Total Dose for the All Pathways Farmer (irrigation from the Columbia River): 
4.696E-5 + 2.106E-7 + 5.973E-12 = 4.770E-5 mrem per pCi& 

Note that the all pathways fanner’s total dose factor from Table 13 is 4.77E-5 m r e d y  per pCf i .  

BA.2.2 Native American Subsistence Resident 

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

Inhalation Dose: (sweat lodge and ambient humidity) 
(105 Uy)(l.OE-12 CiL)(96,000 mredCi)(l y) = 1.008E-5 mrem 

Ingestion Dose: (drinking) 
(1,095 Uy)(l.OE-12 Ci/L)(64,000 mredCi)(l y) = 7.008E-5 mrem 

Ingestion Dose: (soil) 
(0.073 kg/y)(1.24GE-13 Ci/kg)(G4,000 mredCi)(0.62226 y) = 3.622E-10 mrem 

Ingestion Dose: (garden produce) 
(5.981E-8 mrem/L)(0.894 L/kg)(lG kg)(1.00000) = 8.555E-7 mrem 
(5.98 1 E-8 mredL)(0.894 L/kg)(77 kg)(0.933 10) = 4.089E-6 mrem 
(5.981E-8 mrem/L)(0.894 L/kg)(76 kg)(0.99310) = 4.036E-6 mrem 

Total from garden produce: 8.980E-6 mrem 

Ingestion Dose: (beef) 
Total dose from beef: (8.497E-13 Ci/kg)(28 kg)(64,000 mredCi)(0.99082) = 1 S09E-6 mrem 

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

Ingestion Dose: (poultry) 
Total dose from poultry: (6.972E-13 Cikg)(lG kg)(G4,000 mredCi) = 7.14OE-7 mrem 

Ingestion Dose: (eggs) 
Total dose from eggs: (7.670E-13 Ci/kg)(7.7 kg)(G4,000 mrem/Ci) = 3.780E-7 mrem 

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

Total Dose for the Native American (irrigation from a well): 
1.008E-5 + 7.008E-5 + 3.622E-IO + 8.980E-6 + 1.481E-5 = 1.039E-4 mrem per pCilL 

Note that the Native American’s total dose factor from Table 16 is 1.04E-4 m r e d y  per pC&. 

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

Inxestion Dose: (game) 
Contaminated water fraction for the came: 15 / 30.002 = 0.43997 - 

animal intake water total water rain contaminated 
k d d  fraction intake, Ud dilution water intake decay source 

forage 16.75 0.894 14.975 0 1 0 
hay 0 0.894 0 0 0.98623 0 

grain 0 0.6079 0 0 0.98623 0 
soil 0.2 0.13333 0.027 0 1 0 

water 15 1 15 I 1 15 
total 30.002 15 

tritium concentration in game = (1.OE-12 Ci/L)(0.9834 L/kg)(0.49997) = 4.47OE-13 Cikg 
Total dose from game: (4.470E-13 Ci/kg)(22 kg)(64,000 mrem/Ci) = 6.236E-7 mrem 

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

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

animal intake watcr total water rain contaminated 
kg/d fraction intake. U d  dilution water intake decay source 

forage 0.22 0.894 0.19668 0 0.62226 0 
hay 0 0.894 0 0 0.97943 0 

grain 0 0.6079 0 0 0.97933 0 
soil 0.01 1 0.13333 0.00147 0 0.62226 0 

water 0.3 I 0.3 1 1 0.3 
total 0.498 I5 0.3 

tritium conccntntion in watcrfowl = (1.OE-12 Ci/L)(O.894 L/kg)(0.60223) = 5.384E-13 Cikg 
Total dose from waterfowl: (5.384E-13 Ci/kg)(32 kg)(64,000 mrem/Ci) = 11103E-6 mrem 

tritium concentration in bird eggs = (1.OE-12 C&)(0.9834 L/kg)(0.60223) = 5.922E-13 Ci/kg 
Total dose from bird eggs: (5.922E-13 Ci/kg)(l6 kg)(64,000 mrem/Ci) = 6.064E-7 mrem 

Ingestion Dose: (fish) 
(1 .OE-12 a & ) (  1 L/kg)( 197 kg)(64,000 mremlCi)( 1 y) = 1.261 E-5 mrem 

Ingestion Dose: (shoreline sediment) 
(1.OE-12 Ci/L)(0.1333 L/kg)(0.054 kg)(64,000 mrem/Ci)(l y) = 4.608E-10 mrem 
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Total Dose for the Native American (irrigation from the Columbia River): 
1.045E-4 + 6.236E-7 + 1.103E-6 + 6.064E-7 + 1.261E-5 + 4.608E-10 mrem 

= 1.189E-4mremperpCiL 
Note that the Native American’s total dose factor from Table 16 is 1.19E-4 m r e d y  per pC&. 

BA.2.3 Columbia River Population 

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

Inhalation: (9.6OE-8 mredpCi)(5.OE+G)(O.O01 redmrem) = 4.80E-4 person-redpCi 
Ingestion: (6.40E-8 mredpCi)(5.OE+6)(0.001 redmrem) = 3.20E-4 person-redpCi 

C,JIJ = (8.94)(0.022)(1 pC&)(63.5 cm)/(63.5 + 5.766 cm)/(l kgL) 
CS.H3 = 0.1222 p c i k g  

Inhalation Dose: (showering and ambient humidity) 
(46 Vy)( 1 pCiL)(4.80E-4 person-redpCi)( 1 y) = 2.208E-2 person-rem 

Ingestion Dose: (drinking) 
(545 Uy)(l pCiL)(3.20E-4 person-rem/pCi)(l y) = 0.1744 person-rem 

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

External Dose: 
(4380 h/y)(O.1222 pCi/kg)(225 kg/m2)(0 m r e h  per Ci/m*)(O.99304 y) = 0 mrem 

With a lower irrigation mtc, the irrigation dilution factor changes to bccome 
(63.5 cm)/(63.5+5.23cm)=0.9168. The common factor used in the garden produce calculation is 
shown below. 

(0.9168)( 1 pCiL)(3.20E-4 person-redpCi)=2.934E-4 person-red  

Ingestion Dose: (garden produce) 
(2.934E-4 person-red)(0.894 U k g )  ( 8.90 kg)(l .OOOO) = 2.334E-3 person-rem 
(2.934E-4 person-red)(0.894 Ukg)(43.25 kg)(0.9331) = 1.127E-2 person-rem 
(2.934E-4 person-red)(0.894 L/kg)(42.90 kg)(0.993 1) = 1 .I 17E-2 person-rem 

Total from garden produce: 2.477E-2 person-rem 

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

Ingestion Dose: (beef) 
Contaminated water fraction for the beef cow: 84.52 / 88.558 = 0.9431 1 

aecay kdd  fraction intake, Ud dilution 

hay 14 0.894 12.516 0.9168 0.98623 
grain 3 0.6079 1.824 0 0.98623 
soil 0.6 0.13333 0.08 0.9168 

water 50 1 50 1 
total 88.558 

source 

forage 27 0.894 24.138 0.9 I68 1 

animal intake water total water rain contaminated 
water intake 

22.13 
11.317 

0 
1 0.073 
1 50 

83.52 
tritium concentration in beef= (1.OE-12 CiL)(0.894 L/kg)(0.94311) = 8.431E-13 Ci/kg 

(8.43 1 E-13 Ci/kg)(25.15 kg)(3.20E-4 penon-rcm/Ci)(0.99082) = 6.723E-3 pcrson-rem 
Totat dose from beef: 

Ingestion Dose: (milk) 
Contaminated water fraction for the milk cow: 102.506 I 101.702 = 0.85154 

animal intake water total water rain contaminated 
kdd  fraction intake, Ud dilution water intake dccay sourcc 

forage 36 0.894 32.184 0.9168 0.62226 18.361 
hay 29 0.894 25.926 0.9168 0.97943 23.28 

soil 0.8 0.13333 0.107 0.9168 0.62226 0.061 
grain 2 0.6079 1.216 0 0.91943 0 

water 60 1 60 1 1 60 
total 119.433 101.702 

tritium concentration in milk = (1.OE-12 Ci/L)(0.9834 L/kg)(0.85154) = 8.374E-13 Cilkg 

(8.374E-13 Ci/kg)(58 kg)(3.20E-4 pcrson-rcdCi) = 1.554E-2 person-rcm 
Total dose from milk 
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Ingestion Dose: (poultry) 
Contaminated water fraction for the chicken: 0.36714 / 0.47240 = 0.77718 

animal intake water total water rain contaminated 
kdd  fraction intake, Ud dilution decay water intake source 

forage 0.13 0.894 0.1 1622 0.9168 0.62226 0.0663 
hay 0 0.894 0 0.9 168 0.97943 0 

grain 0.09 0.6079 0.0547 1 0 0.97943 0 
soil 0.01 1 0.13333 0.00147 0.9 168 0.62226 0.00084 

total 0.4724 0.36714 
water 0.3 1 0.3 1 I 0.3 

tritium concentration in poultry = (1.OE-12 C&)(0.894 Llkg)(0.77718) = 6.948E-13 Ci/kg 

(6.948E-13 Ci/kg)( 14.7 kg)(3.20E-4 person-redCi) = 3.268E-3 person-rem 

tritium Concentration in eggs = (1.OE-12 C&)(0.9834 L/kg)(0.77718) = 7.643E-13 Ci/kg 

(7.643E-13 Ci/kg)(6.8 kg)(3.20E-4 person-redCi) = 1.663E-3 person-rem 

Total dose from poultry: 

Total dose from eggs: 

Ingestion Dose: (fish) 
(1 .O pCi/L)( I L/kg)(0.003 kg)(3.20E-4 person-redpCi)( I y) = 9.6OOE-7 person-rem 

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

Ingestion Dose: (shoreline sediment) 
(1.0 pC&)(0.1333 Llkg)(O.OOOS kg)(3.20E-4 person-rcdpCi)(l y) = 2.133E-8 pcrson-rem 

Total Collective Dose to the Population: 
0.02208 + 0.1744 + 8.884E-7 + 0.02477 + 0.02272 = 0.2485 person-rem per pCiL 

Note that the Columbia River Population dose factor from Table 19 is 0.248 person-redy per 
pCiL. 

BA.2.4 IISMnI and Other Scenarios 

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

The next attachment shows the lifetime cancer risk calculation for the All Pathways 
Farmer to illustrate the method used. 
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Four of the exposure scenarios will be evaluated for Tc-99 in this section. These four 
scenarios are the well drilling, suburban garden, rural pasture, and all pathways irrigator. They 
exercise all of the relevant calculations used for nuclides other than tritium. 

The nuclide selected (Tc-99) has a very long half life (21 1.097 y), so its radioactive decay 
has little effect on the doses, even after 70 years. The leaching factor for Tc-99 (0.208 per year) 
is large enough to affect the calculated intakes. Tc-99 decays to stable Ru-99 so decay chain 
formulas are not needed. 

Normally, three significant digits are kept during calculations. Because the spreadsheet 
softwarc kccps scvcral digits, agrccment with the sprcadshcct can only bc obtaincd if 4 or 5 
significant digits are retained. This is particularly true in the calculation of decay factors. 

BB.1 Intruder (Well Driller) 

The unit dose factors for the Well Driller use an average soil concentration of 1 Ci/kg. 
This is calculated as the activity removed from the borehole divided by the mass of soil and 
waste removed. A mass loading approach is used, so that the driller inhales a total of4.84 mg 
(4.84E-06 kg) ofsoil (Table A10). He ingests a total of 500 mg (5.0E-4 kg) soil (Table AS). His 
external exposure time is 40 hours (Table A15). The inhalation, ingestion, and external dose 
calculations are shown below. 

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

External Dose: 
Notc that thc wcll tailings have a density of 1,500 kdm3 and arc spread to an avcrase 

thickness of 5 cm. The worker spends 40 houk in the miidle of this rad'iation source. The 
intake factor for external exposure is (40 h)(1,500 kg/m')(0.05 m) = 3,000 h-kg/m2. 

(1 Ci/kg)(3,000 h-kg/m2.)(0.1632 mremlh per Ci/m2) = 489.5 mrem 

Ingestion Dose: 
(1 Ci/kg)(S.OE-O4 kg ingested)(l,460,000 mrem/Ci) = 730.0 mrem 

Total Dose to Driller: 

Note that the well driller dose factor from Table 7 is 1260 mrem per Cikg. 
40.32 mrem + 489.5 mrem + 730.0 mrem = 1260 mrem per Cikg 
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BB.2 Post-Intrusion Suburban Gardener 

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

CS = (1 Ci)/( 100 m2)/(225 kg/m2) = 4.444E-5 Cikg 

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

&= (0.69315)/(211,097 y) = 3.28355E-6 y-' 

& = (10 cm)/[(l5 cm)(0.2+(1.5dm1)(2 mug))] = 0.208333 y-' (Scction AG.0) 
1, = li, + & = 0.208336 y-' 

Midway through the irrigation season : 

At the end of the irrigation season: 

During the irrigation season : 

DS(Th) = E~p[-(0.208336 y-')(0.25 y)] = 0.949249 

1i;Ti,= (0.208336 y-')(0.5 y) =0.104168 
DS(Ti~)=E~p(-0.104168)=0.90107 
IDS(Ti,)= [I - E~p(-O.lO4168)]/(0.104168)=0.949678 

During the no-irrigation season: 
&Tno = (3.28355E-6 y-')(0.5 y) = 1.64178E-6 
DR(T.0) = Exp(-1.64178E-G) = 0.999998 
IDR(T.0) = [l - E~p(-1.64178E-6)]/(1.44178E-6) = 1 

Time integral over the first year: 
Ti,.IDS(Ti,) + Tno*DS(Tim)IDR(Tno) = 

(0.5y)(0.949678) + (0.5y)(0.90107)(1) = 0.925376 y 
Time integral durins the vegetable consumption period : 

&Tv,, = (3.28355E-6 y-')(90 d)/(365 d y )  = 8.09G42E-7 
IDR(T,eg) = [ 1 - ExP(-~.O~G~~E-~)]/(S.O~G~~E-~) 
DS(Th)IDR(Tveg) = (0.949249)(1) = 0.949249 

1 
Harvest midway through the irrigation season followed by the consumption period: 

The inhalation, external, and ingestion doses from the soil contamination are calculated as 
shown bclow. Thcsc match thc numbers shown in Tablc D1. 

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

External Dose: (Table A15) 
Note that the dccay factor assumes the exposure occurs durin the first half of thc year. 
(1 Ci/100 m2)(180 h/y)(0.949678 y)(0.0635 mremh per Ci/m P -  ) - 0.1085 mrem 
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Vegetable 
leafy 
other 
fruit 
p i n  

Ingestion Dose: (soil only, Table A8) 
Note that the decay factor assumes the exposure occurs during the first half of the year. 
(4.444E-5 Ci/kg)(0.018 k d y  ingested)(0.949678 y)(l,460,000 mrem/Ci) = 1 .IO91 rnrem 

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

and rain splash (soil adherence). The human intakes from vegetables by way of rain splash are 
calculated using the table below. The rain splash factor must be included to obtain the numbers 
shown for annual intake. This rain splash factor is 2.7E-4 kdm2 per day as discussed in 
Section A5.2. Note that none of the factors on this table are unique to technetium. 

The concentration in vegetable produce from the garden is calculated using root uptake 

Growing Trans- Annual Food Annual Soil 
Interception Period location Crop Yield Consumption Intake 

Fraction (days) Factor (kdm’) (kdY) (kdY) 
0.4067 18.02 1 2 4.45 4.403E-03 
0.8347 19.96 0.1 2 2 1.625 4.864E-03 
0.8569 19.96 0.1 3 21.45 3.302E-03 
0.3712 19.96 0.1 0.8 20.475 5.12OE-03 

I I Effective I I I 1 

The Annual Soil Intake from Rain Splash is calculated as 

The splash factor is 2.7E-4 kdm’ per day as discussed in the text. 
(Splash factor)(Interccplion fraction)(Tnnslocation)(Growing Time)(Annual food eaten) I (Biomass) 

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

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

(4.444E-5 Ci/kg)(72.0944 kg/y)(0.949678 y)( 1,460.000 mredCi) = 4,442.3 rnrem 
(4.444E-5 Ci/kg)( 9.9625 kdy)(0.949249 y)(l,460,000 rnrem/Ci) = 613.6 rnrern 
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Total Dose: Suburban Garden Scenario: 

Note that the suburban gardener's dose factor from Table 8 is 5,060 rnredy per Ci exhumed. 
0.0298 + 0.1085 + 1.1091 + 5,055.9 mrem = 5,057 mrem per Ci exhumed 

B B 3  Post-Intrusion Rural Pasture Scenario 

The unit dose factors for the rural pasture scenario assume 1 curie Tc-99 is exhumed from 
the well and spread over an area of5,000 mz. The initial average soil concentration is computed 
as shown below. For the external dose calculation, the soil concentration is 0.0002 Ci/mz. 

