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D. Dose Calculations

R Perona, RT Ryti

Dose calculations based on measured and/or estimated releases from stack emissions, liquid effluents, and
contaminated soils were conducted for the public and biota. These dose calculations are summarized in
Section 4.2. Details of the methods and assumptions used for modeling individual and population dose for
the public are provided in Section D.1. Methods and assumptions related to the calculation of biota dose

are provided in Section D.2.
D.1  Supporting Information for Calculation of Public Doses

The radiological dose that the public could have received in 2015 from the Hanford Site was calculated in
terms of the rotal effective dose. The total effective dose is the sum of the effective dose equivalent from
external sources and the committed effective dose equivalent for internal exposure, which are summarized
here and described in more detail in DOE’s Occupational Radiation Protection rule in 10 CFR 835. The
committed effective dose equivalent is the sum of doses to organs and tissues that is weighted to account
for the sensitivity of the organ or tissue to the effects of radiation and for the biological effectiveness of the
type of radiation causing the dose. It is expressed in units of rem (Sv), or more typically the sub-unit mrem
(mSv)*T for individuals, and in units of person-rem (person-Sv) for the collective dose received by the total
population within a 50-mi (80-km) radius of Hanford Site operations areas. This appendix describes how
the doses summarized in Section 4.2 of this report were calculated.

Calculation of the total effective dose accounts for the long-term (50 yrs) internal exposure from
radionuclides absorbed into the body during the current year. The committed effective dose equivalent is
the sum of individual committed (50 yrs) organ doses multiplied by tissue weighting factors (International
Commission on Radiological Protection [ICRP] 1991) that represent the contribution of each organ or
tissue to a person’s internal radiation dose. Internal organs also may be irradiated from external sources of
radiation. The external exposure received during the current year is added to the committed internal dose

to obtain the total effective dose.

Releases of radionuclides from Hanford Site facilities are frequently too small for their concentrations to
be accurately measured in many of the off-site environmental media of interest. Even when present in
measureable amounts, it can be difficult to distinguish the small Hanford Site contributions from levels
attributable to fallout from historical nuclear weapons testing and from naturally occurring radionuclides
such as uranium and its decay products. Therefore, Hanford-related environmental radionuclide
concentrations were estimated from stack effluent measurements (air pathway doses) or river water
measurements (water pathway doses) by using environmental transport models. The air dose calculations
employ environmental transport modeling based on measurements made at the points of release (stacks
and vents). The water pathway dose calculations are based on the difference in measurements of

radionuclide concentrations in the Columbia River upstream and downstream of the Hanford Site.

The transport of radionuclides in the environment to points of exposure is predicted using mathematical
models of the physical processes underlying the various exposure pathways. These models are used to

calculate radionuclide levels in air, soil, and foods at off-site locations. Long-lived radionuclides deposited

11 rem (0.01 Sv)=1,000 mrem (10 mSv).
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on the ground by irrigation or airborne depositions become possible sources of external exposure and
uptake by agricultural products. Radionuclides taken into the body by inhalation or ingestion may be
distributed among different organs and tissues and retained in the body for various lengths of times.
Agricultural, behavioral, and dosimetric models were applied to calculate radionuclide intakes and
radiological doses to the public from annual-average radionuclide concentrations in the exposure media.
Computer programs were used to implement these mathematical models using Hanford Site-specific
dispersion and uptake parameters. These programs are incorporated in a master code—GENII - The
Hanford Environmental Radiation Dosimetry Software System, Version 2.10(PNNL-14583; PNNL-14584;
PNNL-19168), which employs the internal dosimetry methodology described in ICRP Publication 60
(ICRP 1991) and external dose coefficients described in Federal Guidance Report 12 (EPA 1993). GENII
Version 1.485 (PNL-6584, The Hanford Environmental Radiation Dosimetry Software System), which
incorporated internal dosimetry methods of International Commission on Radiological Protection
Publication 30 (ICRP 1979a and 1979b) was used for dose calculations through 2008. GENII Version 2.10
is a Microsoft Windows®-based version that also incorporates some environmental modeling

improvements (e.g., plume depletion during atmospheric transport) relative to Version 1.485. The
modeling assumptions and radionuclide release data used in the GENII calculations are the primary focus
of Section D.1. The ingestion and inhalation dose coefficients (ICRP 1991) and external dose coefficients
(EPA 1993) used for the pathway dose calculations are described further in PNNL-14584 and are not
reproduced here.

In addition to the GENII calculations for assessing public doses, the computer program CAP88-PC (also
known as CAP-88) was used to calculate an air pathway dose to a maximally exposed individual (MEI) for
compliance with Clean Air Act standards, as required by the EPA through 40 CFR 61, Subpart H, from
airborne radionuclide effluents (other than radon) released at DOE facilities. Air pathways calculations
performed with the CAP-88PC computer code differ slightly from those performed in GENII. Technical
details of the CAP88-PC calculations are provided in DOE/RL-2016-10, Radionuclide Air Emissions
Report for the Hanford Site, Calendar Year 2015.

Calculations of radiological doses to the public from radionuclides released into the environment are
performed to demonstrate compliance with applicable standards and regulations. DOE O 458.1 provides
requirements for demonstrating compliance with the public dose limit of 100 mrem (1 mSv) total effective

dose in a year. Relevant requirements include the following:

e Compliance may be demonstrated by calculating dose to the representative person or to the MEI

e Collective dose for members of the public should be calculated, and may be truncated, by distance
(e.g., 50 mi [80 km])

o The representative person or MEI must include members of the public outside of controlled areas on
DOE sites and off site

e Analytical models used to calculate dose must be codified or approved by DOE and must consider
likely exposure pathways, including external radiation from air and soil, inhalation, and ingestion of
water and terrestrial and/or aquatic foods

e Calculations of doses to the public from exposures resulting from both routine and unplanned
activities must be performed using DOE-approved dose conversion factors

e Values of default or site-specific parameters used in the dose modeling must be included to document

the calculations.
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A summary of how the location of the off-site MEI was identified, and information on modeling
assumptions and inputs to the GENII computer code used to conduct the MEI dose calculations is provided
in Section D.1.1. Information supporting the calculation of collective off-site dose for members of the
public using the GENII computer code is provided in Section D.1.2.