CS = (1 Ci)/(5,000 m2)/(225 kg/m2) = 8.889E-7 Ci/kg 

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

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

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

mrem 

External Dose: (Table A15) 
Note that the decay factor assumes the exposure occurs during the first half of the year. 
(1 Ci15,OOO mz)(360 hly)(0.949678 y)(0.0635 mrem/h per Ci/m2) = 4.342E-3 mrem 

Ingestion Dose: (soil only, Table A8) 
Note that the decay factor assumes the exposure occurs during the first half of the year. 
(8.889E-7 Ci/kg)(O.Ol8 kg/y ingested)(0.949678 y)(l,460,000 mredCi) = 0.0221 8 mrem 

Ingestion Dose: (milk, Section A4.0) 
The dose for each pathway is the sum ofcontributions to the animal's diet. In particular, 

there is fresh feed (like leafy vegetables), stored hay (also like leafy vegetables, but is harvested 
and stored), stored grain (like grains), and soil. The feed, hay, and grain have two components, 
root uptake and rain splash. The rain splash is shown first. The root uptake factor is calculated 
using the information in the second table below. The third table shows the calculation of 
ingestion dose from milk the first year after the start of irrigation. 
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Effective 
Growing 

Animal Interception Period 

Daily Feed 
Trans- Intake by Annual Soil 

location Crop Yield Animal Intake 

by the milk cow. It is calculated using the formula below. 

The annual amount ofcontaminated milk eaten is 58 kg from Table AS. The equilibrium tnnsfer factor for 
=ilk is 1.4E-4 d k g  from Table A33. The splash factor is 0.00027 kdm' per day as discussed in Section A5.2. 
The annual soil intake by humans from soil eaten by the milk cow (0.8 kdd from Table ,432) is calculated as 

(Annual milk~Tnnsfer)(Splash)(Interception)(Tansl~ation)(Growing Time)(Daily feed) I (Yield) 

(Annual milk)(Tnnsfsr)(Soil intake) 

Root Uptake Intake Factors for Milk Cows 
I I I Annual Milk I Annual Soil I Total Soil 

fresh forage 
stored hay 

Concentration dry-to-wet Consumption Intake Intake 

180 0.22 58 11.57587 11.5764 
180 0.22 58 9.32501 9.3256 

Ratio for Tc ratio (kdY) ( W Y )  (kdY) 

stored grain I 0.73 0.22 58 I 0.002608 I 0.002612 
The second last column shows the effective annual soil intake by humans from root uptake into the 
vegetation eaten by the milk cow. It is calculated using the formula below. 

The Daily feed intakes are shown in the previous table. The equilibrium transfer factor for milk is 
1.4E-4 d k g  from Table A33. 
The Tota l  Soil Intake" is the sum of the intakes from rain splash (previous table) and root uptake. 

(Annual milk)(Tnnrfer)(Conc ntioxdry-to-wet ntio)(Daily feed intake) 

~~ I 8.8890E-07 I 11.5764 I 0.925376 I 1.46E+OG I 13.90 1 forage -root uptake 1 & rainsolash 

Component 
soil 

Soil Soil Intakc Dccay & Ingcstion Annual 

( C i h )  ( W Y )  Factor (mredCi) (mredy)  
Concentration Factor Leaching Dose Factor Dose 

8.889OE-07 0.006436 0.925376 1.46E+OG 7.801E-03 

I I I ~. ~~~~~~ ~ ~ . .  

e annual dose is the product of the soil concentration, the effective mss of soil ingested per year, the decay 
and leaching factor. and the ingestion dose factor. 

8.889OE-07 stored hay - root 
uptake & rain splash 

stored grain - root 
uptake & rain splash 8.889OE-07 

~~~~ 

9.3256 0.949249 1.46E+06 11.49 

0.002612 0.949249 1.46E+06 3.218E-03 

Total dose 25.40 
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Total Dose: Rural Pasture Scenario: 
0.001 158 + 0.004342 + 0.02218 + 25.40 mrem = 25.43 mrem per Ci exhumed 

Note that the dose factor from Table IO is 25.4 m r e d y  per Ci exhumed. 

BB.4 All Pathways Farmer 

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

Ti, + Tno.IDR(Tno) = (0.5~) + (0.5~)(0.244528) = 0.62226 y 

&Ti,=(0.208336 y-’)(0.5 y)=0.104168 
DI(Ti,)= [ I  - E~p(-O.104168)]/(0.104168)=0.949678 

At the end of the irrigation season: 

IDIKm) = [(0.104168) - 1 + Exp(-O.l04168)]/(0.104168)’ = 0.483081 
Time integral over the first year: 

Ti,*IDI(Ti,) + Tno.DI(Ti,)IDR(Tno) = 
(0.5y)(0.483081) + (0.5y)(0.949678)(1) = 0.716379 y 

Decay during storage: 
&Tslo = (3.28355E-6 y“)(90 d)/(365 d/y) = 8.09642E-7 
DR(TsI0) = Exp(-8.09642E-7) = 1 

Time integral during the beefconsumption period : 
&Tbr= (3.28355E-6 y-’)(120 d)/(365 d/y) = 1.07952E-6 
IDR(Tk,f) = [ 1 - E~p(-I.07952E-G)]/( 1.07952E-6) 

DI(T,,).IDR(Tbr) = (0.949678)( 1) = 0.949678 

1 
Harvest after the irrigation season followed by the consumption period: 

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

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

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

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

Deposition rate during the irrigation season: 

End of year soil concentration - without decay and leaching: 
ID = (1.OE-12 Ci/L)(82.3 cm)(lO Vm’ per cm) / (0.5 y) = 1.64GE-9 Cih’  per year 

CSO = (1.646E-9 Ci/m2 per y)(0.5 y) I(225 kg/m2) = 3.6578E-12 Ci/kg 
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Lifetime cumulative soil concentration: 

End of year soil concentration - with decay and leaching: 

Lifetime cumulative soil concentration: 

Cs,o = (3.6578E-12 Ci/kg)(30 y) = 1.0973E-10 Ci/kg 

Csl 

el;"= (3.4737E-12 Ci/kg)(205.56) = 7.1405E-10 Ci/kg 

(3.6578E-12 Ci/kg)(0.949G78)(0.999998) = 3.4737E-12 Ci/kg 

The inhalation, external, and ingestion doses and cancer risks from the soil contamination 
are calculated as shown below. Note the water only pathways calculate the incremental cancer 
risk using the cumulative water concentration. (30)(1 .OE-12 Ci/L)=3.0E-l1 CVL. Note that the 
soil pathways calculate incremental cancer risk as the sum of two parts. The first part is 30 times 
the risk from water addcd to the soil that year (CSJO). The second part is the risk from residual 
soil contamination (e',";" ). The doses match the numbers shown in Table D3. 

Inhalation Dose: (shower plus ambient, Table A13) 
(1.OE-12 CVL)(O.O54 L inhaled)(8,330,000 mrem/Ci) = 4.498E-7 mrem 
(3.OE-11 Ci/L)(0.054 L inhaled)(l4.1 risWCi) = 2.284E-11 risk 

Inhalation Dose: (suspended soil, Table A9) 
(3.657SE-12 Cikg)(5.39E-4 kgy)(0.716379 y)(8.33EG mrem/Ci) = 1.177E-8 mrem 
(1.0973E-10 Cikg)(5.39E-4 kdy  inhaled)(0.716379 y)(14.1 risWCi) = 5.974E-13 risk 
(7.1405E-10 Cfig)(5.39E-4 kdy  inhaIed)(0.925376 y)(14.1 risWCi) = 5.022E-12 risk 

Total lifetime cancer risk from dust inhalation = 5.619E-12 

External Dose: (Table A15) 
Note that the soil concentrations are multiplied by 225 kdmZ to convert them into arca 
concentrations (Ci/mz) suitable for the external dose rate factor. 

(8.23OE-10 Ci/m2)(4,120 h/y)(0.716379 y)(0.0635 mrem/h per Cum2) = 1.542 E-7 mrem 
(l.4G90E-8 Ci/m2)(4,120 h/y)(0.716379 y)(4.13E-8 n s w h  per Ci/m2) = 3.010E-12 risk 
(1.6OGGE-7 Ci/m2)(4.120 h/y)(O.925376 y)(4.13E-8 r i s m  per Ci/m2) = 2.53OE-11 risk 

Total lifetime cancer risk from external exposure = 2.831E-11 

Ingestion Dose: (soil only, Table AS) 
(3.6578E-12 Cikg)(0.0365 kdy)(0.716379 y)(1.4GEG mrem/Ci) = 1.39GE-7 mrem 
(l.0973E-10 Ci/kg)(0.0365 kdy  ingcstcd)(0.716379 y)(7.66 risWCi) = 2.19SE-11 risk 
(7.1405E-10 Cig)(O.0365 kdy  ingested)(0.925376 y)(7.66 nsWCi) = 1.847E-10 risk 

Total lifetime cancer risk from soil ingestion = 2.067E-10 

Ingestion Dose: (drinking water, Table AS) 
(1.OE-12 Ci/L.)(S45 L)(1.4GE6 mrem/Ci) = 7.957E-4 mrem 
(3.OE-11 Ci/L.)(545 L)(7.66 risWCi) = 4.496E-8 risk 
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Ingestion Dose: (garden produce. Section A5.O) 

calculated as shown in the table below. 
The intake factor for direct deposition of contaminants in irrigation water on foliage is 

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

Ingestion dose from root uptake and rain splash: 
(3.657SE-12 Ci/kg)(72.0944 kgly)(0.483081 y)(1.46EG rnrcdCi) = 1.860E-4 mrcm 
(3.657SE-12 Ci/kg)( 9.9625 kgly)(0.949678 y)( 1.46E6 mredCi) = 5.053E-5 mrem 

(1.646E-9 Ci/mz per y)(0.027462 mz)(l y)(l.46E6 mredCi) = 6.6OOE-5 mrem 
(4.938E-S Ci/m2 per y)(0.024557 mz)(l y)(1.46E6 mredCi)  = 5.901E-5 mrem 

Ingestion dose from direct deposition: 

Total ingestion dose from garden vegetables = 3.615E-4 mrem 

Ingestion risk from root uptake and rain splash: 
(1 .0973E3-10 Ci/kg)(72.0944 kgly)(0.48308 1 y)(4.00 risk/Ci) = 1.529E-8 mrem 
(1.0973E-10 Ci/kg)( 9.9625 kgly)(0.949678 y)(4.00 risk/Ci) = 4.153E-9 mrem 
(7.1405E-10 Ci/kg)(72.0944 kgly)(0.949678 y)(4.00 risk/Ci) = 1.956E-7 mrcm 
(7.1405E-10 C a s ) (  9.9G25 kgly)(0.949249 y)(4.00 risWCi) = 2.701E-8 mreni 

(4.93SE-8 Ci/mz per y)(0.027462 m2)( 1 y)(4.00 risk/Ci) = 5.424E-9 mrem 
(4.938E-8 Ci/m2 per y)(0.024557 m2)( 1 y)(4.00 risk/Ci) = 4.850E-9 mrem 

Ingestion risk from direct deposition: 

Total lifetime cancer risk from garden vegetables = 2.523E-7 mrem 

Ingestion Dose: (beef, Section A4.0) 

there is fresh fecd (like leafy vegetables), stored hay (also like leafy vegetables, but is harvested 
and stored), stored p i n  (like p i n s ) ,  soil, and drinking water. The feed, hay, and gnin have 
three components, root uptake. rain splash, and dircct deposition. The direct dcposition and rain 
splash are shown first. 

The dose for each pathway is the sum of contributions to the animal's diet. In particular, 
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Animal Interception 
Feed Type Fraction 
fresh forage 0.25 
stored hay 0.25 

stored grain 0.25 

Effective 
Growing Trans- 
Period location 
(days) Factor 
15.62 1 
18.02 1 
19.96 0.1 

water I 
Rain Splash Intake Factor 

I I Effective 1 

Animal 
Feed Type 
fresh forage 
stored hay 

stored main 

Growing Trans- 
Interception Period location 

Fraction (days) Factor 
0.6160 15.62 1 
0.4717 18.02 1 
0.4717 19.96 0.1 

ors for Beef Cattle 

4.8433E-4 
4.3458E-4 

soil 

1 3 I 1.0315E-5 
50 1 0.12575 

i for Beef Cattle 

0.6 I 1.509E-03 

Daily Feed 

Intake 

1 .I 761 E-04 

fresh foraee 

Annual Food Annual Soil Total Soil 
Concentration dry-to-wet Consumption Intake Intake 
Ratio for Tc ratio (kdY) (kdY) (kdY) 

180 0.22 25.15 2.689038 2.68916 

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

stored hay 1 180 0.22 I 25.15 I 1.394316 1 1.3944 
stored grain I 0.73 0.22 25.15 I0.0012117 I0.0012136 

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

(Annual beef)(Tnnsfer)(Conc ratioxdry-to-wet ntio)(Daily feed intake) 
The &ily feed intakes arc shown in the previous table. The equilibrium transfer factor for beef is 
1 .OE4 d k g  from Table A33. 
The Total Soil Intake" is the sum of the intakes from rain splash (previous table) and root uptake. 



HNF-SD-W-TI-707 Rev 3 Page B-64 

The calculation of ingestion dose the first year after the start of irrigation from the 
consumption of contaminated beef is summarized in the table below. 

The calculation of lifetime cancer risk from consumption ofbeef is summarized in the 
table below. The lower portion of the table has the contribution from residual contamination due 
to prior irrigation. The upper portion of the table shows the contribution from 30 years of active 
irrigation. 
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stored hay 0.4717 18.02 1 1 29 5.4043E-04 
stored grain 0.4717 19.96 0.1 1 2 4.1283E-06 

soil 0.8 0.006496 
For direct deposition, the last column shows the effective annual water intake by humans from direct 
deposition onto the vegetation eaten by the milk cow. It is calculated using the formula below. 

(Annual milk~nnsfer)(lnterception)(Tnnslocation~Growing Time)(Daily feed) I (Yield) I(365 dly) 
For rain splash, the last column shows the effective annual soil intake by humans from n in  splash onto the 
vegetation eaten by the milk cow. It is calculated using the formula below. 

(Annual milkXTnnsfer)(Splash)(lnterccption)(Tranlocation)(Growing Time)(Daily feed) I (Yield) 
The annual amount of contaminated milk intake is 58 kg from Tablc AS. The equilibrium transfcr factor for 
milk is 1.4E-4 dlkg from Table A33. The splash factor is 0.00027 kdm' per day as discussed in Section A5.2 
The annual soil intake by humans from soil eaten by the milk cow (0.8 kdd from Table A32) is calculated as 

(Annual milkXTnnsfer)(Soil intake) 

Page B-65 

- 
Root Uptake Intake Factors for Milk Cows 

Annual Food Annual Soil Total Soil 
Concentration drv-to-wet ConsumDtion Intake Intake - 
Ratio for Tc ratio ( k d h  W Y )  (kdY) 

fresh forage 180 0.22 5s 11.575872 11.576378 
stored hay 180 0.22 58 9.325008 9.325548 

stored grain 0.73 0.22 58 0.002608 0.0026121 
' n e  second last column shows the effective annual soil intake by humans from root uptake into the 
vegetation eaten by the milk cow. It is  calculated using thc formula below. 

The daily feed intakes are shown in the previous table. The equilibrium transfer factor for milk is 
1.4E-4 ate from Table A33. 

(Annual milkXTransfer)(Conc ntioxdry-to-wet ratio)(Daily feed intake) 

b e  Tota?Soil Intake" is the sum of the intakes from rain splash (previous table) and root uptake. I 
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Media 
Component Concentration Intake Factor 

water LOE-12 0.4872 

The calculation of ingestion dose the first year alter the start of irrigation from the 
consumption of contaminated milk is summarized in the table below. 

Decay & Ingestion Dose 
Leaching Factor Annual Dose 

Factor (mremlci) W e m )  , 

1 1.4GEtOG 7.1 13E-07 

forage - root uptake 8; 
rain splash 

forage - direct deposition 
stored hay - root uptake 8; 

n i n  cnlash 

I soil 1 3.6578E-12 1 0.006496 1 0.716379 1 1.46EtOG I 2.485E-08 I 
11.576378 0.716379 1.46EtOG 4.429E-05 3.6578E-12 

1.64GOE-03 2.0819E-03 1 1.46Et06 5.010E-06 

3.6578E-12 9.325548 0.949677 IAGE+OG 4.730E-05 

1.646OE-03 stored hay - direct 
deposition 2.9064E-03 0.999999 1.46EtOG 6.985E-06 

Total dose 1.043E-04 

Component 
water 

Decay & Ingestion R s k  
Media Leaching Factor Lifetime Cancer 

3.OE-ll 0.4872 1 4.00 5.83GE-1 I 
Concentration Intake Factor Factor (risklCi) Risk 
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Effective 
Growing 

Animal Interception Period 
Feed Type Fraction (days) 

stored hay 0.25 18.02 
fresh forage 0.25 15.62 

stored grain 0.25 19.96 
water 

Ingestion Dose: (poultry. Section A4.0) 
The dose for each pathway is calculated using the same approach as used for beef cattle. 

Daily Feed 
Trans- Intake by Annual 

location Crop Yield Animal Water Intaki 
Factor (kg/m2) @dd)  (m2) 

1 1.5 0.13 4.089OE-04 
1 1 0 0 

0.1 1 0.09 5.4261E-05 
0.3 0.1323 

. Rain Splash Intake Factors 
Effective 
Growing Trans- 

Animal Interception Period location 
Feed Type Fraction (days) Factor 

stored hay 0.4717 18.02 1 
fresh forage 0.6160 15.62 1 

stored grain 0.4717 19.96 0.1 
soil 

:or direct deposition, the last column shows the effective annual 

for Poultry 
Daily Feed 
Intake by Annual Soil 

Crop Yield Animal Intake 
(kg/m2) (kdd) (kdY) 

1.5 0.13 9.9292E-05 
1 0 0 
1 0.09 1.0090E-05 

0.01 1 0.00485 1 
water intake by humans from direct 

Concentration 

vegetation caten by the chicken. It is calculatcd using the formula bclow. 

The daily feed intakes are shown in the previous table. The equilibrium transfer factor for poultry is 
0.03 d k g  from Table A33. 
The Total  Soil Intake" is the sum of the intakes from rain splash (previous table) and mot uptake. 

(Annual poultry)(Tnnsfer)(Conc ntioxdry-to-wet ntioXDaily feed intake) 

Annual Food Annual Soil Total Soil 
drv-to-wet Consumotion Intake Intake 

fresh forage 

stored grain 
stored hay 

I 

Ratio for Tc ratio @di) ( W Y )  (WY) , 

180 0.22 14.7 2.270268 2.2703673 
180 0.22 14.7 0 0 
0.73 0.22 14.7 0.006374 0.0063841 
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Component 
water 
soil 

The calculation of ingestion dose the lint year afler the start of irrigation from the 
consumption of contaminated poultry is summarized in the table below. 

Media 
Concentration 

3.OE-11 

1.0973E-I0 

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

0.949248 

I Calculation of 1 
I 

4.00 0 

6.826E-09 Tobl risk 

I .0973E-l0 forage - root uplake 8: rain 
splash 

1 forwe - direct deposition 1 4.9380E-08 

I soil I 7.1405E-10 
I 

7.1405E-10 forage - root uptake 8: nin 
SDkh 

ifetime Cancer 

Intake Factor 
0.1323 
0.001851 

2.2703673 

4.0890E-M 

0 

0 

0.001851 

2.2703673 

0 

Leaching 

1 4.00 
0.716379 I 4.00 I 1.525E-12 

0.716379 I 4.00 I 7.139E-10 I 

0.949677 

0.999999 

0.925376 1.282E-11 

0.925376 6.001E-09 
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Decay & 
Media Leaching 

Ingestion Dose: (eggs, Section A4.0) 

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

The dose for each pathway is calculated using the same data used for poultry since both 

Ingestion Dose 
Factor Annual Dose 

Decay & 
Media Leaching 

1 Component 1 Concentration I IntakeFactor I Factor 1 (mern/Ci) 1 (mem) 
- 

I 6.12 I 1 I 1.46EtOG I 8.935E-06 

Ingestion ksk 
Factor Lifetime Cancer 

water 1.OE-It 
roil 

- 
Component I Concentration 1 Intake Factor 1 Factor I (risWCi) 1 Risk 

I 6.12 I 1 I 4.00 I 7.344E-IO 

Total dose and risk for the animal pathways: 
2.31 1E-5 + 1.043E-4 + 9.880E-6 + 4.570E-4 = 5.943E-4 mrem 
1.298E-8 + 6.447E-8 + 6.826E-9 + 3.157E-7 = 4.000E-7 
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Total Dose for the All Pathways Farmer (irrigation from a well): 
4.498E-7 + 1.177E-8 + 1.542E-7 + 1.39GE-7 + 7.957E-4 + 3.615E-4 + 5.943E-4 mrem = ~ 

1.752E-3 mrem per p C i 5  
Note that the all pathways farmer’s total dose factor from Table 12 is 1.75E-3 m r e d y  per pCi/L. 

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

6.975E-7 per p C i 5  
Note that the all pathways farmer’s total risk factor from Table 14 is 6.97E-7 per pCi5. 

2.284E-11 + 5.619E-12 + 2.831E-11 + 2.067E-10 + 4.49GE-8 + 2.523E-7 + 4.000E-7 = 

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

Ingestion Dose: (fish, Table AS) 
(1.OE-12 Ci/L)(G5.8 Ll(l.4GEG mrcdCi) = 9.607E-5 mrcm 
(3.OE-11 Ci/L)(65.8 L)(4.00 risk/Ci) = 7.89GE-9 risk 

Note that the all pathways farmer’s fish dose factor from Table 11 is 9.61E-5 m r e d y  per pCi/L. 

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

I-year case = [(ly) - (0.0155030 - 0.0125874)/(0.208336 y-’)]/(0.208336) = 4.73277 y 
Sediment Conc = (1.OE-12 Ci/L)(25,300 Vmz/y)(4.73277 y) = 1.1974E-7 Ci/m2 

30-year case = [(30y) - (0.0155030 - 0.00002993)/(0.20833G y-’)]/(0.208336) = 143.642 y 
Sediment Conc = (1.OE-12 Ci/L)(25,300 Umz/y)(4.73277 y) = 3.6341E-6 C ih ’  

External Dose: (shorclinc sediment) 

Exp[-(20)(0.208336 y-I)] = 0.0155030 Exp[-(21)(0.208336 y-’)I = 0.0125874 

Exp[-(50)(0.208336 y-’)I = 0.00002993 

(1.197E-7 Ci/m*)(I 1 h)(0.0635 mrem/h per Ci/m*) = 8.3G4E-8 mrem 
(3.634E-6 Ci/mz#l 1 h)(4.13E-S riskh per Ci/m2) = 1.651E-12 risk 

Ingestion Dose: (soil only, Table AS) 
Note that the sediment concentrations used for external dose are divided by 225 ks/m2 to convert 
them into mass concentrations (Ci/kg). 

(5.322E-I 0 Ci/kg)(0.0007 kg)(l.4GEG mredCi) = 5.439E-7 mrem 
(1.615E-8 Ci/kg)(0.0007 kg)(7.66 risWCi) = 8.661E-11 risk 

Total Dose for the All Pathways Farmer (irrigation from the Columbia River): 

Note that the all pathways farmer’s total dose factor from Table 13 is 1.85E-3 mremly per pCi/L. 
1.752E-3 + 9.607E-5 + 8.3G4E-8 + 5.439E-7 = 1.849E-3 mrem per pCiL 
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Total Lifetime Cancer Risk for the All Pathways Farmer (irrigation from the Columbia River): 

Note that the all pathways farmer's total dose factor from Table 14 is 7.05s-7 per p c f i .  
6.975E-7 + 7.896E-9 + 1.651E-12 + 8.661E-11 = 7.OS5E-7 per pCiL 
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APPENDIX C 

IMPORTANCE OF RIISSING TOXICITY PARARlETERS 
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IhlPORTANCE OF MISSING TOXICITY PARAMETERS 

The hazard index and cancer risk for chemicals are calculated using both ingestion and 
inhalation exposures. However, many chemicals lack either the inhalation or ingestion 
benchmark against which to calculate the hazard index or cancer risk. In Section 3.0 of the main 
text, the calculations are carried out using the assumption that the missing route will have no 
effect on the final hazard index or slope factor. In other words, the calculation ignores the route 
of entry (inhalation or ingestion) for which there is no toxicity guidance. 

This appendix makes an estimate of the missing toxicity parameter and calculates the 
hazard index and increased cancer risk factors for the scenarios discussed in the main text. In 
addition, tables of ratios of the factors are provided to identify chemicals for which the missing 
route may be a significant contributor to the final result. This is consistent with the 
recommendations found in Section 2.1 and Appendix B of the SoilScreening Guidance: 
Teclnical Background Document, (EPA/540/R95/128). 

ROUTE-TO-ROUTE EXTRAPOLATION 

Several chemicals have a reference dose or slope factor given for ingestion, but none for 
inhalation, or vice-versa. In this appendix, the missing value was estimated using the given 
value. The estimated values are noted in Table CI. In the EPA Soil Screening Guidance: 
Technical Background Document (EPA/54O/R95/128) this process of imputing the missing value 
from the given value is referred to as “route-to-route extrapolation”. Appendix B of 