D.1.1 Maximally Exposed Individual Dose
The MEI is a hypothetical member of the public whose location and lifestyle make it unlikely that any

actual individuals would receive higher doses. The location of the MEI can vary annually depending on
1) the relative contributions of the different operational areas to radioactive emissions released to the air,
2) the contribution of radionuclide releases to the Columbia River from Hanford Site facilities, and

3) variable differences in meteorology affecting wind dispersion. The following potentially significant
exposure pathways are considered for identifying the location of this hypothetical individual and

calculating radiation dose:

e Inhalation of airborne radionuclides

e External exposure from submersion in airborne radionuclides

e Ingestion of foodstuffs contaminated by radionuclides deposited on vegetation and the ground by
airborne deposition and/or irrigation water drawn from the Columbia River downstream of the
Hanford Site

e Incidental ingestion of soil and external exposure to ground contaminated by airborne deposition
and/or irrigation water

e Ingestion of drinking water drawn from the Columbia River

e Consumption of fish from the Hanford Reach of the Columbia River

e Recreational activities along the Hanford Reach of the Columbia River, including fishing, hunting,

boating, swimming, and exposure to sediments during shoreline activities.

Determination of the Location of the MEI. Based on experience since 1990 from environmental transport
modeling and environmental surveillance monitoring, four locations (Section 4, Figure 4.2) are considered
for identifying the location of the MEL The distinguishing characteristics of these locations are described
in the following paragraphs.

Riverview MEI. The Riverview area is across the Columbia River from the City of Richland. Because of its
location, an individual in the Riverview area has the potential to receive the maximum exposure to
waterborne effluent from Hanford Site facilities as well as some contribution from exposure to airborne
emissions from the 300 Area. The Riverview location is where a small population of West Pasco residents
obtain their drinking water from the river via a community water system; therefore, the domestic
drinking water pathway is applied to this location. Columbia River water from just downstream of the

Hanford Site is also withdrawn for irrigation of small gardens and farms at Riverview.

Ringold MEI. The Ringold area is along the eastern shoreline of the Columbia River 16 mi (26 km) east of
separations facilities in the 200 Areas. Because of its location, an individual in the Ringold area has the
potential to receive the maximum exposure to airborne emissions from the 200 Areas. In addition, it is
assumed that some individuals in the Ringold area may irrigate their crops with water from the Columbia
River downstream of where contaminated groundwater originating from the 100 and 200-East Areas enters

the river. For identifying the MEI, Hanford Site contributions to irrigation water at Ringold are
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protectively evaluated using the same downstream concentrations employed for Riverview. Domestic

drinking water at Ringold is not obtained from the Columbia River so this exposure pathway is incomplete.

Sagemoor MEI. An individual in the Sagemoor area, located 0.87 mi (1.4 km) directly across the Columbia
River from the 300 Area, frequently receives maximum exposure to airborne emissions from the 300 Area.
However, domestic water at this location comes from wells rather than from the river; as a result, wells on
the eastern side of the Columbia River are not impacted by radionuclides of Hanford Site origin. Because
the farms located across from the 300 Area obtain irrigation water from the Columbia River upstream of
the Hanford Site, irrigation-related exposure pathways are likely incomplete at this location. However,
because some individuals may obtain much of their food from local agriculture, Columbia River irrigation
pathways agricultural dose has been historically assigned to the Sagemoor area MEI. This practice
protectively but unrealistically sums the location-specific air deposition component of food-related dose
with the irrigation component from another location. The added contribution of radionuclides in the

Riverview area irrigation water maximizes the calculated dose from the air and water pathways combined.

Horn Rapids Road MEI. Meteorological conditions in 2012 through 2015 resulted in a more southerly
direction of wind dispersion than has been observed in past years. As a result, air concentrations related to
300 Area emissions were modeled to be slightly higher at a location just to the south of the Hanford Site
boundary than at the Sagemoor location across the Columbia River to the east. Buildings in this area
historically have been associated with commercial and industrial activities. However, in recent years,
residences also have been constructed near the southern boundary of the Hanford Site south of the 300
Area. Residences in this area obtain drinking water from the City of Richland, which has an intake on the
Columbia River downstream of the Hanford Site; therefore, the domestic drinking water pathway is
applied to this location. Additionally, some agriculture in this area occurs on leased property that receives

irrigation water from the Battelle pumping station on the Columbia River just below the 300 Area.

During the period of plutonium production at the Hanford Site, Ringold was commonly the location of the
MEI. Because of the shift in Hanford Site operations from nuclear weapons production to the current
mission of managing waste products, cleaning up legacy waste, and researching new ideas and
technologies for waste disposal and cleanup, the significance of air emissions from production facilities in
the 200 Areas has decreased compared to emissions from research facilities in the 300 Area. For the past
two decades, the hypothetical MEI has been associated with air emissions from the 300 Area.

Because the hypothetical MEI at all locations is assumed to potentially receive dose from consumption of
foods raised using Columbia River irrigation water, the identification of the location of the MEI is based
on the highest projected dose among the following air pathways: at Ringold (200 Area sources), Sagemoor
(300 Area sources), Horn Rapids Road (300 Area sources) plus drinking water pathways dose, and

Riverview (300 Area sources) plus drinking water pathways dose.

For 2015, air-pathways radiological dose calculations conducted using CAP88-PC in support of Clean Air
Act requirements and GENII Version 2.10 have identified Horn Rapids Road as the location with the
highest MEI dose. Air pathways calculations performed with the GENII computer code indicate that
Sagemoor and Horn Rapids Road air pathways MEI doses in 2015 are similar (0.12 mrem at Sagemoor and
0.15 mrem at Horn Rapids Road). Unlike the Sagemoor receptor the MEI at Horn Rapids Road receives
additional dose from the drinking water pathway. Both Sagemoor and Horn Rapids Road MEI GENII
results are shown in Section 4, Figure 4.4 for comparison.
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METI location coordinates relative to Hanford Site operating areas are entered in the GENII computer code

to specify the location for the air pathways dose calculations. For Sagemoor, these coordinates are:

100 Area: 26.874 km Easting, 30.064 km Northing 300 Area: 1.35 km Easting, 0.26 km Northing
200 Area: 24.954 km Easting, 20.814 km Northing 400 Area: 7.909 km Easting, 6.739 km Northing

For Horn Rapids Road, these coordinates are:

100 Area: 29.1 km Easting, —29.1 km Northing 300 Area: 0 km Easting, —1.80 km Northing
200 Area: 22.6 km Easting, —22.6 km Northing 400 Area: 7.92 km Easting, =7.92 km Northing

Water and Air Release Inputs Used In GENII Version 2.10. As discussed in Section 4.2, the environmental
data needed to perform the GENII dose calculations for the water pathways are differences in the
measured upstream and downstream radionuclide concentrations in the Columbia River. The radionuclide
releases to the Columbia River that are assumed to be the source of these differences are assigned to the
200 Areas, but area assignment does not affect the dose results. Measured emissions of radionuclides in
stack releases are used in the GENII air pathways dose calculations. These air and water pathways data
must be processed for input to the GENII computer code. GENII accepts inputs for environmental releases

using dimensions of activity (e.g., Cu or Bq) per time for both water and air pathways.