EPN540/R95/128 illustrates the process by using the same value for inhalation as was 
determined for ingestion. 

Note that route-to-routc extrapolation is uscd in the IRIS databasc for some chcmicals. 
For example, the slope factor for ingestion ofbenzene (CAS 71-43-2) is calculated as twice the 
slope factor for inhalation. The factor of two arises from the likely range of absorption fractions 
via inhalation being between 20% and 50% of the absorption fraction via ingestion. 

There are two extrapolation methods used in the present report to estimate the missing 
slope factors or reference doses. The first method uses a factor of two on the general grounds 
that the most significant route has been evaluated first. The missing route is likely to be of less 
concern. Hence, missing slope factors are half the given value, while missing reference doses 
are twice the given value. The second extrapolation method is applied only to cadmium 
compounds (CAS 7440-43-9) and chromium (VI) compounds (CAS 18540-29-9). For these 
inorganic compounds, the observed cancers from the inhalation route are all lung cancers. This 
means the ingestion slope factor must be much smaller. Material that is inhaled is exhaled or 
deposits in the respiratory system. The deposited material is either absorbed into body fluids or 
mechanically removed from the lung and swallowed. Thus, the inhalation route includes an 
ingestion route. If cadmium and chromium (VI) compounds were significant oral hazards then 
other types of cancer would have been observed. It should be noted that there are cancers with 
longer latency periods than lung cancer. Thus the ingestion slope factor may not be zero, as has 
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been assumed. It is believed to be orders of magnitude smaller than the inhalation slope factor, 
so the value of zero will be used in the present report nonetheless. The extrapolated values are 
noted with ‘k” in Table C1. 



Reference Dose 
( m g l k w W  

na I 

Cancer Slope Factor 
( ~ J k - d a y Y '  

2.03E-01 e 

na I 

I 

na I 

n3 I 3 1.20E-02 x 

7.70E-01 e I 

na I 



Reference Dose 
(mpjkday) 

Cancer Slope Factor 
(mgntg-dayf 

CASRN 

111-90-o 

117-81-7 
117-84-0 
118-74-1 

Chemical Name Ingestion Inhalation Ingestion Inhalation 

2.00EMO h 4.00Et00 x na na 2-(2-Ethoxyethoxy)-cthanol 
(Diethylene Glycol Monoethyl Ether) 

Di-n-octylphthalatc 2.00E-02 h 4.00E-02 x na na 
Di (2-cthy1hexyl)phthalate (DEtIP) 2.00E-02 c 4.00E-02 x 1.40E-02 e 7.00E-03 x 

tlexachlorobenzcne 8.00E-04 c 1.60E-03 x 1.60E+00 e 1.6IEt00 e 
120-82- I 
12144-8 
122-39-4 

I .2.4-Trichlorobenzene 1 .WE42 e 5.7 I E-02 h na na 
Triethylamine 4.00E-03 x 2.00E-03 e na na 
Di~henvlarnine 2.50E-02 e S.00E-02 x na na 



HNF-SD-WM-TI-707 Rev 3 Page C-7 

Table C1. Imputed Values for Reference Doses and Cancer Induction Slope Factors. 

CASRN 
7782414 
778249-2 

Chemical Name Ingeslion Inhalation Ingestion Inhalation 
Fluorine (soluble fluoride) 6.00E-02 c 1.2OE-01 x n3 na 
Selenium and comwunds 5.00E-03 e 1.00E-02 x na na 

8001-35-2 IToxaDhenc I na I na I l.lOE+00e I l.l2E+00e 
14797-55-8 
14797-65-0 
16065-83-1 
18540-29-9 

none 

Nitrate 1.60E+00 e 3.20E+00 x na na 
Nitrite I.OOE-01 e 2.00E-01 x na na 
Chromium (Ill) (insoluble salts) 1.50E+W c 3.00E+00 x na na 
Chromium (VI) (soluble salts) 3.00E-03 e 2.29E-06 e 0.00E+00 x 4.20Et01 e 
Unnium (soluble salts) 6.00E-04 e 1.20E-03 x na na 

e 

CASRN = Chemical Abshact Service Reference Number 
"e" means the number is from IRIS as of June, 2003 
"I" means the number is from RAE as of June, 2003 
"h" means the number in MIS is from HEAST 
"x" means the number was generated for this report using the methods described in the text 
Slope factors give an upper bound on the probability that some type of cancer develops as a result of a 

lifetime exposed to a given chemical. The slope factor is multiplied by the lifetime avenge daily chemical dose 
to give the lifetime risk. Two special cases are noted below. 

The slope facton for vinyl chloride (CAS 75-014) apply to the genenl population. When applying these to 
occupationally exposed individuals (industrial exposure scenario), the values are reduced by a factor of 2. 

The slope factors for PCns (CAS 1336-363) are reduced for population (collective) exposures. The slope 
facton used for high, low and lowest risk P a s  are 1.0.0.3, and 0.04 per mgkg per day. 

Reference dose is an estimate of a daily dose to the human population (including sensitive subgroups) that is 
likely to be without an appreciable risk ofdeleterious effects during a lifetime. Special cases are noted below. 

The RID for manganese in drinking water is In the dichry RID shown on the table. 
The RID for dietary cadmium is twice the drinking water RID shown on the table. 
The RID for airborne particulate containing chromium (VI) is 2.86E-05 mgkg per day. 
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The unit hazard index and unit cancer risk factors are shown in the remaining tables in this 
appendix. The first of these tables (Table C2) summarizes the ratios between unit factors using 
the routc-to-route extrapolation and unit factors that ignore the missing toxicity parameter. 
Ratios less than 2 are not listed in the summary table. If any of the chemicals with a significant 
increase are important in the risk assessment, the missing toxicity parameter should be 
determined in a manner that is both technically sound and acceptable to the appropriate 
regulatory authority. 

Table CZ. Summary of Unit Factor Comparison Ratios. 
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Table C2. Summary of Unit Factor Comparison Ratios. 

88-06-2 

88-85=1 

91-20-3 
92-524 
95-50-1 
95-63-6 
98-86-2 

2,4.6-TrichlorophenoI 
2-sec-Butyl4,6-dinihophenol 
(Dinoseb) 
Naphthalene 
l.l'-Biphenyl 3.5 3.5 
1.2-Dichlorobenzene (ortho-) 5.0 5.0 
1,2.4-Trime1hylbenzcne 
Acetoohenone 3.1 3.1 

108-67-8 ~1,3,5-Trimethylbenzcne I 
108-88-3 
108-90-7 
108-94-1 
108-95-2 
110-00-9 
110-54-3 

Toluene (Methyl benzene) 
Chlorobenzene 
Cyclohexanone 2.8 2.8 
Phenol (Carbolic acid) 

n-tlexane 
Funn (Oxacyclopentadiene) 5.9 5.9 
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Table C2. Summary of Unit Factor Comparison Ratios. 
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Table C2. Summary of Unit Factor Comparison Ratios. 

Notes: 
CASRN = Chemical Abstract Service Reference Number 
The oble shows the Iarpest ratio found in all of the exposure scenarios. Ratios less th3n 2.0 are not listed. 
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Table C3. Unit Factors for the All Pathways Farmer Scenario. 
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Table C3. Unit Factors for the All Pathways Farmer Scenario. 

J 
110-00-9 Funn (Oxacyclopentadiene) 1.16E+02 b na 1.16E+02 b na 
110-54-3 n-Hexane 3.45E+00 na 3.88E+00 na 
110-86-1 Pvridine 2.9GE+02 b na 2.9GE+02 b na 

L 

2.59E-01 na 2.60E-01 na 

3.70E-01 b n3 3.70E-01 b na 

2-Butoxyethano1 (Ethylene Glycol 

2-(2-Ethoxyethoxy)-ethanol 
'11-90-0 (Diethylene Glycol Monoethyl Ether) 
117-81-7 Di (2-ethvlhexvl) Dhthalafe (DEIIP) 9.22E+0l b 1.11E-02d 9.4SE+OI b 1.13E-02d 

, 111-762 Monobutyl Ether) 
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Table C3. Unit Factors for the All Pathways Farmer Scenario. 

I I  N’ell IVnter Only, per mp/L 1 Columbia River, per mpjL 
Hazard I Increased I Hazard I Increased 

778249-2 (Selenium and compounds 1 2.90Et01 b 1 n3 I 3.34EMl b 1 n3 

8001-35-2 IToxmhcne I n3 I 4.61E-02 1 N 1 3.89E-01 
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Table C3. Unit Factors for the All Pathways Farmer Scenario. 

CASRY 
4797-55-8 
4797-65-0 
6065-83-1 
8540-29-9 

none 

Well Water Only, per m g L  I Columbia River, per mpjL 
Hazard I Increased I Hazard I Increased 

Chemical Name Index Cancer Risk Index Cancer Risk 
Nitrate 6.30E-02 b na 6.34E-02 b na 
Nitrite 2.23E-01 b na 2.29E-01 b na 
Chromium (Ill) (insoluble salts) 2.81E-02 b na 5.76E-02 b na 
Chromium (VI) (soluble salts) l.llE+OI g 8.89E-05~ 1.98E+OI g 8.89E-05c 
Uranium (soluble salts) 5.49E+Ol b na 5.92E+01 b na 



HNF-SD-WM-TI-707 Rev 3 Page C-16 

Table C4. Comparison Ratios for the All Pathways Farmer Scenario. 
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Table C4. Comparison Ratios for the All Pathways Farmer Scenario. 
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Well Water Only Columbia River 
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Table C4. Comparison Ratios for the All Pathways Farmer Scenario. 

Notes: 
CASRN = Chemical Abstract Service Reference Number 
The ratios shown are the unit factors in Table C3 divided by the unit factors in Table IS. 
Ratinc Ircc than 1 7 a n  not l i c t d  



HNF-SD-WM-TI-707 Rev 3 Page C-20 

Table C5. Unit Factors for the Native American Scenario. 
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Table C5. Unit Factors for the Native American Scenario. 
Well Water Only, per me/L I Columbia River, per me/L 

Hazard I Increased Hazard I Increased I 
CASRN I Chemical Name Index I Cancer Risk I Index I Cancer Risk .. 
79-34-5 

82-68-8 Pentachloronitrobenzene (PCND) 7.23E+01 b 5.64E-02 d 2.03E+03 b 1 1.57E+Wd 
83-32-9 Acenaphthene 5.50E+00 b na 3.46EWl b I na 
84-66-2 Diethvl Dhthdate 3.83E-01 b na 

'' 
teurcrlrvr.uc, I 

5.73E-01 b I na I 
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Table C5. Unit Factors for the Native American Scenario. 



HNF-SD-WM-TI-707 Rev 3 Page C-23 

Table C5. Unit Factors for the Native American Scenario. 

CASRN Chemical Name 
4797-55-8 Nitrate 

Well Water Only, perm@ Columbia River, per m@ 

Index Cancer Risk Index Cancer Risk 
Hazard Increased Hazard Increased 

9.72E42b I na 1.34E-01 b I na 
4797-65-0 
6065-83-1 
8540-29-9 

none 
. .. 

B 

w 

CASRN = Chemical Abstract Service Reference Number 
The tow1 risk to the Native American is calculated using intakes from 70 consecutive years. The soil 

These scenario factors must be multiplied by the appropriate water concentration. The "Well Water" 
concentration is zero at the sbrt of the exposure. 

columns assume all the contaminated water comes from the well. The "Columbia River" columns assume all 
conbminated water comes from the Columbia River. 

(a) - The RID for ingestion was imputed. 
(b) - The RID for inhalation was imputed. 
(c) -The Slope Factor for ingestion was imputed. 
(d) - The Slope Factor for inhalation was imputed. 
(e) - For manganese (7439-96-5) the drinking water has a lower RID. 
(I) - For cadmium (7440-43-9) the food has a larger RID. 
(g) - For chromium VI (18540-29-9) the airborne particulate has a larger RID. 

. Results with notes (a. b, c. d. e, f, or g) have the following qualifiers: 

Nitrite 4.49E-01 b na 1.04E+00 b na 
Chromium (Ill) (insoluble salts) 1.16E-01 b na 7 . I S E W  b na 
Chromium (VI) (soluble salts) 8.06Et02 g 7.53E-02 c 1.36Et03 g 7.53E-02 e 
Uranium (soluble salts) 1.37Et02 b na 7.55Et02 b na 
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Table C6. Unit Factor Ratios lor the Native American Scenario. 
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Table C6. Unit Factor Ratios for the Native American Scenario. 

I 117-81-7 IDi IZ-ethvlhcxvl~ ahthalate IDEHPI I I I I I 
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Table C6. Unit Factor Ratios for the Native American Scenario. 
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Table C6. Unit Factor Ratios for the Native American Scenario. 

CASRN = Chemical Abstract Service Reference Number 
The ratios shown are the unit factors in Table C5 divided by the unit factors in Table 18. 



HNF-SD-WM-TI-707 Rev 3 Page C-28 

Table C7. Unit Factors: Columbia River Population & IISRAM Industrial Scenarios. 
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Table C7. Unit Factors: Columbia River Population & IlSRAhl Industrial Scenarios. 
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Table C7. Unit Factors: Columbia River Population & IISRAM Industrial Scenarios. 



CASRN Chemical Name 
14797-55-8 Nitrate 
14797-65-0 Nitrite 
16065-83-1 Chromium (111) (insoluble salts) 
18540-29-9 Chromium (VI) (soluble salts) 

none Uranium (soluble salts) 

Columbia River Population IISRW! Industrial 
Hazard Increased Hazard Increased 
Index Cancer Risk Index Cancer Risk 

3.16Et05 b na 3.71E-02 b na 
1.13Et06b na 1.03E-01 b na 
2.93€+05 b na l.l2E-02 b na 
5.83Et07 g 6.91Et02 c 4.32Et00 g 2.70E-05 c 
3.47Et08 b n3 1.65Et01 b na 
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Table C8. Comparison Ratios for the Columbia River Population & IISRAM Industrial 
Scenarios. 
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Table C8. Comparison Ratios for the Columbia River Population & IISRAM Industrial 
Scenarios. 

107-06-2 
107-13-1 

'08-'0-' 

108-67-8 
108-87-2 

. .  . .  
I ,2-Dichloroethane (Ethylene chloride) 
Acrylonitrile 
Melhyl isobutyl ketone (4-hlelhyl-2- 
pentanone) 
1,3,S-Trimethylbenzcne 
Melhvl cvclohexane 

1.21 
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Table C8. Comparison Ratios for the Columbia River Population & HSRATII Industrial 
Scenarios. 
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Table C8. Comparison Ratios for the Columbia River Population & IISRAM Industrial 
Scenarios. 

ervice Reference Number 
ors in Table C7 divided by the unit factors in Tables 21 and 23. 



HNF-SD-WM-TI-707 Rev 3 Page C-36 

Table C9. Unit Factors for the HSRAM Recreational Scenario. 
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Table C9. Unit Factors for the IISRAICI Recreational Scenario. 

.. . . . 

107-13-1 

108-10-1 

105-67-8 
105-87-2 
105-85-3 
105-90-7 

107-05-1 13-Chloropropene (Allyl chloride) I 2.3lE-01 1 n3 I 2.84E-01 I n3 
107-06-2 Il.2-Dichlometh~ne f Ethvlene chloride\ I n3 1 2.26E-05 I n3 1 6.73E-05 ~~ ~ ~~~~~ ~~ ~ ~~ ~~ -~~~ ~ ~~ - ~ ,  .- 

Acrylonitrile 1.30EtCil 1.30E-04 2.56EtOO 4.20E-04 

1.25E-03 a na Methyl isobutyl ketone (4-Methyl-2- 7.72E-04 a pentanone) 
1.3,5-Trimethylbenzene 6.07E-02 na 7.59E-01 n3 
Methyl cyclohexane 8.86E-04 a na 2.99E-02 a n3 

Toluenc (Methyl benzene) 6.78E-03 na 5.97E-02 na 
Chlorobenzene 7.61E-02 na 7.65E-01 na 

n3 

108-94-1 
108-95-2 
110-00-9 

Cyclohexanone 2.43E-04 b n3 5.03E-04 b na 
Phenol (Carbolic acid) 4.OSE-03 b na 8.86E-03 b na 
Furan fOxacvclo~ent3diene) I .24E+00 b na 2.19Et00 b n3 

110-54-3 
110-86-1 

111=16-2 

. .  
n-Hexane 2.74E-02 na 1.42Et00 na 
Pyridine 1.22Et00 b na 2.55Et00 b na 

2.4 I E-03 na 5.00E-03 na 2-Uutoxyethanol (Ethylene Glycol 
iunnnhwvl FthrA 
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Table C9. Unit Factors for the HSRAM Recreational Scenario. 



CASRN Chemical Name 
14797-55-8 N i a t e  
14797-65-0 Nimte 
16065-83-1 Chromium (Ill) (insoluble salts) 
18540-29-9 Chromium (VI) (soluble salts) 

none Uranium (soluble salts) 

Well Water Only, per m f i  Columbia River, per m f l  

Index Cancer Risk Index Cancer Risk 
Hazard Increased Hazard Increased 

7.8lE-01 h na 1.76E-03 b na 
1.22E-02 b na 2.78E-02 b na 
9.6IE-01 b n3 5.97E-02 b na 
4.45E-01 g 1.07E-06c 2.66Et01 g 1.07E-06 c 
2.04E+00 b n3 1.1SEtOI b na 
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Table CIO. Unit Factor Ratios for the IISFWhl Recreational Scenario. 

I ,  1,2-Trichloro-l.2.2-rrifluoroeth~ne 



Table C10. Unit Factor Ratios for the HSRAM Recreational Scenario. 
Well Water Only I I  Columbia River 

CASRN 

79-34-5 

82-68-8 
83-32-9 
84-66-2 

Chemical Name Index Cancer Risk Index Cancer Risk 
I ,  1,2,Z-Teachloroethane (Acetylene 
teachloride) 
Penbchloronitrobcnzcne (PCNB) 
Acenaphthene 
Diethvl ohthalate ~ 

84-74-2 
85-68-7 
87-68-3 

, .  
Dibutyl phthalate 
Butyl benzyl phthalate 
Hexachlorobubdienc 

, .  . ~ 

robcnzcne (ortho-) 
.. . -  le ethylb benzene 

I 98-86-2 1 Acctoohenone 

87-86-5 
88-06-2 

88-85-7 

91-20-3 
92-52-4 

Penbchlorophenol 
2.4.6-Trichlorophenol 
2-rec-Butyl-4,6dinitrophenol 
(Dinoseb) 
Naphthalene 
1.1'-Biohenvl 

I-Dinitrobenzene (pan-) 

w n e  
. . Jenzylalchohol 
5-7 1,4-Dichlorobenzene (para-) 

M 1.2-Dibromoethane (Ethylene 
dihromirleb 

:-uicnioroernane (crnyiene cnionocj I I I I I 

11.7 313 

112 33.0 

. - ..-rylonitriie 

'I 11.2 18.6 hlethyl isobutyl ketone (4-Methyl-2- 
pentanone) 

7.8 1.3.5-Trirnethvlhenzcne 

106-99-0 
107-02-8 
107-05-1 
107-062 

-. -, 
1.3-Bubdiene 11.4 11.6 37.2 68.1 
Acrolein 
3-Chloropropene (Allyl chloride) 
13 ... . . .. ,-_. . ~ * .  .. . 

108-94-1 
108-95-2 
110-00-9 
110-54-3 

Cyclohexanone 
Phenol (Carbolic acid) 
Furan (Oxacyclopentadiene) 
n-llexane 

110-86-1 (Pyridine I I I 
111-76-2 2-Butoxyethanol (Ethylene Glycol 

till, 
I 

Z-(Z-Ethoxyethoxy)-cbnol 
I 111-90-o (Diethylene Glycol Monoethyl Ether) 

117-81-7 Di (2-ethylhexyl) phthalate (DEHP) 
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Table C10. Unit Factor Ratios for the HSRAM Recreational Scenario. 

178249-2 ISelenium and compounds I I I I 
800 1-35-2 1 Toxaphene 
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Table C10. Unit Factor Ratios for the HSRAM Recreational Scenario. 

The ntios shown are the unit factors in Table c9 divided by the unit f3cIors in Table 25. 
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Table C11. Unit Factors for the HSRAM Residential Scenario. 

100-51-6 
106-46-7 

106-93-4 

106-99-0 

Uenzyl alchohol 7.16E-01 b na 7.17E-01 b na 
1.4-Dichlorobenzene (pan-) 631E-01 a 9.48E44d 7.09E-01 a 1.31E-03 d 

2.62Et03 a 1.79Et00 2.64Et03 a 1.88Et00 1.2-Dibromoethane (Ethylene 
dibromide) 
1.3-Butadiene 2.52E+02 a 5.71E-03 c 2.54E+02 a 5.77E-03 c 
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Table C11. Unit Factors for the IISRAM Residential Scenario. 

1330-20-7 Xylenes (mixtures) 4.15E+00 na 4.26E+00 
1336-36-3 Polychlorinated Biphenyls (high risk) na 1.18E-01 d n3 
1336-36-3 Polvchlorinated Uiohenvls (low risk) n3 2.3SE-02 d na . ~. 
1336-36-3 Polychlorinated Biphenyls (lowest risk) na 4.1 LE-03 d na 
6533-73-9 Tl~allium carbonate 8.53E+02 b na 4.93E+04 b 
7429-90-5 Aluminum 7.60E+OI na 7.62E+OL 
7439-96-5 Manganese 7.59E+03 e na 7.59E+03 e 
7439-98-7 Molybdenum 4.90E+01 b na 5.02E+01 b 
7440-02-0 Nickel (soluble salts) 6.71E+00 b na 8.84E+OO b 
7440-22-4 Silver 2.4SE+Ol b na 2.57E+01 b 
7440-24-6 Strontium. Stablc 4.01E-01 b na 4.46E-01 b 
7440-31-5 Tin 2.09E-01 b na 2.15E+00 b 

1.44E-03 d 

1.61 E-03 4 
9.90E-02 I 

na I 

I .94E+O I d 

na I 

na I 

na I 

n3 I 

7.99E-01 c 



CASRN Chemical Name 
14797-55-8 Nitrate 
14797-65-0 Nitrite 

Well Water Only, per m g L  Columbia River, per mg/l 
Hazard Increased Hazard lncreascd 
Index Cancer Risk Index Cancer Risl 

7.37E-02 b na 7.47E-02 b na 
6.4lE-01 b na 6.56E-01 b na 

Notes: 
CASRN = Chemical Abstract Service Reference Number 
The total risk to the IISRAM Residcntial scenario is calculated using intakes from 30 consecutive years. Th 

soil concentration is zero at the start of the exposure. 
These scenario factors must be multiplied by the appropriate water concentration. The "Inland IVell" colurn 

assumes all of the contaminated water comes from the well. The 'Columbia River" column assumes that all of 
the contaminated water comes from the Columbia River. 

Results with notes (a, b. E. d, e, f, or g) have the following qualifiers: 
(a) - The RID for ingestion was imputed. 
(b) -The RID for inhalation was imputed. 
(e) - The Slope Factor for ingestion was imputed. 
(d) -The Slope Factor for inhalation was imputed. 
(e) - For manganese (7439-96-5) the drinking water has a lower RID. 
(0 - For cadmium (7440-43-9) the food has a larger RID. 
(g) -For chromium VI (18540-29-9) the airborne particulate has a larger RfD. 

16065-83-1 

none 
18540-29-9 

Chromium (111) (Insoluble salts) 5.24E-02 b na 1.IlE-01 b n3 

Unnium fsoluble salts1 1.16Et02 b n3 1.25Et02 b na 
Chromium (VI) (soluble salts) 2.40Et01 g 6.00E-05 c 5.02Et01 g 6.00E-05 c 
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Table C12. Unit Factor Ratios for the HSRAM Residential Scenario. 
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Table C12. Unit Factor Ratios for the IISFL4b.I Residential Scenario. 

117-81-7 IDi (2-ethylhexyl) phthalate (DEIIP) I 
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Table C12. Unit Factor Ratios for the HSRAM Residential Scenario. 

7782-49-2 lSelenium and compounds I 1.77 I I 1.40 I 
8001-35-2 IToxaphmc 
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Table C12. Unit Factor Ratios for the IlSRAM Residential Scenario. 

The ratios shown are the unit factors in Table C11 divided by the unit factors in Table 27. 
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Table C13. Unit Factors for the HSRAM Agricultural Scenario. 

62-75-9 N-Ni~osodimethylamine na 3.47E+Ol na 

67-56-1 Methanol (Methyl alcohol) 1.26E+00 b na 1.26E+00 b 
67-61-1 Acetone (2-Propanone) 2.82Et00 b na 2.84E+00 b 
67-66-3 Chloroform 1.27E+OI b 3.76E-03 1.30E+OI b 
71-36-3 n-Uutvl alcohol In-Uuwnol) 1.60E+00 b na 1.62E+00 b 

64-18-6 Formic acid 4.73E-01 b na 4.74E-01 b 

7143-2 Uenzene 3.06E+01 2.16E-03 3.15E+O I 

5.17E-0 I na 5.5OE-01 71-55-6 

72-20-8 Endrin 6.70EN2 b na 3.40E+03 b 
74-83-9 Uromomethane I.3OE+OZ na 1.31E+O2 

I, 1, I -Trichloroehne (Methyl 
chloroform) 

74-87-3 Methyl chloride (Chloromethane) 5.76E+00 a na 5.79E+00 a 
75-00-3 Ethyl Chloride 5.07E-02 a na 5.09E-02 a 
75-014 Vinyl chloride (Chloroethene) 2.76E+Ol 2.4OE-02 2.82E+OI 
75-05-8 Acetonitrile 1.5OEtOI a na 1.5IE+OI a 
75-07-0 Acebldehyde 8.31EtOI a 6.48E-04~ 8.33E+Ol a 
75-W-2 Dichloromethane (Methylene chloride) 1.40E+00 2.13E-04 I .4 1 E+OO 
75-15-0 Carbon disulfide 1.25E+00 na 1.27E+00 
75-21-8 Ethylene Oxide (Oxinne) na 7.75E-02 na 

1.47E+00 na 1.49Et00 I, I-Dichloroellianc (Ethylidene 75-34-3 rhlnrir(r\ .... "....-, I I I 
75-35-4 ~I,l-Dichloroethylene 1 3.29Et00 1 na I 3.36E+OO 
7545-6 lChlorodilluoromelhane I 1.03k-02a I na 1 1.03E-02 a 
75-68-3 Chloro- 1 ,  I -diIluoroethane. 1 - 1.70E-02 a na 1.7 I E-02 a 
75-694 Trichlorofluoromethane 7.80E-01 na 8.07E-01 
75-71-8 Dichlorcd~fluoromethane 2.26Et00 na Z.Z8E+OO 

1.49E-02 na 1.57E-02 1 ,l.Z-Trichloro- I ,2,2-mfluoroethane 

76-41-8 (Ilepbchlor 1 3.42E+02 b I 3.70E-01 1 8.05E+O3b 
78-87-5 I 1.2-Dichloroprop~ne I 9.5SE+Ola I na I 9.55E+Ol a 
78-93-3 IMethvl cthvl ketone 12-Uunnone) I 6.48E-01 I na I 6.50E-01 , <  

79-00-5 I1,1,2-Tr1chlorocth3nc I 3.28EtOI b I 3.66E-03 1 3.34E+Ol b 
79-01-6 1Trichloroethylenc 1 2.13E+OI b I 4.63E-M 1 Z.ZSE+OI b 
79-10-7 12-Prooenoic acid IAcrvlic acid) I 6.25E+OO 1 na 1 6.25E+00 

1.38E+01 d 

5.07E-03 
na I 

4.30Et00 3 
7.35E-02 d 

na I 3 3.76E-03 
na I -1 

2.49E-02 

6.50E-04 c 
2.1SE-04 

__1 7.80E-02 

na I 
na I 

I 
na I 

I 
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Table C13. Unit Factors for the IISRAhl Agricultural Scenario. 

,(Diethylene Glycol Monoethyl Ether) , I I I I 117-81-7 IDi fZ-elhvlhexvll Dhthalare fDEHPl I 9.63E+OIb 1 1.13E-02d I l.lOE+02b I 1.30E-02d I 



8001-35-2 IToxaphenc na 1 4.42E-02 1 nil 1 1.07E+00 



CASRN Chemlcal Name 
14797-55-8 Nitrate 
14797-65-0 Nimte 
16065-83-1 Chromium (111) (insoluble salts) 
18540-29-9 Chromium (VI) (soluble salts) 

none Omnium (soluble salts) 

Well Water Only, per mg/L Columbia River, per mgll  
Hazard Increased Hazard Increased 
Index Cancer Risk Index Cancer Risk 

7.37E-02 b na 7.47E-02 b na 
6.4 I E-0 1 b na 6.56E-01 b na 
5.55E-02 b na 1.14E-01 b na 

l.lSE+02 b na 1.27E+02 b na 
2.47E+Ol g 6.00E-05 c 5.09E+Ol g 6.00E-05 c 



HNF-SD-Wh4-TI-707 Rev 3 Page C-56 

Table C14. Unit Factor Ratios for the IISRAM Agricultural Scenario. 

62-75-9 IN-Nitrosodimethylamine 
M-111.6 IFonnic acid I I I I 

I 67-56-1 IMethmol (Methvl alcohol) I I I I I 

1.1-Dichloroethme (Ethylidene 
75-34-3 Ichloride) 
75-354 I 1.1-Dichloroethvlene I I I I 
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Table C14. Unit Factor Ratios for the ZISR4M Agricultural Scenario. 

I 117-81-7 IDi 12-ethvlhexvll ahthatate IDEHPl I I I I I 
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Table C14. Unit Factor Ratios for the HSRAM Agricultural Scenario. 

7782-49-2 lSelenium and compounds I .a 1.36 
8001-35-2 [Toxaphene 



CASRN Chemical Name 
14797-55-8 Nitrate 
14797-65-0 Nitrite 
16065-83-1 Chromium (Ill) (insoluble salts) 
18540-29-9 Chromium (VI) lsoluble salts) . .. 

none (Uranium (solublc salts) 
Notes: 

Well WaVPter Only Columbia River 
Hazard Increased Hazard Increased 
Index Cancer Risk Index Cancer Risk 
1.85 I .83 

CASRN = Chemical Abstract Service Reference Number 
The ratios shown are the unit factors in Table C13 divided by the unit factors in Table 29. 
Ratios less than 1.2 are not listed. 
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Table C15. Hazard Index and Cancer Risk Factors for Chemicals Under the MTCA for 
Ground Water. 
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Table C15. Hazard Index and Cancer Risk Factors for Chemicals Under the MTCA for 
Ground Water. 
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Table C15. Hazard Index and Cancer Risk Factors for Chemicals Under the MTCA for 
Ground Water. 

3otes: 
CASRN =Chemical Abstract Service Reference Number 
The Method B H m r d  Index uses child consumption rates and body mass. All others use the adult numbers. 

The Inhale Factor shown in Table 30 is included in !he I l m r d  Index and Cancer Risk factors. In effect, the 

Missing values are indicated with %a". which means "not available". 

The reference doses and slopc factors for ingestion are shown in Table C1. 

h m r d  index and risk factors are doubled for volatile chemicals (Inhde Factor = 2). 
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Table C16. Hazard Index and Cancer Risk Factors for Chemicals Under the MTCA for 
Surface Water. 
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Table C16. Hazard Index and Cancer Risk Factors for Chemicals Under the MTCA for 
Surface Water. 
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Table C16. Hazard Index and Cancer Risk Factors for Chemicals Under the MTCA for 
Surface Water. 



hlethod B (Hesidenlial) 
per mpjL 

hlethod C (Industrial) 
per mpjL 

~~ 

8-2 IToxaohene 1 na 1 9.56E-01 I na 1 3.82E-01 1 

CASRN 
7664-4 1-7 
7723-14-0 
7782-41-4 
778249-2 

Chemical Name Index Cancer Risk Index Cancer Risk 
Ammonia 2.19E+00 na 9.99E-01 na 
Phosphorus, white 2.89Et04 na 1 . I  6E+04 na 
Fluorine (soluble fluoride) 1.04Et00 na 4.76E-01 na 
Selenium and compounds 1.31E+OI na 5.71E+00 na 

~~ 

0 

CASRN = Chemical Absact  Service Reference Number 
The fish bioaccumulation facton are shown in Table h35. The reference doses and slope factors for 

The Inhale Facror shown in Table 30 is included in the Hazard Index and Cancer Risk factors In effect, the 

Missing valucs are indicated with "na". which mcans '*not available". 

ingestion are shown in Table C1. The larger of the driikinge watcr and fish are shown in this hble. 

h m r d  index and risk factors are doubled for volatile chemicals (Inhale Factor = 2). 

14797-55-8 
14797-65-0 
16065-83-1 
18540-29-9 

none 

Nitrate 3.91E-02 na 1.79E-02 na 
Nitnte 6.25E-01 na 2.86E-01 na 
Chromium (111) (insoluble salts) 5.14E-02 na 2.06E-02 In 
Chromium (VI) (soluble salts) 2.57Et01 na I.O3E+OI na 
Unnium (soluble salts) 1.04E+02 na 4.76E+0l na 
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2 APPENDIX D 

PATIWAY DOSE FACTORS FOR SELECTED EXPOSURE SCENARIOS 
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Pathway Dose Factors for the Post-Intrusion Residents 

This appendix lists the doses for each radionuclide by pathway. This information is useful 
for checking the calculations. Table D1 shows the doses for the Suburban Garden Scenario. The 
pathways of interest are soil inhalation. soil ingestion, garden produce ingestion, and external 
dose. Table D2 shows the doses for the Rural Pasture Scenario. This sccnario replaces the 
garden vegetable pathway with cow milk. 
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Table D1. Suburban Garden Doses by Pathway, mrendy per Ci Exhumed 
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The individual inhales 87 rndy, ingests 18 p/y, and is exposed for 180 hly to an external dose rate 
corresponding to the center of a 100 m* garden. The individual obtains 25% of his vegetables from the 
garden. 

"Total" is the sum of the "External" and "Internal" columns. "Internal" is the sum of the "Garden 
Vegetables". "Soil Ingestion". and "Soil Inhalation" columns. 

Table D2. Rural Pasture Doses by Pathway, mrendy per Ci Exhumed 
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Table Dt. Rural Pasture Doses by Pathway, m r e d y  per Ci Exhumed 
I I I I I I Soil I S o i l 1  
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The individual inhales 169 mdy, ingests 18 dy. and is exposed for 360 My to an external dose nte 
corresponding to the center of a 5,000 m2 pachirehny field. The individual obtain% 50% of his milk from the 

Total" is the sum of the "External" and "Internal" columns. "Internal" is the sum of the "Milk", "Soil 
cow. 

Ingestion", and "Soil Inhalation" columns. 
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Pathway Dose Factors for the All Pathways Farmer and Native American 

This appendix lists the doses for each radionuclide by pathway. This information is useful 
for checking the calculations. Tables D3a and D3b show the doses for the All Pathways Farmer 
Scenario. The total shown is for all of the pathways, which matches the total column in 
Table 13. The pathway dose factors for the Native American Scenario are spread over 3 tables, 
D4a. D4b. and D4c. The total columns show both the inland well and Columbia River dose 
factors shown in Table 16. 
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Table D3a. All Pathways Farmer Doses by Pathway, m r e d y  per pCi/L 

Table D3b. All Pathways Farmer Doses by Pathway, mremly per pCilL 
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Table D3b. AI1 Pathways Farmer Doses Pathway, m r e d y  per p C i n  
I I I I I I Sediment I Sediment I I 
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Nuclide 
Cf-249 
Cf-250 
Cf-25 I 
Cf-252 

Table D4a. Native American Doses by Pathway, m r e d y  per pCVL 
I I I I I Water I Soil I I 

Well Total River Total Water Inhalation Inhalation External 
3.34E+01 5.76E+01 5.19Et00 2.63Et01 1.73E-03 3.76E-03 
I .5 1 Et01 2.58Et01 2.33Et00 1.19Et01 7.7 I E-04 2.55E-07 
3.4 1 Et01 5.86Et01 5.31Et00 2.68EtOl 1.77E-03 1.13E-03 
7.85E+00 IJ2E+01 1.18E+00 6.25E+00 3.72E-04 3.49E-07 

. .. 
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Table D4b. Native American Doses by Pathway, mremly per pCilL 

Pu-242 
Pu-24JtD 
Am-24 1 

Am-242mtD 
Am-243tD 

6.73E-04 1.03Et00 6.ISE-04 8.98E-04 3.M)E-04 2.4OE-05 
6.65E-04 1.02EtOO 6.08E-04 8.87E-04 2.9GE-04 2.37E-05 
7.28E-04 1.12Et00 2.6GE-03 1.33E-03 6.49E-04 2.08E-04 
7.12E-04 1.08Et00 2.59E-03 1.39E-03 6.29E-04 2.02E-04 
7.27E-04 l.llE+OO 2.66E-03 1.32E-03 6.47E-04 2.08E-04 
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Table D4b. Native American Doses by Pathway, m r e d y  per pCin 
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Table D4c. Native American Doses by Pathway, m r e d y  per pCin 
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APPENDIX E 

EMANATION OF GASEOUS RADIONUCLIDES FROM THE SOIL SURFACE 



HNF-SD-Wh4-TI-707 Rev 3 

This page intentionally lefi blank. 

Page E-2 



HNF-SD-WM-TI-707 Rev 3 Page E-3 

EMANATION OF GASEOUS RADIONUCLIDES FRORI THE SOIL SURFACE 

This section describes the migration of gaseous radionuclides from the buried waste, 
through the facility cover to the ground surface, and into the atmosphere. Then the conse uences 
of the air emission are estimated. The gaseous radionuclides are tritium (as water vapor), C (as 
carbon dioxide), and 222Rn (an inert gas). 

q 4  

E.1. DIFFUSION FLUX AT THE GROUND SURFACE 

For the discussion in this section, the waste is separated into solids and a gas-filled pore 
space. The solids contain the radioactive inventory, while the pore space collects any gaseous 
nuclides that may be released from the solids. Vitrified waste is expected to release gases very 
slowly, while low-level waste could release the gaseous radionuclidcs rapidly. The quantity of 
gaseous radionuclides in the waste solids decreases with time by radioactive decay, and by 
release from the waste solids into the waste pore space. It will be assumed that over the course 
ofone year both the inventory in the waste solids and the fractional release rate are relatively 
constant. The rate at which the gaseous nuclides are relcascd from thc waste solids is calculatcd 
using the formula below. 

Gas Release Rate = kc Qs 

QS = quantity of a gaseous radionuclide in the waste solids at some time after 
closure, in Ci 

= fraction of the total released from the waste solids into the waste pore space 
per year. This fraction may vary slowly from year to ycar. 

where 

The gaseous radionuclides released from the solids then diffusc from the waste into the 
soil surrounding thc disposal sitc. If this diffusion is slow, thcn thc gascous nuclidcs accumulatc 
in the pore space until the diffusion rate away from the waste matches the relcase rate from the 
solids. If this diffusion is rapid, then the concentration in the waste pore space will be very 
small. but will be proportional to the concentration in the waste solids. 

The diffusion of radioactive gases can be represented using Fick’s law of diffusion with a 
loss term for radioactive decay (Jury 1991 Chapter 6). The 222Rn will bc discussed se arately 
from the ’H and “C because it is produced by a decay chain that includes 23*U, 234U, ’?h. and 
226Ra. For calculating diffusion in the presence of radioactive decay the source concentration is 
assumed to be constant because it changes very slowly with time compared to the movement of 
the diffusing gases. It will further be assumed that the diffusion characteristics of the waste 
cover are uniform with depth, so that a single diffusion coeflicient (D) represents an average for 
the various soil layers. 

I: 
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ac a2c 
at a 2 2  
- = D- - kRC 

ac a2c 
at a 2 2  

if - = 0 then D- = kRC 

The source region is assumed to be a homogenous layer of soil with the same diffusion 
coefficient as the soil cover. In steady-state, the waste region has a constant gas concentration 
(CO) in the pore space. Because this concentration is proportional to the release rate from the 
waste solids, it will change slowly with time, as discussed above. 

The solution to the differential equation has an exponential dependence in elevation as 
shown below. The boundary conditions that the soil concentration is CO at the top of the waste 
( ~ 0 )  and zero at the ground surface (2%) have been included. The solution is only valid from 
z=o to Fa. 

-211+e-(2z,-z)P 
J(z) = - D z  ac thus J(z) = C, p D e 

1-e - 2 Z 0 P  

J(0) = C, p D 1 + e-2zo P and J(zo) = 2 C, p D e-', 
1 -e- 2 20 P I-e - 2 Z 0 P  

where 
C(z) = concentration of a gaseous radionuclide in the soil at elevation z in the soil 

above the waste, in Ci per m3 of soil. At the bottom of the soil cover, the 
soil concentration matches the gas concentration in the waste, Le., C=Co. At 
the top of the cover the gas concentration is zero. 

CO = average gaseous radionuclide concentration in the waste pore space available 
for diffusion, in Ci per m3 ofwaste. Note that this is the total gaseous 
activity in the waste pore space divided by thc total volumc of the waste. 

D = diffusion coefficient for low atomic number gases moving through waste and 
soil, 0.01 cm2/s = 31.56 m2/y 

J(z) = upward diffusion flux at elevation z above the waste, in Ci/m2 per y 
z = vertical position in the soil, in m. The bottom ofthe soil column is FO, 

while the ground surface is ~ z , = 5  m. 
kR = radioactive decay constant for thcnuclide, per y. 
p = inverse length parameter characteristic of gaseous radionuclidc with a 

particular half life diffusing in a particular medium, in m-' 

Earlier performance assessment calculations did not use the boundary condition that the 
surface concentration is zero. In effect, an infinite medium was assumed. This underestimates 
the surface diffusion flux (J) by at least a factor of two. Longer half-life nuclides show a larger 