Direct liquid effluent releases from outfalls in the 100 Areas were historically used to characterize
contributions from the 100 Areas. The last operating outfall, 1908-K in the 100-K Area, ceased operations
at the end of March 2011; therefore, no annual releases were identified from the 100 Areas in 2015. Liquid
effluent discharges related to historical Hanford operations are known to enter the Columbia River by
groundwater discharge at certain locations along the site shoreline from the 100-B/C Area downstream to
the 300 Area. The impact of these discharges was evaluated as the difference between near-shore river
water radionuclide concentrations downstream of the Hanford Site (monthly samples collected at the
Richland Pumphouse, sampling location label RICH.PMPHS HRM46.4) and upstream samples collected
below the Priest Rapids Dam (monthly samples collected at sampling location label PRIEST RAPIDS-
RIVER). Some radionuclides are measured in both filtered samples (in solution) and in samples that

capture suspended particulates (adhered to resin). These data were evaluated both separately and summed.

One-tailed paired t-tests and nonparametric Wilcoxon Rank Sum (WRS) tests were used to determine
whether average downstream sample concentrations were statistically greater than upstream average
concentrations. The results of statistical tests were used in conjunction with supporting information such
as known releases from groundwater plumes to the river and historical observations in river water to
identify Hanford-related contaminants. The paired t-test is more powerful than the ordinary t-test when
the values in the pairs correlate, or when the concentrations measured downstream tend to correlate to
those upstream. The WRS test has less power than the t-test when the data originate from a normal
distribution, but the assumptions under which the statistical results are valid are not as restrictive. A
p-value of 0.05 is commonly used as the threshold of statistical significance, but a larger, less restrictive
value may be used when other factors support evidence of a release. Likewise, when a contaminant does
not have any known Hanford Site sources a smaller threshold could be appropriate to identify
radionuclides for the dose assessment.

Both statistical tests identified tritium and uranium-238 as potentially Hanford-related contaminants to
include in the 2015 water-pathways dose assessment using a p-value of 0.05. Concentrations of uranium-
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234 were greater downstream, but p-values were slightly higher than 0.05 for both the t-test and WRS.
Uranium-234 is retained as a potentially Hanford-related contaminant for the 2015 dose assessment
because the higher downstream concentrations are considered plausibly site-related, particularly in light
of the uranium-238 results. Although uranium-235 might be expected to co-occur with both uranium-234
and uranium-238, yearly average uranium-235 concentrations were higher upstream than downstream
and therefore uranium-235 is not included in the water pathways dose assessment calculations. Two
additional radionuclides included in the 2015 water pathways dose calculations are cesium-134 and
strontium-90. Neither radionuclide was measured at concentrations above detection limits. In both cases,
the t-test p-values were below 0.05 and the WRS p-values were slightly greater than 0.05. Strontium-90 is
known to be a component of groundwater plumes impacting the Columbia River and is included for that
reason, even though it was not detected in the river water samples. Current Hanford Site-related cesium-
134 releases have not been identified to the Columbia River, and its relatively short half-life of
approximately 2 years suggests that its presence related to historical Hanford operations is unlikely. In
addition, cesium-134 was not detected in any samples; nevertheless, it has been protectively included in

the water pathways dose calculations.

p-value
paired t-test Wilcoxon Rank Sum
Tritium 0.0000060 <0.0003
Uranium-238 0.0020 0.0067
Uranium-234 0.070 0.057
Cesium-134 0.023 0.057
Strontium-90 0.033 0.065

Table D.1 summarizes the mean annual differences in downstream and upstream concentrations, and
calculated annual releases for the 2015 GENII water pathways dose calculations.

Table D.1. Liquid Effluent Radionuclide Releases for GENII Dose Calculations

Radionuclide Upstream Downstream Difference

Columbia River Annual-Average Radionuclide Concentrations (pCi/L)*

Cesium-134 1.2E-03 3.1E-03 1.9E-03
Strontium-90 1.1E-04 1.7E-02 1.7E-02
Tritium 1.7E+01 3.0E+01 1.3E+01
Uranium-234 2.5E-01 2.7E-01 2.0E-02
Uranium-238 1.9E-01 2.2E-01 2.6E-02
Calculated Radionuclide Releases (Ci/year)t

Cesium-134 NA NA 1.9E-01
Strontium-90 NA NA 1.7E+00
Tritium NA NA 1.3E+03
Uranium-234 NA NA 2.1E+00
Uranium-238 NA NA 2.6E+00
Thorium-234% NA NA 2.6E+00
Protactinium-234mi NA NA 2.6E+00

NA=not applicable; radionuclide releases calculated based on difference between annual-average downstream and upstream

concentrations.

*1 pCi=0.037 Bq

tCalculated as the product of the difference in downstream and upstream radionuclide concentrations and the 2015 annual-
average river flow rate of 3,177 m3/sec at Priest Rapids Dam and the number of seconds in a year.

tThese short-lived progeny of uranium-238 were protectively assumed to be in secular equilibrium at the time of discharge.
Refer to Section 7.0 for information on Columbia River surface water sampling.
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Radioactive air emissions based on monitoring of stacks in the 100, 200, 300, and 400 areas were used as
the basis for the GENII air pathways dose calculations. Stack emissions are measured for specific
radionuclides related to the operations at each emissions point. During the dispersion time from the stack
to an off-site exposure location there is opportunity for ingrowth of short-lived radioactive progeny that
are included in the GENII radionuclide inventory. A protective upper-bound dispersion time of 15 hrs was
estimated based on the longest dispersion distance in the collective dose calculations 50 mi (80 km) and an
assumed (4.9 ft/sec [1.5 m/sec]) average wind speed. The highest short-term (15-hr ingrowth period)
concentrations of short-lived progeny that have a separate dose conversion factor were included in the
GENII air emissions inventory to address their potential contribution to the inhalation dose. Ingrowth of

longer-lived progeny in soil and other environmental media is accounted for within GENII.

In addition to measurement of specific radionuclides, gross alpha and gross beta measurements are also
made on emissions from each operating area. Following the precedent of the Radionuclide Air Emissions
Report for the Hanford Site, Calendar Year 2015 (DOE/RL-2016-10), measurements of gross alpha and
gross beta radiation in stack emissions were protectively added to the measured emissions of plutonium-

239/-240 and cesium-137, respectively, to ensure that contributions from any unmeasured operations-
related radionuclides are incorporated in the estimated doses. These specific radionuclides were selected
based on their historical association with releases in these operating areas and because air pathways
calculations indicate dose is highest for these radionuclides among the group of plausible candidates of
alpha- and beta-emitting radionuclides. Annual radionuclide air releases used in the GENII air pathways
dose calculations are summarized in Table D.2.

Table D.2. Air Pathways Radionuclide Stack Emissions for GENIl Modeling

100 Area 200 Areas 300 Area 400 Area
Radionuclide (Ci)
Hydrogen-3 (elemental tritium) NA NA 133 NA
Hydrogen-3 (tritiated water vapor) NA NA 282 1.8E-03
Carbon-14 NA NA 1.2E-04 NA
Sodium-22 NA NA NA 1.4E-09
Krypton-85 NA NA 5.8E-07 NA
Stontium-90 2.3E-06 1.0E-04 2.2E-07 NA
Yttrium-90t 3.4E-07 1.5E-05 3.3E-08 NA
Technetium-99 NA NA 4.1E-06 NA
Ruthenium-106 NA 2.6E-06 1.9E-09 NA
lodine-129 NA 2.3E-04 NA NA
Cesium-134 NA NA NA NA
Cesium-137% 1.7E-05 2.9E-04 7.2E-06 1.3E-06
Barium-137mt,t 1.7E-05 2.9E-04 7.2E-06 1.3E-06
Europium-152 NA NA 1.8E-09 NA
Europium-154 NA NA 1.2E-08 NA
Gadolinium-153 NA NA 7.0E-11 NA
Radon-219 NA NA 6.2E+00
Lead-211t - -- 1.1E-02
Bismuth-211t - -- 1.9E-03
Thallium-207t - -- 8.7E-05
Radon-220 NA NA 385 NA
Lead-212t -- - 5.5E-01 NA
Bismuth-212% -- - 4.6E-01 NA
Radon-222 NA NA NA NA
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Table D.2. Air Pathways Radionuclide Stack Emissions for GENIl Modeling

100 Area 200 Areas 300 Area 400 Area
Radionuclide (Ci)

Radium-226 NA NA 4.1E-10 NA
Actinium-227 NA NA 1.8E-09 NA
Uranium-232 NA NA 5.4E-09 NA
Uranium-233 NA NA 1.8E-08 NA
Neptunium-237 NA NA 1.4E-08 NA
Plutonium-238 5.1E-07 5.4E-07 3.8E-08 NA

Plutonium-239/2408 1.5E-05 6.3E-05 7.8E-08 2.5E-07
Plutonium-241 2.0E-05 1.6E-05 6.7E-07 NA
Americium-241 3.4E-06 4.6E-06 1.2E-09 NA
Americium-243 NA NA 4.5E-08 NA
Neptunium-239t - -- 7.6E-09 NA

(gross alpha) 1.1E-05 4.0E-05 7.2E-08 2.5E-07

(gross beta) 1.3E-05 2.5E-04 5.3E-06 1.3E-06

NA=Not available or not detected. No stack emissions reported for this radionuclide.

*Radionuclides in jtalic font are short-lived progeny of the parent listed above that may ingrow during air
dispersion to off-site locations.

tValues of these short-lived progeny are the highest activity calculated within an estimated 15-hr dispersion time
period to an exposure point within a 50-mi (80-km) distance.

tValues include the addition of gross beta activity.

8Values include the addition of gross alpha activity.

Exposure Parameter Values Used in GENII Version 2.10. GENII Version 2.10 requires input values for
numerous parameters used in the environmental transport and human exposure models. Important
parameters affecting the movement of radionuclides within agricultural exposure pathways such as animal
dietary parameters, irrigation rates, crop yield, growing periods, and holdup periods are listed in

Table D.3. The plant, animal, and aquatic foods transfer factors used for the pathway dose calculations are
documented in PNNL-14584 and are not reproduced here.

The off-site radiological dose is related to the extent of external exposure to or intake of radionuclides
released from Hanford Site operations that become incorporated in exposure media such as air, water, soil,
sediment, and various foodstuffs. Tables D.4 through D.6 provide the values for the diet, residency, and
river recreation parameters for the MEI and collective dose (average individual) calculations.

Meteorological Data Used in GENII Version 2.10. GENII Version 2.10 employs an atmospheric dispersion
model to calculate annual-average air concentrations and deposition rates at downwind locations based on
site-specific radionuclide air emissions measurements and meteorological data (PNNL-14583). The 2015
meteorological data used in the GENII air dispersion modeling were gathered at monitoring stations in the
100 Area (station 13; 100-N), 200 Area (station 21; Hanford Meteorological Station), 300 Area (Station 11;
300 Area), and 400 Area (station 9; Fast Flux Test Facility [FFTF]). With the exception of the 200 Area, all
meteorological data were obtained at a height of 33 feet (10 m). In the 200 Area, where some active stacks

are 200 ft (61 m) in height, the meteorological data used were collected at 200 ft (61 m).
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Table D.3. Agricultural Pathway Parameters for Hanford Site Dose Calculations

Vegetables Hay Pasture Grains
(beef cattle, (milk (beef cattle,
Medium Leafy Root Fruits Cereals Eggs Poultry Beef Milk milk cows)  cows) poultry)
Holdup time; day (MEI) 1 5 5 180 1 1 15 1 100 0 180
Holdup time; day (population) 14 14 14 180 18 34 34 4 100 0 180
Growing period; day 90 90 90 90 NA NA NA NA 45 30 90
Yield; kg/m* 1.5 4 2 0.8 NA NA NA NA 2 1.5 0.8
Irrigation rate; cm/yr 77 88 77 T NA NA NA NA 103 103 T
Irrigation period; month 6 6 6 t NA NA NA NA 6 6 t
Water intake; L/year NA NA NA NA 0.3 0.3 50 60 NA NA NA
Food intake; kg/day NA NA NA NA 0.12 0.12 68/68% 55/558 NA NA NA
Contaminated fraction of diet* NA NA NA NA 1.0 1.0 0.25/0.75% 0.25/0.758 NA NA NA
Livestock soil intake; kg/day NA NA NA NA 0.0 0.0 0.0 0.375** NA NA NA

Holdup=time between harvest and consumption; MEl=maximally exposed individual; NA=not applicable
*Pertains to animal feed; 100% of animal water is assumed contaminated surface water.

TNo irrigation is assumed to occur for cereal crops or grains.
tFirst value pertains to grains, and second value pertains to hay.
8First value pertains to hay, and second value pertains to pasture grass.