difference. The 2001 ILAW PA included this boundary condition. 
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Only 222Rn is an inert gas that will faithfully follow the diffusion model. The ’H and 14C 
will undergo chemical reactions and be part ofcompounds that are likely to exist in the soil or 
the waste corrosion products. For ’H these compounds include water and hydroxides. For 14C 
these compounds include carbonates and carbides. The effect of these chemical reactions is to 
slow the migration to the surface and the resulting release rate from the ground surface. This 
effect has not been included in the diffusion calculations to maximize estimated consequences. 

If the dccay half life is vcry long, the above equations simplify to the equations shown 
below. In stead state, the diffusion flux is constant with elevation. These equations represent 
the diffusion of H and I4C very well due to the long half lives. 1- 

C(z) = C o b  - 5) and J(z) = - co D 
20 

The calculation of gaseous radionuclide flux at the ground surface requires a value for the 
steady state conccntration in the waste matrix ((20). Since thc conccntration available for 
diffusion (CO) varies slowly with time, the rate of addition of gas to the pore space equals the rate 
of removal. This can be stated mathematically as shown below. The first equation defines 
“steady state”. The sccond equation says that the rate at which gascous radionuclides are 
entering the waste pore space is equal to the rate at which they decay and diffuse. In this simple 
one-dimensional model the diffusion is either up or down. Hence, the total loss is double the 
diffusion flux in one direction. In the final equation for steady state concentration the numerator 
is the rate of addition of gaseous nuclides to the waste pore space. 

rateof addition = rateof removal 

l+e-2zo 1 

Z W  I -c  -220 )I 
X,Qs = h - R Q o + 2 Q o p D R  where R =  

where 
A =  
co = 

D =  

J(z) = 
Qo = 
Qs = 
a =  

Ac Qs 
ARV + 2 A p D R  

finally, Co = 

surface area footprint of the waste disposal site, in mz 
average gaseous radionuclide concentration in the waste pore space available 
for diffusion, in Ci per m3 ofwaste. Note that this is the total gaseous 
activity in the waste pore space divided by the total volume of the waste. 
diffusion coefficient for low atomic number gases moving through waste and 
soil, 0.01 cm2/s = 31.56 m2/y 
upward diffusion flux at clcvation z above the waste, in Ci/m2 per y 
quantity o f a  gaseous radionuclide located in the waste pore space, in Ci 
quantity of a gaseous radionuclide embedded in the waste solids, in Ci 
thickness of the soil above the waste, 5 m 
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zw = thickness of the waste, in m. The volume of the waste is the product of the 
footprint area and the thickness: V = A  zw . 

= fraction of the total released from the waste solids into the waste pore space 
per year. 

lR = radioactive decay constant for thenuclide, per y 
p = inverse length parameter characteristic of gaseous radionuclide with a 

particular half life diffusing in a particular medium, in m-' 

It should bc noted that thc above equation for gaseous radionuclide concentration in thc 
pore space reduces to the expected form when the radioactive dccay constant becomes very 
small. One way to derive the expected form is to write the nodecay flux in terms of both the 
source release rate and the surface release rate. By conservation of matter in a simple one- 
dimensional model, this condition is shown in the equation below. The factor oftwo in the first 
equation stems from the assumption that only half the released activity diffuses upward. The 
other half diffuses downward. This formula can be used to calculate the initial concentration in 
the waste. The final equation for diffusion flux at the ground surface when radioactive decay 
may be important is shown bclow also. 

Determining the initial Concentration of222Rn is complicated b two sources of the gas. 
One is the releasc from the waste solids. The other is the dccay of Ra that has already been 
rclcascd from the waste solids. Thc 226Ra produces 222Rn by radioactivc dccay. Thc total amount 
of 226Ra slowly increases for two reasons. First, an increasing fraction of the waste matrix has 
decomposed. Second, "%a is being produced by the radioactive decay of 238U and "?J that 
have been released. The peak 222Rn flux occurs after all the waste has decomposed, and the 226Ra 
has reached radioactive equilibrium with the 238U. This equilibrium occurs after times greater 
than 1x106 years after closure. Note that the uranium decay chain is assumed to remain in the 
waste disposal facility indefinitely. This ignores the mobility of uranium in the soil, but is 
conservative. For 222Rn, the steady state concentration in the waste pore space is calculated as 
shown in the equation below. In the final equation for steady state concentration the numerator 
is the rate of addition of '"Rn to the waste pore space. 

Y 

rateof addition = rateof removal 

IC QS.R~-ZZZ + 1 . ~ n - 2 2 2  Q0.b-226 = ~-R~-zxQo, .R~-zzz  + 'AJ.R~-ZZZ(O) 

If the initial inventory per unit area of 238U in the disposal facility is 1 CYm2 (i.e.. 1 Ci 238U 
per mz of facility footprint), then after a few million years, the waste solids have decomposed 
(Le. Qs=O) and the 234U, "Vh, 226Ra, and 222Rn are all in radioactive equilibrium with the 238U. 
Thus the 226Ra inventory in the trench is 1 Ci/m2. It is assumed that no migration of the uranium 
out of the trench has tAen lace during this time. If the waste thickness (z*V/A) is 1 m, the 
rcsulting concentration of Rn is 0.420 Ci/m'. The calculation of thc diffusion flux for 222Rn is 
carried out using the formula given previously for J(a). The '''Rn flux at the ground surface 

2% 
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through 5 m of cover with a diffusion coefficient of 0.01 cm% is 0.0275 Ci/m2 per year, or 
671 pCi/m2 per second. Note that the performance objective for radon emanation is 20 pWmZ 
per second. 

E.2. MECHANISMS AFFECTING THE DIFFUSION FLUX 

There are four environmental factors that can affect the rate of gas transport through the 
soil. These are barometric pressure, temperature, wind, and rain (Jury 1991). Each ofthese will 
be discussed in terms of its effect on the gaseous diffusion rate from the ground surface 
calculated above. 

E.2.1. Atmospheric Pressure 

An increase in atmospheric pressure will compress the air above the soil and drive air 
into the soil. The motion of air into the soil is impeded by the tortuosity of the flow channels and 
thc small diameter of thc surface opcnings between soil grains. Whcn thc atmospheric pressure 
decreases gases in the soil expand and the gas near the surface is released into the atmosphere. 
The effect on gases diffusing from underground is to slow the release rate whilc the atmospheric 
pressure increases, and increase the release rate when the atmospheric pressure decreases. 

However, atmospheric pressure variation represents a very small change in the average 
pressure. The annual standard deviation of barometric pressure variations was at most 0.72% 
during the years 1988 through 1991 (WHC-EP-OG51). The annual extremes for these years were 
at most 3.1% from the average. Such small variation suggests the influence of atmospheric 
pressure changes is small. This suspicion is born out in literaturc cited in Soil Physics (Jury 
1991). A soil permeable column 3 m deep was affected by typical barometric pressure variations 
to a depth of at most 0.56 cm. Thus, barometric pressure changes will have little influence on the 
average diffusion flux from the surface. 

E.2.2. Atmospheric Temperature 

Thc air tcmpcraturc at thc ground surfacc varics sinusoidally during thc day as wcll as 
during the year. The daily variation does not penetrate as deeply as the seasonal variation. The 
seasonal temperature change at a depth of 5 m in sandy soil is about 10% of the seasonal 
temperature change at the surface (Jury 1991). The variation in temperature decreases 
exponentially with distance below the surface. In addition, there is a phase shift that increases 
with dcpth. The cyclic variation in soil tcmpcrature will cause air movcmcnt due to the 
expansion and contraction of the air as the temperature increases and decreases. This air 
movement can be expected to increase the average diffusion flux at the surface. 

However, the influx of air is limited to a shallow layer near the surface, just as with 
barometric pressure changes. The monthly average air temperature at Hanford typically ranges 
from -12 C to 30 C with an average around 12 C (PNL-9809). Thus the near-surface soil layer 
experiences a seasonal temperature variation no more than 10% on the absolute temperature 
scale. While this variation is an order of magnitude greater than the barometric pressure change, 
it is confined to a relatively shallow layer near the surface. Thus, temperature changes will have 
little effect on the average diffusion flux from the surface. If the 10% variation is assumed to 
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accelerate gas transport in the top 10% of the soil tover. then the soil cover thickness is 
effectively reduced by 0.5 m. With a cover thickness of4.5 m, the '"Rn diffusion flux increases 
from 0.96 pCi/m2 per second to 1.98 pCi/m2 per second. 

E.23. Wind 

The motion of air over the ground surface will create areas with higher pressure and areas 
with lower pressure. This varying surface pressure is similar in effect to the barometric pressure 
variation. but on a much shortcr time scale. Experience with temperature changes suggests that 
the rapid variation will not penetrate as deeply into the soil. Thus the enhanced gaseous release 
rate will affect gas migration to a depth less than the 0.5 cm predicted for barometric pressure 
variation. It is concluded that wind effects will have little effect on the average diffusion flux 
from the surface. 

C.2.4. Rainfall 

As the water infiltrates the soil. it displaces somc air from the soil pore space. As the 
water moves deeper, the pore space is refilled with air from the nearby pore space. This air 
motion will increase the mixing between adjacent layers and should increase the average 
diffusion flux as well. 

However, as the water moves deeper in the soil, the water and air coexist in the pore 
space so that the motion of water has no effect on the diffusion of gases. Thus the rainfall effect 
is limited to a shallow surface layer. The overall effect on the average diffusion flux is very 
small. The largest recorded 24-h rainfall at the Hanford Meteorological Station is 4.85 cm 
(1.91 in), which occurred on October 1 and 2, 1957. Using a soil porosity of 35% means the 
water would saturate the soil to a depth of 14.0 cm (5.5 in). Thus the normal rainfall at Hanford 
affects gas motion in the soil to a depth considerably less than the normal temperature variation. 

E.3. DOSE CONSEQUENCES FROhI AIR ERIISSIONS 

Two cases are described in the "No Infiltration Scenarios" ofTable 2 (of the main text). 
Thc first is the "Offsite Farmcr" who is downwind of the disposal site. The second is the "Onsitc 
Resident" who lives in a dwelling affected by the gaseous emission. These scenarios are 
presented in more detail below. In addition, the two are compared to show that the offsite dose is 
always lower than the onsite dose. 

The H-3 is normally found as water and would be released as water vapor. The C-14 is 
assumcd bound in an organic compound. Presumably the organic compound could be volatile as 
well. The most likely carbon compound to be emitted is carbon dioxide. However, the 
inhalation dose factor for carbon dioxide is about 90 times smaller than for organically bound 
C-14, which has been used in this report. Finally, the inhalation dose from radon compounds 
depends on the ease with which the particulate progeny of the inert gas become attached to dust 
particles in the air, as well as the relative amounts of the short half life progeny. For this reason, 
the radon emission is limited to 20 pCi m s' (RPP-13263 and RPP-14283). -2 I 
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The air pathway dose downwind was estimated using the formula shown below. 

Air Pathway Dose = J A T  DF 
where 

J = flux of the radionuclide from the soil surface, CVm* per y 
A = cross-sectional area of the disposal facility trenches when viewed from above 
T = duration of the release, 1 y 

DF = air pathway dose factor from CAP88-PC for an annual release, mrem 

The air transport factor and air pathway dose factors presented below originally appeared 
in Section 3.2.1 offiposure Scenarios and Unit Dose Factors for the IIanford Immobilized 
Low-Activity Tank W’usfe PerjCormance Assessment (HNF-SD-WM-TI-707 Revision 1). The air 
transport factor is a bounding value that applies to annual emission near the border of a large 
area source. The dose factors were obtained using the CAP88-PC software from EPA (EPA 402- 
B-92-001). 

E3.1. Offsite Farmer 

Radioactivity released into the air is carried by the wind to locations some distance from 
the emission source. As the airborne material travels it is dilutcd, so that the potential doses are 
lessened. However, the radioactive material may settle on crops and pastures. leading to 
ingestion pathway doses as well as the initial inhalation dose as the plume passes the receptor 
location. The inhalation dose to an individual downwind is calculated using the formula shown 
below. 

H b t  = Qcmit W Q  BR DFinh 
where, 

H b t  = inhalation dose at a downwind location, mrem 
QOit = activity released into the air as a gas or respirable particles, Ci 
X/Q = air transport factor, 1 .OE-4 slm’ 

BR = breathing rate. 2.G4E-4 m’/s 
DFi.h = inhalation dose factor for a nuclide emanating from the ground surface, in mrem per 

pCi inhaled. Values are given in Table A22. 

Because the emission from the ground surface is assumed to take place over the course of 
a year, the parameters in the above are chosen to represent the annual average. Thus the annual 
average breathing rate is 0.95 m’h. or 2.G4E-4 m’k. In addition, the activity released into the air 
is the total released over the course of one year. Finally, the air transport factor (1.0E-4 dm’) is 
a bounding valuc for an a ~ u a l  emission (LVHC-SD-WM-TI-GIG). It includes the normal 
variation in wind direction, wind speed, and atmospheric stability. 

Inserting values for inhalation dose factor, and assuming a 1 Ci emission over the course 
of a year, leads to unit dose factors of 0.0025 mrem per Ci €1-3, and 0.055 mrem per Ci C-14. 
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An additional method for estimating the offsite dose that takes into account the ingestion 
pathways is the CAP88-PC software from EPA (EPA 402-B-92-001). The software predicts 
that the total doses are  0.0237 mrem per Ci 113, and 1.32 mrem per Ci C-14. The program 
output is listed in the attachment to this appendix. Note that the air transport factor used by 
CAP88-PC is 7.98E-6 S/m3 because a distance of 1000 rn was input. The doses reported by 
CAP88-PC were then adjusted upward by the ratio of air transport factors, namely. (1.OE- 
4)/(7.98E3-6)=12.5 to give the values reported above. An additional difference with the simple 
inhalation dose method is the assumed chemical form of the carbon. In CAP88-PC the carbon is 
in the form of carbon dioxide, while in the simple inhalation calculation. the organic form is 
used. Although the organic form of carbon leads to larger inhalation doses, the ingestion 
pathways in CAP88-PC give most of the dose. It should be noted that the various consumption 
parameters in CAP88-PC are larger. For example the fraction ofcontaminated vegetables is 
100% in CAP88-PC. The value of CAP88-PC is that is can be used to demonstrate compliance 
with the IO mrendy performance objective for airborne emissions. 

The CAP88-PC output (see attachment) was interpreted according to the following 
procedure. From the SYNOPSIS report, the worst-case wind direction was east southeast (ESE). 
From the CHVQ TABLE report, the air transport factor for this direction is 7.98OE-6 dm’. From 
the SUMMARY report, the effective dose equivalent for 11-3 is 0.00189 mrem, and for C-14 
0.105 rnrem. 

At a location where the air transport factor is I.OE-4 slm’. the CAP88-PC dose is 
computed as shown below. These values are listed in Table C1. 

H-3: 

C-14: 

The EPA default parameter file was used as input to the CAP88-PC calculations rather 

(0.00189 mrem)( 1.0E-4 slm3)/(7.98E-6 slm’) = 0.0237 mrem 

(0.105 mrem)(l.OE-4 s/rn3)/(7.98E-6 dm’) = 1.32 mrem 

than the Hanford-specific parameter file. 

E.3.2. Onsite Resident 

For modeling the effect ofcontaminants emanating from the soil into a ventilated building, 
the equilibrium air concentration is the product of the emanation rate (activity per unit area per 
unit time) and the floor area divided by the building ventilation rate (volume per unit time). The 
ratio of ventilation rate to floor area is characteristic of classes of building construction. Typical 
ratios arc less than 0.003 d s .  The individual exposed to gaseous emanations from the disposal 
site is located in a ventilated dwelling. For a constant emanation rate with a constant ventilation 
rate, the Concentration starts at zero and rises according to the formula shown below. 

c = (Ccq). { 1 -ExP[-(F)(t)~Ol} 

Ccq = (E)/(F/A) 

C = time-dependent air concentration inside the building, Cum3 
Where, 
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C, = steady-state (or equilibrium) air concentration, Cdm’ 
-2 -I E = contaminant emanation rate, Ci m s 

A = building floor area, mz 
F = building ventilation rate, m3/s 
V = building volume, m3 

Page E-1 1 

The ratio F/A is characteristic of certain dwellings. Two examples are listed below. 
Typical values will need to be established for dose calculation purposes. For radon, the DOE 
uses an emanation limit. For gases such as tritium (as water vapor) and carbon-14, a dose 