**Calculated as 0.5 kg soil/day while grazing x 0.75 diet fraction of pasture grass.
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Table D.4. Consumption Parameters for Hanford Site Dose Calculations

Consumption Rate*

Medium Maximally Exposed Individual ~ Average Individual (Collective Dose)

Leafy vegetables 66 lbs (30 kg)/yr 33 lbs (15 kg)/yr
Root vegetables 485 Ibs (220 kg)/yr 310 lbs (140 kg)/yr
Fruits 728 |bs (330 kg)/yr 140 Ibs (64 kg)/yr
Cereals 180 lbs (80 kg)/yr 160 Ibs (72 kg)/yr
Milk 71 gal (270 L)/yr 61 gal (230 L)/yr
Beef 180 Ibs (80 kg)/yr 150 Ibs (70 kg)/yr
Poultry 40 Ibs (18 kg)/yr 19 lbs (8.5 kg)/yr
Eggs 66 Ibs (30 kg)/yr 44 bs (20 kg)/yr
Fisht 88 Ibs (40 kg)/yr -
Drinking water§ 193 gal (730 L)/yr 116 gal (440 L)/yr
Inadvertent soil ingestion 1.17 oz (36.5 g)/yr 0.59 oz (18.3 g)/yr

*A transit time of 11 hrs from the release to receptor locations is assumed.

TA holdup time of 1 day is used for both MEI and population calculations.

tAverage individual consumption not identified; see text of Section D.1.2.

8A holdup time of 1 day is used for the Riverview calculations for identification of the location of the MEL.

Table D.5. Residency Parameters for Hanford Site Dose Calculations

Exposure
Pathway Maximally Exposed Individual Average Individual (Collective Dose)
Air: Inhalation*, T 24 hrs/day, 365 days/yr 24 hrs/day, 365 days/yr
Air: external (submersion) T 24 hrs/day, 365 days/yr 24 hrs/day, 365 days/yr
Soil: external (ground shine) 12 hrs/day, 365 days/yr 8 hrs/day, 365 days/yr

*Inhalation rate, adult 1.0 m3/hr (35 ft3/hr).
tDispersion time of 15 hrs is protectively assumed for ingrowth of short-lived progeny during transport (50 mi [80 km])

population dose radius and 4.9 ft/s (1.5 m/s) wind speed.

Table D.6. Columbia River Parameters for Hanford Site Dose Calculations

Exposure*

Activity and Pathway Maximally Exposed Individual ~ Average Individual (Collective Dose)
Shoreline: sediment; external 5.0 hrs/day, 100 days/yrt 1.7 hrs/day, 10 days/yrt
Boating: river water; external 2.0 hrs/day, 50 days/yr¥ 0.1 hr/day, 50 days/yr¥
Swimming: river water; 2.0 hrs/day, 50 days/yr 0.2 hr/day, 50 days/yr

inadvertent ingestion§, external
*A transit time of 11 hrs from the release to receptor locations is assumed.

tA shoreline width factor of 0.2 is used.
INo shielding by the boat is assumed.
8Ingestion rate of 0.68 oz (0.02 L)/hr.

Because meteorological station 29 (100-K) has been inoperable since 2013, a meteorological file was
compiled with data for 2003-2012, which represents a 10-yr average of daily meteorological data at this
location. The 100 Area air pathways doses were calculated using this 10-yr average data file and using
2015 meteorological data from Station 13 at 100-N. The difference in dose results was approximately 7%.
The 2015 100-N meteorological file, which is more applicable to local and regional air dispersion in 2015,
was used for the MEI and population dose calculations. The negligible difference in dose using the 100-K
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10-year average meteorological data file versus the 2015 100-N air station file indicates the selection of

one or the other has little impact on the dose assessment results.

Hourly meteorological data from the monitoring stations described above were formatted for use in the
GENII computer code. Five meteorological files, one for each of the Hanford Site operating areas and
stations described above, were created. These files were referenced in the GENII Chronic Plume Air
Module. A radial grid consisting of 16 directional sectors and 10 downwind distances was specified in the
air module. The downwind distances were varied for each operating area to coincide with the distance to
the MEI location, as defined by the Easting and Northing coordinates described above. For example, the
finest resolution was entered for the distance from the 300 Area to the MEI location

D.1.2 Fifty-Mile (Eighty-Kilometer) Collective Population Dose

Regulatory limits have not been established for collective doses to a population; however, evaluation of
the collective population doses to all residents within a 50-mi (80-km) radius of Hanford Site operations is
required by DOE O 458.1. The radiological dose received by the total population within 50 mi (80 km) of
site operations areas was calculated to confirm adherence to DOE environmental protection policies, and
provide information to the public. The 50-mi (80-km) collective dose is the sum of doses to all individual
members of the public within 50 mi (80 km) of the four Hanford Site operations areas (100 Area, 200 Area,
300 Area, and 400 Area).

The same exposure pathways evaluated for the MEI (Section D.1.1) were used to calculate doses to the off-
site population. The primary difference between the MEI and collective dose calculations is in the values
selected for certain exposure parameters. As shown in Tables D.4, D.5, and D.6, exposure parameter values

for the collective dose calculations reflect an average individual rather than an MEI.

In calculating the collective dose related to water-mediated exposure pathways (drinking water, irrigated
foods, Columbia River recreation, and fish consumption), estimates were made of the off-site population
size expected to be affected by each pathway. The assumptions of population size and the calculation of
collective dose for each of these four exposure pathways are described in the following paragraphs.

Drinking Water. The Cities of Richland and Pasco obtain all or part of their municipal water directly from
the Columbia River downstream from the Hanford Site; the City of Kennewick obtains its municipal
water indirectly from wells adjacent to the river. Approximately 182,000 people residing in the Tri-
Cities} are assumed to obtain all of their drinking water directly from the Columbia River or from
impacted wells near to the river. Annual drinking water dose for an average individual is multiplied by the

Tri-Cities population to calculate the collective drinking water dose.

Irrigated Food. Columbia River water is withdrawn for irrigation of small vegetable gardens and farms in the
Riverview area of Pasco in Franklin County. It is assumed enough food is grown in this area to feed an
estimated 2,000 people. Commercial crops are also irrigated by Columbia River water in the Horn Rapids
area of Benton County. Because these crops are widely distributed, any individual in the Tri-Cities is likely
to receive only negligible potential exposure. Annual irrigated foods dose for an average individual is

multiplied by the estimate population of 2,000 individuals to calculate the collective irrigated foods dose.

1The Cities of Pasco, Kennewick, and Richland—known as the Tri-Cities—are located in southeastern Washington State.
Population estimates from http://quickfacts.census.gov/qfd/index.html.
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Columbia River Recreation. As described in Section 4.2 and Section D.1.1, these recreational activities
include fishing, swimming, boating, and shoreline recreation. It was protectively assumed that all

182,000 individuals in the Tri-Cities participated in these recreational activities. Annual recreational dose for
an average individual is multiplied by the Tri-Cities population to calculate the collective recreational dose.

Fish Consumption. Population doses from consuming fish obtained locally from the Columbia River were
calculated from an estimated total annual catch of 33,000 1bs (15,000 kg) per year. It was protectively
assumed that 100 percent of the annual catch was consumed by individuals in the Tri-Cities

area.Population dose related to fish consumption was calculated as follows:

Population dose (person-rem) = MEI dose (mrem) x 0.001 rem/mrem x (annual catch [kg/yr]/IR_fish
[kg/yr/person]), where MEI dose=fish ingestion dose for the MEI; annual catch=15,000 kg fish/yr;
IR_fish=individual fish ingestion rate used in the MEI calculation (40 kg/yr/person).

Collective dose related to air-mediated exposure pathways was calculated based on the geographic distribution
of the population residing within a 50-mi (80-km) radius of the Hanford Site operating areas, as shown in
PNNL-20631. These distributions are based on 2010 Bureau of the Census data and influence the population
dose by providing estimates of the number of people exposed to radioactive air emissions and their proximity

to the points of release.

The air pathways collective dose calculations are based on modeled radionuclide air concentrations and
deposition rates downwind of the Hanford Site operating areas coupled with the geographic population
distribution in these areas. Both meteorological and population distribution data are organized according
to 16 directional sectors based on the four cardinal, four ordinal, and eight cross-wind directions (N, NNE,
NE, ENE, etc.). These sectors were transformed into grids using concentric circles with radii of 1, 2, 3, 4, 5,
10, 20, 30, 40, and 50 mi. These radii correspond to the downwind distances specified in the GENII
Chronic Plume Air Module. Population files were created based on the number of individuals located in
each of the 160 grid segments centered on the 100, 200, 300, and 400 areas (PNNL-20631). These files
were identified in the GENII Air Dose Report Module.

D.2 Calculation of Biota Doses

The RESRAD-BIOTA computer code was used to screen the 2015 radionuclide concentrations in water,
sediment, soil, and tissues to see if they exceeded the established biota concentration guides. Biota
concentration guides are concentrations published in A Graded Approach for Evaluating Radiation Doses to
Agquatic and Terrestrial Biota that could result in a dose rate of 1 rad per day for aquatic biota or 0.1 rad per
day for terrestrial organisms. Table D.7 presents water and sediment Tier 1 biota concentration guides for the
radionuclides evaluated. Table D.8 presents the soil Tier 1 biota concentration guides for the radionuclides
evaluated. Both internal and external doses to aquatic, riparian, and terrestrial animals and plants are
included in the screening process. For with multiple media and radionuclides analyses, a sum of fractions is
calculated to account for the contribution to dose from each radionuclide relative to its corresponding biota
concentration guide. If the sum of fractions exceeds 1.0, then the dose guideline has been exceeded. If the
initial estimated screening value (Tier 1) exceeds the dose limit (sum of fractions more than 1.0), additional
screening calculations are performed (Tiers 2 or 3) to evaluate accurate exposure of biota to radionuclides.

The process may culminate in a site-specific assessment requiring additional sampling and study of exposure.
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Table D.7. Biota Concentration Guides and Sediment to Water Partition Coefficients

Water Limiting Sediment Limiting Default
Radionuclide (pCi/L)* Organism (pCi/g)* Organism Kd (mL/g)t

Hydrogen-3 2.65E+08 Riparian animal 3.74E+05 Riparian animal 0.001
Carbon-14 6.09E+02 Riparian animal 5.90E+04 Riparian animal 0.001
Cobalt-60 3.76E+03 Aquatic animal 1.46E+03 Riparian animal 1000
Strontium-90 2.78E+02 Riparian animal 5.82E+02 Riparian animal 30
Technetium-99 6.67E+05 Riparian animal 4.22E+04 Riparian animal 5
Cesium-137 4.26E+01 Riparian animal 3.12E+03 Riparian animal 500
Plutonium-238 1.76E+02 Aquatic animal 5.73E+03 Riparian animal 2000
Plutonium-239/-240 1.87E+02 Aquatic animal 5.86E+03 Riparian animal 2000
Uranium-234 2.02E+02 Aquatic animal 5.27E+03 Riparian animal 50
Uranium-235 2.17E+02 Aquatic animal 3.73E+03 Riparian animal 50
Uranium-238 2.23E+02 Aquatic animal 2.49E+03 Riparian animal 50

*1 pCi=0.037 Bg. Biota concentration guides (pCi/g or pCi/L) from RESRAD-BIOTA v1.5.
TKd=Water to Sediment Partition Coefficients (mL/g) from RESRAD-BIOTA v1.5.

Table D.8. Tier 1 Soil Biota Concentration Guides

Soil
Radionuclide (pCi/g)* Limiting Organism
Strontium-90 2.25E+01 Terrestrial animal
Cesium-137 2.08E+01 Terrestrial animal
Plutonium-238 5.27E+03 Terrestrial animal
Plutonium-239/240 6.11E+03 Terrestrial animal

*1 pCi=0.037 Bg. Biota concentration guides (pCi/g) from RESRAD-BIOTA v1.5.

In the initial (Tier 1) screening assessment, researchers compare maximum measured concentrations to the
biota concentration guides. The maximum detected concentrations evaluated for aquatic biota dose
assessment are presented in Table D.9. If the sum of fractions does not exceed one, no further analysis is
required. However, if the sum of fractions does exceed one, a second analysis (Tier 2) is performed using
average concentrations and the same Tier 1 biota concentration guides. For the aquatic biota dose
assessment, paired sediment and water data are required. In the event that only one of these media was
sampled, the other was calculated using an element-specific water to sediment partition coefficient. These
coefficients are tabulated in Table D.7.