calculation can be performed. 

house: 

office: 

Using the smaller value to maximize the equilibrium air concentration, and assumin a 

F/A = (10 cfm)/(lOO Rz) = M O O  Ws = 5.08E-4 m / s  

F/A = (100 cfm)/(200 A*) = 11120 Ws = 2.54E-3 m / s  

-2 -I § unit ernanation rate (1 pCi m s ) leads to an equilibrium air conccntration of 2000 pCi/m , or 
2 pCiL in the dirt-floor house. 

The inhalation dose received by exposure to radionuclides emanating from the soil into a 
dwelling is the product of the steady-state air concentration, the volume of air inhaled during the 
year, and the inhalation dose factor as shown in the equation below. Any decay factor is 
expected to be nearly one. since the nuclides that contribute to this pathway (tritium, C-14, 
Rn-220 and Rn-222) are expected to see very little change in the emanation rate due to 
radioactive decay. 

Hbe = Q a b  c c q  Dinh Tinh  

Where 
Hk = inhalation dose from the emanation of gaseous nuclides during one year, in mrem. 
Q.b = quantity of air inhalcd by the person while in the dwelling, in m3/y. The valuc uscd 

is 8,040 m3/y based on the sleeping and indoor data for the rural pasture scenario in 
Table A9. 

Ccq = steady-state concentration of gaseous nuclides in the dwelling, in pCiL. 
Dlnh = inhalation dose factor for a nuclide, in mrem per pCi inhaled. Values are given in 

Tinh = inhalation exposure time of the individual, 1 y. 
Table A22. 

For €1-3 and C-14, the inhalation doses inside a house are calculated as shown below. 
-2 -I They are based on a unit emanation rate. 1 pCi m s . 

H-3 

C-14: 

(8,040 m1/y)(2OOO pCi/m3)(9.60E-8 mrem/pCi)(l y) = 1.54 mrem 

(8,010 m3/y)(2000 pCi/m3)(2.09E-6 mrem/pCi)( 1 y) = 33.6 mrem 
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11-3 

C-14 

E.33. Comparison of the Offsite and Onsite Individuals 

A basic difference between the two dose calculations is the input radioactivity. For the 
offsite dose calculation, the total released into the air during one year must be estimated. For the 
onsite dose calculation, the rate at which activity enters the air per unit area of floor space is 
needed. To put the two on a comparable level, assume the ground surface directly above the 
waste site has a surface area of 31,690 m2. A uniform emanation rate of 1 pCi m s for one 
year will release 1 Ci of activity into the air. 

-2 -I 

(1 pCim'2s~')(31,690m2)(3.15Gx107sfy)(I y)= 1 Ci 

Because the offsite dose is smaller than the onsite dose for unit emission rates (Table El), 
the waste site area needs to be increased to raise the offsite dose, which depends on the total 
emitted during the year. Table El shows the calculated doses and required disposal site area for 
the two doses to be equal. Because the disposal site surface area will bc significantly less than a 
square kilometer (l.OE+G m2), thc onsite dose will always bc grcatcr than the offsite dose. 

1.54 mrem 0.0237 mrem 2.0GE+6 m2 

33.6 mrem 1 1.32 mrem 8.07E+5 m2 

Table El. Comparison of Onsite and Offsite Doses. 

I Disposal Facility 
Surface Area I (Der offsiteF-er Ci released) I 

2 Disposal Sitc Arca is calculated as the Onsite dose multiplied by 31.690 m and dividcd by the Offsite dose. 
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Version 1.00 

Clean Air Act Assessment Package - 1988 

S Y N O P S I S  R E P O R T  

Non-Radon Individual Assessment 
Nov 30, 1999 7:45 am 

Facility: Various Cases 

City: Richland 
Address : 

State: WA Zip: 99352 

Effective Dose Equivalent 
(mremlyear) 

1.07E-01 

At This Location: 1000 Meters East Southeast 
Source Category: 

Source Type: Stack 
Emission Year: 1996 

Comments: 

Dataset Name: ILAW PA 
Dataset Date: Nov 30, 1999 7:45 am 

Wind File: h"DFILES\HB-200E.WND 
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MAXIMALLY EXPOSED INDIVIDUAL 

Page E-1 5 

SYNOPSIS 
Page 1 

Location Of The Individual: 1000 Meters East Southeast 
Lifetime Fatal Cancer R i s k :  2.61E-06 

ORGAN DOSE EQUIVALENT SUMMARY 

Organ 
- 
GONADS 
BREAST 
R M A R  
LUNGS 
THYROID 
ENDOST 
RMNDR 

Dose 
Equivalent 
(mremly) 

4.68E-02 
1.19E-01 
2.08E-01 
5.64E-02 
5.61E-02 
4.32E-01 
1.02E-01 

EFFEC 1.07E-01 
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RADIONUCI EM1 

Page E-16 

SYNOPSIS 
Page 2 

DURING THE YEAR 1996 

source 
I1 TOTAL 

Nuclide Class Size Cify ci/y 
-- 

H-3 0.00 1.OEt00 1.OEt00 
C-14 0.00 1.OEt00 1.OEt00 

SITE INFORMATION 

Temperature: 12 degrees C 
Precipitation: 17 m / y  
Mixing Height: 1000 m 
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SOURCE INFOORMATION 

Source Number: 1 

Page E-1 7 

SYNOPSIS 
Page 3 

Stack Height Im) : 1.00 
Diameter (m) : 0.10 

Plume Rise 
Pasquill Cat: A B C D E F G 

zero: 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

AGRICULTURAL DATA 

Vegetable Milk Meat 

Fraction Home Produced: 1.000 1.000 1.000 
Fraction From Assessment Area: 0.000 0.000 0.000 

Fraction Imported: 0.000 0.000 0.000 

Food Arrays were not generated for this run. 
Default Values used. 

DISTANCES USED FOR MAXIMUM INDIVIDUAL ASSESSMENT 

1000 
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Version 1.00 

Clean Air Act Assessment Package - 1988 

D O S E  A N D  R I S K  E Q U I V A L E N T  S U M M A R I E S  

Non-Radon Individual Assessment 
Nov 30, 1999 7:45 am 

Facility: Various Cases 

City: Richland 
Address : 

State: WA Zip: 99352 

Source Category: 
Source Type: Stack 

Emission Year: 1996 

Comments : 

Dataset Name: ILAW PA 
Dataset Date: Nov 30, 1999 7:45 am 

Wind File: WNDFILES\HB-200E.WD 
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ORGAN DOSE EQUIVALENT SUMMARY 

Selected 
Individual 

Organ lmrem/y) 

GONADS 
BREAST 
R K A R  
LUNGS 
THYROID 
ENDOST 
RMNDR 

4.68E-02 
1.19E-01 
2.08E-01 
5.64E-02 
5.61E-02 
4.32E-01 
1.02E-01 

EFFEC 1.07E-01 

PATHWAY EFFECTIVE WSE EQUIVALENT SUMMARY 

Selected 
Individual 

Pathway (mrem/y) 

INGESTION 1.06E-01 
2.82E-04 INHALATION 

AIR IMMERSION O.OOE+OO 
GROUND SURFACE 0.00Et00 
INTERNAL 1.01E-01 
EXTERNAL 0.00Et00 

TOTAL 1.01E-01 

Page E-1 9 

SUMMARY 
Page 1 
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NUCLIDE EFFECTIVE DOSE EQUIVALENT SUMMARY 

Nuclide 

H-3 
C-14 

Selected 
Individual 
(mrem/y) 

1.89E-03 
1.05E-01 

TOTAL 1.07E-01 

Page E-20 
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Page 2 
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CANCER RISK SUMMARY 

Selected Individual 
Total Lifetime 

Cancer Fatal Cancer R i s k  
- 
LEUKEMIA 6.60E-07 
BONE 7.65E-08 
THYROID 2.55E-08 
BREAST 4.67E-07 
LUNG 2.80E-07 
STOMACH 2.481~-07 
BOWEL 1.26E-07 
LIVER 2.70E-07 
PANCREAS 1.67E-07 
URINARY 8.36E-08 
OTHER 2.04E-07 

TOTAL 2.61E-06 

PATHWAY RISK SUMMARY 

Selected Individual 
Total Lifetime 

Pathway Fatal Cancer R i s k  

INGESTION 2.60E-06 
INHALATION 7.62E-09 
AIR IMMERSION 0.00Et00 
GROUND SURFACE 0,OOEtOO 
INTERNAL 2.61E-06 
EXTERNAL 0.00Et00 

Page E-2 1 

SUMMARY 
Page 3 

TOTAL 2.61E-06 
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Nuclide 

H-3 
C-14 

NUCLIDE RISK SUMMARY 

Selected Individual 
Total Lifetime 

Fatal Cancer Risk 

5.12E-08 
2.56E-06 

TOTAL 2.61E-06 

Page E-22 

SUMMARY 
Page 4 
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INDIVIDUAL EFFECTIVE DOSE EQUIVALENT RATE (mrem/y) 
(All Radionuclides and Pathways) 

Page E-23 

SUMMARY 
Page 5 

Distance (m) 

Direction 1000 

N 3.2E-02 
NNW 4.3E-02 

Nw 4.2E-02 
WNW 3.4E-02 

W 2.7E-02 
wsw 2.OE-02 

SW 2.1E-02 
ssw 1.9E-02 
S 2.4E-02 

SSE 3.1E-02 
SE 6.2E-02 

ESE 1.1E-01 
E 1.5E-02 

ENE 4.3E-02 
NE 3.1E-02 

NNE 2.6E-02 
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INDIVIDUAL LIFETIME RISK (deaths) 
(All Radionuclides and Pathways) 
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SUMMARY 
Page 6 

Distance (m) 

Direction 1000 

N 7.9E-07 
NNW 1.OE-06 
NW 1.OE-06 
WNW 8.2E-07 

W 6.6E-07 
wsw 5.OE-07 
sw 5.2E-07 

ssw 4.8E-07 
S 5.8E-07 

SSE 7.6E-07 
SE 1.5E-06 
ESE 2.6E-06 
E 1.8E-06 

ENE l.lE-06 
NE 7.6E-07 
NNE 6.4E-07 
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Version 1.00 

Clean Air Act Assessment Package - 1988 

C H I / Q  T A B L E S  

Non-Radon Individual Assessment 
Nov 30, 1999 7:45 am 

Facility: Various Cases 

City: Richland 
Address : 

State: WA Zip: 99352 

Source Category: 
Source Type: Stack 

Emission Year: 1996 

Comments : 

Page E-25 

Dataset Name: ILAW PA 
Dataset Date: Nov 30, 1999 7:45 am 

Wind File: h"DFILES\tIB-2OOE.WND 
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GROUND-LEVEL CHIIQ VALLIES FOR H-3 
CHIIQ TOWRRD INDICATED DIRECTION (SECICUBIC METER) 

Page E-26 

CHIP 
Page 1 

Distance (meters) 

Dir 1000 

N 2.429E-06 
"W 3.192E-06 
NW 3.166E-06 
WNW 2.521E-06 

W 2.025E-06 
WSW 1.524E-06 
SW 1.595E-06 
SSW 1.455E-06 
S 1.784E-06 

SSE 2.326E-06 
SE 4.672E-06 

ESE 7.980E-06 
E 5.598E-06 

ENE 3.251E-06 
NE 2.330E-06 
NNE 1.946E-06 
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CHIP 
Page 2 

GROUND-LEVEL CHI/Q VALUES FOR C-14 
CHIIQ TOWARD INDICATED DIRECTION (SECICUBIC METER) 

Distance (meters) 
~~ 

Dir 1000 

N 2.429E-06 
NNh’ 3.192E-06 
NW 3.166E-06 

WNW 2.521E-06 
W 2.025E-06 

WSW 1.524E-06 
SW 1.595E-06 
SSW 1.45%-06 
S 1.784E-06 

SSE 2.326E-06 
SE 4.672E-06 

ESE 7.980E-06 
E 5.598E-06 

ENE 3.251E-06 
NE 2.330E-06 

NNE 1.946E-06 
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INTERIM UNIT FACTORS 

This appendix describes -.e interim unit dose and hazard index and cancer i . .~ .  factors 
presented by the author for use in risk assessments until Revision 3 of HNF-SD-WM-TI-707 
could be released. In several cases there were changes in parameters between the time the 
interim factors were sent out and the time that Revision 3 was released. These changes are 
summarized. In addition, the interim factors are listed in tables and compared with the factors 
for Revision 3. 

Table GI shows the unit dose factors for the well driller and the three post-intrusion 
scenarios. These can be compared with the unit dose factors shown in Tables 7,8,10. and 11. 
The comparison ratios shown in Table G1 are the larger dose factor divided by the smaller. If 
the Revision 3 number is larger than the Interim number the ratio is positive. If the Revision 3 
number is smaller then the ratio is negative. Differences less than 5% are not shown. The 
change in the driller dose factor i s  due to the use of external dose factors for a 5 cm thickness of 
soil rather than a 15 cm thickness of soil. For the post-intrusion residents, there was a small 
change in the way that the soil ingestion dose was calculated. The interim numbers calculate soil 
ingestion using an annual intake, while the Revision 3 numbers have all of the soil eaten in the 
first 6 months. There were also revisions to the tritium model and the soil-to-plant concentration 
ratios for iodine. 

Table GI. Intruder Scenarios and Comparison Ratios 
I I Driller 1 Suburban I Rural ICommerciall I I I I 

Nuclide 
11-3 
Be-IO 
G I 4  
Na-22 
AI-26 

Si-32tD 
Ci-36 
K-40 
Ca-4 1 

Ti-44tD 
Vd9  

Mn-54 

Fe-60tD 
Fe-55 

CO-60 
Ni-59 
Ni-63 
Se-79 
Rb-87 

Sr-90tD 

mrem per 
C W  

3.25Et01 
5.65Et03 
1.OSEt03 
1.79EM7 
2.20E+07 
2.76Et04 
5.10Et03 
1.3 I Et06 
6.43Et02 
1.80EM7 
3.24EM1 
6.81 Et06 
3.10EM2 
7.75EM 
2.06Et07 
1.09EM2 
3.00Et02 
4.41Et03 
2.69E+03 
1.13EtO5 

Garden I Pasture I Farm I Suburban Rural Comercial 
Garden I Pass I Farm 

-5.00 

I 
1 1.06 1 1.07 

1.06 
-1.78 -1.85 

I I 
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Table GI. Intruder Scenarios and Comparison Ratios 

Nuclide 
21-93 
Nb-9 1 

Nb-93m 
Nb-94 
Mo-93 
Tc-99 

Ru-106tD 
Pd-107 

Ag-lO8mtC 
(3-109 

cd-113m 
In-1 I5 

Sn-12lmtD 
Sn-126tD 

Sb-I25 
Te-12Sm 

1-129 
CS-134 
Cs-135 

Cs-137tD 

Pm-147 
Sm-147 
Sm-151 
Eu-150 

Eu-154 
Eu-155 

Ho-166m 
Re-187 
Tl-204 
Pb-205 

Pb-21WD 
Bi-207 
Po-209 
Po-2 10 

lZa-226tD 
lZa-228tD 
Ac-227+D 
Th-228tD 
Th-229tD 

Da-133 

Eu-152 

Gd-152 

Driller 
mrem per 

Cuki  
123E+03 
1.75Et04 
4.35EM2 
1.29Et07 
1.7 1 Et03 
9.61EM2 
1.76Et06 
1.36€+02 
1.3 IEt07 
2.95Et04 
8.89Et04 
9.77Et04 
4.39Et03 
I .61 Et07 
3.36Et06 
2.49Et04 
1.59EtOS 
1.28EM7 
3.62E+03 
4.62Et06 
2.81E+06 
7.9 I EM2 
4.54Et05 
3.4 1 EM2 
1.19E+07 
9.15E+06 
1.00Et07 
2.78EM5 
1.26E+06 
1.39Et07 
5.02Et00 
7.81EtO3 
8.45E+02 
2.76Et06 
1.23Et07 
1.26EtO6 
9.92EN5 
1.50EM7 
8.60E+06 
1.87E+07 
1.47Et07 
1.27Et07 

Suburban I Rural I Comerclal I 
Carden Pasture Farm 

1 1.08 I 

i -1.05 mi 
-1.07 
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Table G2 shows the interim All Pathways Farmer dose and risk factors and comparison 
ratios with the Revision 3 numbers in Tables 12.13, and 14. Because the drinking water and fish 
intakes did not change. the change to soil adherence is not apparent. The changes in Fe-GO are 
due to the inclusion of the progeny nuclide, Co-GO. The change to 1-129 is due to a change in the 
soil-to-plant concentration ratio. 
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Table G2. All Pathways Farmer Dose and Risk Factors with Comparison Ratios 



HNF-SD-WM-TI-707 Rev 3 Page G-7 

Table C2. All Pathways Farmer Dose and Risk Factors with Comparison Ratios 
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Table C2. All Pathways Farmer Dose and Risk Factors with Comparison Ratios 

Table G3 shows the interim unit factors for chemicals for the All Pathways Farmer 
scenario. Table G4 shows the comparison ratios with Revision 3 numbers from Table 15. 
Changes were made to the soil adherence amount, the value for Log(Kow) and parameters that 
are imputed from it, and a few chemical were added. It is possibleihat the volatile emanation 
loss from the soil was not included in the interim numbers as well. 

Table C3. All Pathways Farmer: Hazard Index and Cancer Risk for Chemicals. 
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Table C3. All Pathways Farmer: Hazard Index and Cancer Risk for Chemicals. 
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Table G3. All Pathways Farmer: Hazard Index and Cancer Risk for Chemicals. 
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Table G3. All Pathwavs Farmer: Hazard Index and Cancer Risk for Chemicals. 

~~ 

none JUanium (soluble salts) I 9.00E+Ol I na na 
These unit factors omit routes of exposure for which EPA has supplied no reference dose or cancer induction 
done factor. 

Table G4. All Pathways Farmer: Comparison Ratios for Chemicals. 

Chemical Name 
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Table G4. All Pathways Farmer: Comparison Ratios for Chemicals. 

I 88-062 (2,4,6=rrichlorophenol -1.25 I -1.22 
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Table C4. All Pathways Farmer: Comparison Ratios for Chemicals. 

106934 

10693-0 
107-02-8 

I .2-Dibromoethane (Ethylene 
dibromide) 
1.3-Butadiene 
Acrolein 

-1.37 -1.36 
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Table G4. All Pathways Farmer: Comparison Ratios for Chemicals. 

Table G5 shows the interim Native American dose and risk factors and comparison ratios 
with the Revision 3 numbers in Tables 16 and 17. Because the drinking water and fish intakes 
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did not change, the change to soil adherence is not apparent. The changes in Fe-60 are due to the 
inclusion of the progeny nuclide, Co-60. The change to 1-129 is due to a change in the soil-to- 
plant concentration ratio. The sediment external exposure time was corrected to match the 
documentation. 

Table G5. Native American Dose and Risk Factors with Comparison Ratios 
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Table G5. Native American Dose and Risk Factors with Comparison Ratios 

Nuclide 
cs-135 

Cs-137tD 
Ba-133 
Pm-147 
Sm-147 
Sm-151 
Eu-150 
Eu-152 
Eu-I54 
Eu-155 
Gd-152 

IIo-166m 
Re-187 
TI-204 
Pb-205 

Pb-2IOtD 
Bi-207 ~ 

Po-209 
Po-210 

Ra-226tD 
Ra-228tD 
Ac-227tD 
Th-228tD 
lh-229tD 

Th-230 
73-232 
Pa-23 I 

~ ~~ 

U-232 
U-233 
U-234 

U-235tD 
U-236 

U-238tD 
Np237tD 

PU-236 
Pu-238 
Pu-239 
Pu-240 

Pu-241tD 
PU-242 

Pu-244tD 
Am-241 

Well Water 1 Columbia River Water I Well Nater 
Risk 
-1.07 

-1.07 

1.21 

-1.07 

I .os 

Columbia River 71 

71 
1.07 
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Table C5. Native American Dose and Risk Factors with Comparison Ratios 

Table GG shows the interim unit factors for chemicals for the Native American scenario. 
Table G7 shows the comparison ratios with Revision 3 numbers from Table 18. Changes were 
made to the soil adherence amount, the value for Log(Kow) and parameters that are imputed 
from it. and a few chemical were added. It is possible that the volatile emanation loss from the 
soil was not includcd in the interim numbcrs as well. The inhalation of volatile chemicals in 
water was increased from the Revision 2 number. 

Table C6. Native American: Hazard Index and Cancer Risk for Chemicals. 
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Table G6. Native American: Hazard Index and Cancer Risk for Chemicals. 
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Table G6. Native American: Hazard Index and Cancer Risk Cor Chemicals. 
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CASRN 
50-32-8 
53-70-3 
56-23-5 
57-12-5 

Table G7. Native American: Comparison Ratios for Chemicals. 
~_______ 

Well Water Only Columbia River 
Hazard Increased Hazard Increased 

Chemical Name Index Cancer Risk Index Cancer Risk 
Benzo[a]pyrene -1.15 
Dibenz[a.h]an~hracene 1.20 1 A4 
Carbon tetrachloride -1.81 -1.09 -1.19 
Cvanide. free 

57- 14-7 
57-55-6 

58-89-9 

60-34-4 
60-57-1 

1, I -Dimethylhydrazine 
Propylene glycol (1.2-Propanediol) 
gamma-Benzene hexachloride ( g a m -  
Lindane) 
Methylhydrazine 
Dieldrin -1.51 -1.12 1.40 1.41 

-1.01 -1.83 -1.85 

75-69-4 Trichlorofluoromethane 
75-71-8 Dichlorodifluoromethane 

76-13-1 (CFC-113) 

78-87-5 1.2-Dichloro~ro~ane 

I ,  I ,2-Trichloro- 1,2.2-tnfluoroethane 

76-44-8 Heptachlor 

1.33 I .22 
1.58 1.51 

1.60 1.33 

-1.66 -1.10 
1.92 1.92 . .  

78-93-3 Methyl ethyl ketone (2-Duwnone) 1.24 

79-01-6 Trichloroethvlene -1.60 
79-00-5 1.12-Trichloroethane I -1.58 