The sites for the aquatic biota dose assessment were grouped into upstream (Vernita sediment and river
water samples), the 100 Areas (sediments from 100-K, 100-D, 100-F and White Bluff; river water from
100-K and 100-N; and seeps from 100-BC, 100-K, 100-N, 100-D, 100-H, 100-F), the Hanford Town Site
(sediments from Hanford slough, Savage Island, and Locke Island; river water; and seep water from
Hanford Spring); 300 Area (river water and springs), and downstream (sediments from McNary Dam and

river water from the Richland Pumphouse).
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Table D.9. Maximum Detected Concentrations Evaluated for Aquatic Biota Dose Assessment

Maximum Sediment Maximum Water
Location Group Radionuclide (pCi/g)* (pCi/L)*
Hydrogen-3 =i 19
Cesium-137 0.246 —
Uil Plutonium-239/-240 0.01 —
Uranium-234 1.34 0.28
Uranium-235 0.0996 0.0578
Uranium-238 1.09 0.204
Hydrogen-3 = 5840
Carbon-14 — 341
Cobalt-60 0.0617 —
Strontium-90 0.03% 16.6
Technetium-99 — 1.95
100 Areas Cesium-137 0.294 —
Plutonium-239/-240 0.00376 =
Uranium-234 1.09 0.297
Uranium-235 0.115 0.0261
Uranium-238 0.936 0.255
Hydrogen-3 — 5750
Cesium-137 0.269 —
Plutonium-238 0.000549 —
Hanford Townsite Plutonium-239/-240 0.00249 —
Uranium-234 1.47 0.24
Uranium-235 0.0923 0.0247
Uranium-238 1.23 0.193
Hydrogen-3 — 4350
Uranium-234 — 30
300 Area Uranium-235 — 2.75
Uranium-238 — 29.7
Hydrogen-3 — 24.9
Technetium-99 = 0.621
Cesium-137 0.259 —
Downstream Plutonium-239/-240 0.00922 —
Uranium-234 1.38 0.287
Uranium-235 0.0954 0.033
Uranium-238 1.32 0.24

*1 pCi=0.037 Bq

tNot detected or not measured.

TAlthough strontium-90 was not detected in sediment, the maximum non-detect was substantially less than
the estimated concentration based on Kd.

Radionuclides were selected for the aquatic biota dose assessment based primarily on their detection in
sediment or water and graphical comparisons of on-site to upstream and downstream sample results
(Figures D.1 to D.29). In addition, having known or suspected sources from DOE operations, the results for
tissue samples compared to reference (i.e. upstream, generally at Vernita Bridge), and the known potential
for bioaccumulation was also used to identify which radionuclides should be included in the dose
assessment. Most of the detected radionuclides in water — hydrogen-3 (tritium), carbon-14, strontium-90,
technetium-99, and isotopic uranium — could readily be associated with known groundwater plumes. Most
of the remainder of the detected radionuclides could have sources from DOE operations but due to
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relatively high soil-water partition coefficients (Kd) would most likely be associated with sediments instead
of water. Cobalt-60, cesium-137, and isotopic plutonium were detected in sediments and may have sources
from DOE operations. Although the magnitude of the sediment concentrations on site is sometime no
greater than upstream, these radionuclides are included in the aquatic biota dose assessment. This is likely
protective, as these radionuclides are not elevated above reference in tissues. Potassium-40 shows increased
concentrations in sediment on site compared to both upstream and downstream levels. There were no
differences in water or tissues potassium-40 concentrations between on-site and reference locations. There
are also no groundwater plumes or other known DOE sources of potassium-40; therefore, potassium-40 was

not included in the aquatic biota dose assessment.

As discussed in Section 4.2.6, biota doses were evaluated for Columbia River water and sediment and West
Lake water and sediment, and soils (on site and off site). For West Lake, Tier 1 sum of fractions exceeded
1.0; therefore, Tiers 2 and 3 calculations were implemented using the mean water concentrations
presented in Table D.10. The tiered screening process is further described in A Graded Approach for
Evaluating Radiation Doses to Aquatic and Terrestrial Biota(DOE-STD-1153-2002).

Table D.10. West Lake 2015 Water Samples

Water Concentration (pCi/L) Sediment Concentration (pCi/g)
Radionuclide Maximum Average Maximum Average
Cesium-137 — — 0.335 0.317
Uranium-234 1650 393 4.14 4.12
Uranium-235 87.1 22.1 0.287 0.264
Uranium-238 1570 366 4.15 3.86
— Not detected or not measured.

pCi=0.037 Bq.

The Tier 1 and Tier 2 West Lake biota dose assessments were driven by the potential for dose from
uranium isotopes in water and the assumed potential for these isotopes to accumulate in biota. Therefore,
the Tier 3 West Lake biota dose calculations utilized site-specific information on bioaccumulation. As

defined in DOE-STD-1153-2002, bioaccumulation is the ratio of the contaminant concentration in the

organism relative to the contaminant concentration in an environmental medium resulting from the
uptake of the contaminant from one or more routes of exposure. The more relevant biota data collected
from West Lake are the brine flies sampled in 2000 and 2007 (PNNL-13487; DOE/RL-2007-50). Birds
(avocets) were also sampled in 2000 and had lower concentrations than the brine flies (PNNL-13487).

These birds are not year-round residents and thus have lower exposure and less potential for
bioaccumulation at West Lake (DOE/RL-2007-50, Appendix K).

The maximum concentration of any of the uranium isotopes in brine flies was 0.88 pCi/g for uranium-
233/-234 in 2007. The minimum uranium-233/234 West Lake pond water concentration was 940 pCi/L in
2007. The bioaccumulation factor is calculated by dividing the biota concentration (in pCi/g) by the water
concentration (in pCi/mL), because RESRAD-BIOTA assumes that aquatic bioaccumulation occurs from
water to biota. Therefore, the maximum bioaccumulation factor for uranium would be less than one

(0.88 divided by 0.94). Also, as presented in Table D.10 of the 2011 report (DOE/RL-2011-119, Hanford

Site Environmental Report for Calendar Year 2011), bioaccumulation factors for uranium isotopes based

on the mean concentrations in flies and water were between 0.2 and 0.5. A bioaccumulation factor of one

was used for the West Lake Tier 3 biota dose calculation as a somewhat protective measure of site-specific
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uranium uptake into the food chain. This same approach was used in the 2011 (DOE/RL-2011-119) and
2012 (DOE/RL-2013-18, Hanford Site Environmental Report for Calendar Year 2012) reports. The data
supporting the site-specific bioaccumulation factor are presented in those reports. Table D.11 presents the

Tier 3 biota concentration guides for isotopic uranium for both aquatic and riparian animals. These site-
specific values were used in the RESRAD-BIOTA Tier 3 screening discussed in Section 4.2.6.