~~~ ~ 

1.23 
1.18 -1.39 1.15 

-1.25 
79-10-7 12-Propenoic acid (Acrylic acid) 1.69 1.69 
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Table G7. Native American: Comparison Ratios for Chemicals. 
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Table G7. Native American: Comparison Ratios for Chemicals. 
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Table C7. Native American: Comparison Ratios for Chemicals. 

Table G8 shows the interim Columbia River Population dose and risk factors and 
comparison ratios with the Revision 3 numbers in Tables 13 and 20. Because the drinking water 
and fish intakes did not change, the change to soil adherence is not apparent. The changes in Fe- 
60 are due to the inclusion of the progeny nuclide, Co-60. The change to 1-123 is due to a 
change in the soil-to-plant concentration ratio. The vegetable intake was increased from 25% to 
50%. 

Table C8. Columbia River Poaulation Dose and Risk Factors 
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Table G9 shows the interim unit factors for chemicals for the Native American scenario 
along with the comparison ratios with Revision 3 numbers from Tablc 21. Changes were made 
to the soil adherence amount, the value for Log(Kow) and parameters that are imputed from it, 
and a few chemical wcrc addcd. It is possible that thc volatilc emanation loss from thc soil was 
not included in the interim numbers as well. 

Table C9. Columbia River Population: Hazard Index and Cancer Risk for Chemicals. 
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Table G9. Columbia River Population: Hazard Index and Cancer Risk for Chemicals. 

84-66-2 Diethyl phthalate 5,65E+05 
84-74-2 Dibutyl phthalate 2.55E+06 
85-68-7 Duty1 benzyl phthalate 1.63E+06 
87-68-3 Hexaclilorobutadienc 1.20€+03 

na 1.48 
na -1.08 
na 

7.96E+04 -1.27 -1.05 
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Table C9. Columbia River Population: Hazard Index and Cancer Risk for Chemicals. 
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Table C9. Columbia River Population: Hazard Index and Cancer Risk for Chemicals. 
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Table G10 shows the interim HSRAM hdustnal and Recreational radiological cancer risk 
factors and comparison ratios with the Revision 3 numbers. 
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Table C10. HSRAFII Industrial and Reireational Risk Factors with Comparison Ratios 



HNF-SD-Wh4-TI-707 Rev 3 Page (3-32 

CASRN 
50-32-8 
53-70-3 
56-23-5 

Table G10. HSRAM Industrial and Recreational Risk Factors with Comparison Ratios 

Table GI 1 shows the interim unit factors for chemicals for the HSRAM Industrial scenario 
along with the comparison ratios with Revision 3 numbers. 

Table G11. IISRAM lndustiral Scenario: Hazard Index and Cancer Risk for Chemicals. 
~~ 

Unit Factors, per mgk 
Hazard Increased Hazard Increased 

Chemical Name Index Cancer Risk Index Cancer Risk 

Comparison Ratios 

Benzo[a]pyrene n3 2.93E-0 I 
Dibcnz[a.h]anthncenc na 3.91 E-0 I 1.39 
Carbon tcachloridc 1.56EtOI 1.89E-03 



, .  
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Table (311. H S W M  lndustiral Scenario: Hazard Index and Cancer Risk for Chemicals. 
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Table C11. HSRAM Industiral Scenario: Hazard Index and Cancer Risk for Chemicals. 

CASU. 
100-51-6 
106-46-7 

106-93-4 

106-99-0 

Unit Factors, per mp/L 
Hazard Increased Hazard Increased 

Chemical Name Index Cancer Risk Index Cancer Risk 

Comparison Ratios 

Benzyl alchohol 3.31E-02 na 
1,4-Dichlorobenrene (para-) 4.31E-01 8.38E-05 

1.73EM3 2.63E-01 1.2-Dibromoethane (Ethylene 
dibromide) 
1.3-Butadiene 1.73EMZ 2.96E-03 
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Table G11. HSRAM Industiral Scenario: Hazard Index and Cancer Risk for Chemicals. 

none I Unnium (soluble sale) na 
These unit factors omit routes of cxposurc for which EPA has supplied no reference dose or cancer induction 
rlnne factnr~ 

Table G12. IISRAhI Recreational: Hazard Index and Cancer Risk for Chemicals. 

I I  Well \\‘ater Only, per mp/L I Columbia River. per nigk 
Increased I Hazard I Increased 
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Table G12. IISRAFII Recreational: Hazard Index and Cancer Risk for Chemicals. 
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Table G12. HSRAM Recreational: Hazard Index and Cancer Risk for Chemicals. 

1 127-18-4 ~1.1.2.2-Tctnchloroe1hvlene I ~-1:25E-01 I 1.32E-05 I 3.40E+00 I 7.43E-04 1 
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Table G12. HSRAM Recreational: Hazard Index and Cancer Risk for Chemicals. 
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-. 
-. 

.. -. . _ _  - - .... . .- 
mide. free 

Table G13. IISRAM Recreational: Comparison Ratios for Chemicals. 

Index I Cancer Risk I Index I Cancer Risk 
I I I 

I I I 
I I I 

\Vel1 Water Only Columbia River 

53-70-3 

57-12-5 
56-23-5 

. .. . 
Dibenz[a.h]rnthracene 

Ci 
Carbon tctnchlnridc 

1.37 I .45 

I 58-8 

57- 14-7 
57-55-6 

9-9 

60-34-4 
60-57-1 

I ,  I -Dimethylhydrazine 
Propylene glycol (1,2-Propanediol) 
gamma-Benzene hexachloride (gamma- 
Lindane) 
Methylhydnzine 
Dieldrin I A2 1.42 

-2.06 -2.08 
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Table (313. IISRAM Recreational: Comparison Ratios for Chemicals. 

I 117-81-7 ID, 12-ethvlhexvll ohthdnte 1DEHPI I I I I I 
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Table G13. €ISRAM Recreational: Comparison Ratios for Chemicals. 



Well Water Only 
Hazard Increased 

CASRN Chemical Name Index Cancer Risk 
1479745-8 Nitrate 
14797-65-0 Nitrite 

Columbia River 
Hazard Increased 
Index Cancer Risk 

none I Unnium (soluble salts) I 1 
Comparison Ratios are the larger number divided by the smaller. Negative ntios mean the Revision 3 number is 
smaller than the Interim number. If the two unit factors are within 5%. the ntio is not shown. 

16065-83-1 ]Chromium (111) (insoluble salts) 
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Table G14. HSRAhI Residential and Agricultural Risk Factors with Comparison Ratios 
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Table (314. HSRAM Residential and Agricultural Risk Factors with Comparison Ratios 

Comparison Ratios are the large; number divided by the smller. Negative ntios mean the Revision 3 number is;nuller 
than the Interim number. If the two unit factors are within 5%. the ntio is not shown. 

Table CIS. EISRAM Residential: llazard Index and Cancer Risk for Chemicals. 

Chemical Name 
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Table G15. € I S M I  Residential: Hazard Index and Cancer Risk for Chemicals. 
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Table G15. IISRAM Residential: Hazard Index and Cancer Risk for Chemicals. 
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Table (215. HSRAM Residential: Ifazard Index and Cancer Risk for Chemicals. 

I slope factor. 
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Table G16. HSRAM Residential: Comparison Ratios for Chemicals. 
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Table G16. HSRAM Residential: Comparison Ratios for Chemicals. 
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Table G16. HSRAhl Residential: Comparison Ratios for Chemicals. 
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Table C16. €ISMM Residential: Comparison Ratios for Chemicals. 

CASRN 
14797-55-8 

Well Water Only Columbia River 
Ilazard Increased Hazard Increased 

Chemical Name Index Cancer Risk Index Cancer Risk 
Nitrate I I 

14797-65-0 
16065-83-1 
18540-29-9 

none 

Table (317. IISMM Agricultural: Hazard Index and Cancer Risk for Chemicals. 

Nitrite 
Chromium ( H I )  (insoluble salts) -1.24 -1.11 
Chromium (VI) (soluble s31ts) -1.22 -1.11 
Unnium (soluble salts) -1.26 -1.24 

Comparison Ratios are the larger number divided by the smaller. Negative ntios mean the Revision 3 number is ' 

smaller lhan the Interim number. If the two unit fJC10rS are within 5%. the nt io  is not shown. 
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Table (317. HSRAM Agricultural: Hazard Index and Cancer Risk for Chemicals. 



HNF-SD-WM-TI-707 Rev 3 Page (3-53 

Table G17. HSRAhl Agricultural: Hazard Index and Cancer Risk for Chemicals. 
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Table C17. HSRAM Agricultural: Hazard Index and Cancer Risk for Chemicals. 

Table C18. IISRARI Agricultural: Comparison Ratios for Chemicals. 

Well Water Only I Columbia River 
Hazard I Increased 1 Hazard I Increased 

74-87-3 lhlelhyl chloride (Chloromelhmc) 
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Table G18. HSRAM Agricultural: Comparison Ratios for Chemicals. 
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Table GIs. HSRAbI Apricultural: Comparison Ratios for Chemicals. 
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Table G18. ElSRAFII Agricultural: Comparison Ratios for Chemicals. 
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