Table D.11. Tier 3 Biota Concentration Guides Calculated using RESRAD-BIOTA v1.5

Water BCG (pCi/L)* Sediment BCG (pCi/g)*
Radionuclide Aquatic Animal Riparian Animal Aquatic Animal Riparian Animal
Uranium-234 202000 20200 3030000 5270
Uranium-235 217000 21700 110000 3790
Uranium-238 222000 22200 42900 2490

*1 pCi=0.037 Bq

Dose to terrestrial biota were evaluated using the near-field and far-field soil sample results. Table D.12
lists the maximum concentrations of strontium-90, cesium-137, plutonium-238, and plutonium-239/-240.
These radionuclides were selected for the terrestrial biota dose assessment based on their detection in soil
and graphical/statistical comparisons of soil/vegetation near-field to far-field sample results (Figures D.30
to D.40). In addition, having known or suspected sources from DOE operations, vegetation sample
compared to soil results and the known potential for bioaccumulation were used to include or exclude
radionuclides for the biota dose assessment.

Table D.12. Maximum Detected Concentrations Evaluated for Terrestrial Biota Dose Assessment

Location Group Radionuclide Maximum Soil (pCi/g)*
Strontium-90 0.44
. Cesium-137 0.0016

MR HEE Plutonium-238 0.023
Plutonium-239/240 0.053
Strontium-90 14

. Cesium-137 0.14

Far Field Plutonium-238 0.85

Plutonium-239/240 1

*1 pCi=0.037 Bq

A summary of the basis for selection of radionuclides is provided in the following:
e Strontium-90 and cesium-137 soil and vegetation concentrations in near-field samples were
statistically greater compared to far-field samples.

e Isotopic plutonium soil concentrations in near-field samples were statistically greater than far-field

samples.

e Near-field potassium-40 soil and vegetation concentrations were not different from far-field
concentrations. There are also no known DOE sources of potassium-40; therefore, potassium-40 was
not included in the terrestrial biota dose assessment.
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e There were no statistical differences of antimony-125, cesium-134, europium-155, and isotopic
uranium near-field concentrations compared to far-field concentrations; therefore, these radionuclides

were not included in the terrestrial biota dose assessment.

The biota dose assessment also included supplemental calculations using measured concentrations in
tissues. Presented in Section 4.2.6, these supplemental calculations provide a more realistic estimate of
biota dose compared to doses calculated using the protective bioaccumulation assumptions made in the
Tier 1 dose assessments. Section 4.2.6 lists the detected tissue concentrations evaluated in these
supplemental dose calculations. The tissue concentrations are used for the internal dose calculations,
whereas external dose is estimated from the relevant soil, sediment, and water concentrations. Where
available, mean concentrations rather than maxima were used in the supplemental external dose
calculations to be consistent with DOE guidance for these Tier 3 dose calculations. Note that radionuclides
were detected in mule deer bone and mulberry fruit and leaf tissues. However, the detection in bone was
only from a reference site, and the detections in mulberry were similar on-site and reference locations.
Detections of radionuclides in mule deer and mulberry were therefore not included in the supplemental

dose calculations.
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	A. Glossary
	This glossary contains selected words and phrases used in this report that may not be familiar to the reader. Words appearing in italic type within a definition are also defined in this glossary.
	A

	absorbed dose – Energy absorbed per unit mass from any kind of ionizing radiation in any kind of matter. Units: rad, which is equal to the absorption of 100 ergs per gram of material irradiated or gray, the International System of Units (SI) equivalent (1 gray = 100 rad).
	activation product – Material made radioactive by exposure to radiation, principally by neutron radiation as in metals in a nuclear reactor (e.g., cobalt-60 from cobalt-59 in stainless steel).
	adsorption – The accumulation of gases, liquids, or solutes on the surface of a solid or liquid.
	alpha particle – A positively charged particle composed of two protons and two neutrons ejected spontaneously from the nuclei of some radionuclide. It has low penetrating power and short range; the most energetic alpha will generally fail to penetrate the skin. Alpha particles are hazardous when an alpha-emitting isotope is introduced into the body.
	anion – A negatively charged ion.
	apatite – A mineral that has the capability to capture and retain radioactive metal contaminants.
	aquifer – Underground sediment or rock that stores and/or transmits water.
	aquifer tube – A small diameter flexible plastic tube used to sample shallow aquifers, natural seepage areas, or springs.
	B

	background radiation – Radiation in the natural environment, including cosmic rays from space and radiation from naturally occurring radioactive elements in the air, earth, and human bodies. It also includes radiation from worldwide fallout from historical atmospheric nuclear weapons testing. In the United States, the average person receives approximately 310 millirem of background radiation per year.
	bank storage – Hydrologic term that describes river water that flows into and is retained in permeable stream banks during periods of high river stage. Flow is reversed during periods of low river stage.
	becquerel (Bq) – Unit of activity or amount of a radioactive substance (also radioactivity) equal to one nuclear transformation per second (1 Bq = 1 disintegration per second). Another unit of radioactivity, the curie, is related to the becquerel: 1 Ci = 3.7 × 1010 Bq.
	beta particle – A negatively charged particle (essentially an electron) emitted from a nucleus during radioactive decay. Large amounts of beta particles may cause skin burns and are harmful if they enter the body. Beta particles are easily stopped by a thin sheet of metal or plastic.
	biological half-life – Time required for one-half of the amount of a radionuclide to be expelled from the body by natural metabolic processes, excluding radioactive decay, following ingestion, inhalation, or absorption.
	black cell – A section of the Hanford Tank Waste Treatment and Immobilization Plant where high-level nuclear waste will be routed that will never be accessible to humans because of its high radiation levels.
	C

	cation – A positively charged ion.
	clean closed – A facility is classified as “clean closed” under Resource Conservation and Recovery Act of 1976 regulations when all hazardous waste has been removed and any remaining hazardous waste constituents do no exceed applicable cleanup levels.
	collective total effective dose (equivalent; also referred to as “collective dose”) – Sum of the total effective dose for individuals comprising a defined population. Collective dose is expressed in units of person-rem or -sievert.
	committed dose equivalent – The dose equivalent to organs or tissues that will be received from an intake of radioactive material by an individual during the 50-year period following intake.
	committed effective dose equivalent – The sum of the committed dose equivalent to various tissues in the body, each multiplied by the appropriate weighting factor.
	composite sample – Sample formed by mixing discrete samples taken at different times or from different locations.
	confined aquifer – An aquifer bounded above and below by less-permeable layers. Groundwater in the confined aquifer is under a pressure greater than atmospheric pressure.
	continuous sample – Sample formed by the continuous collection of the medium or contaminants within the medium during the entire sampling period.
	cosmic radiation – High-energy subatomic particles and electromagnetic radiation from outer space that bombard the earth. Cosmic radiation is part of natural background radiation.
	crib – An underground structure designed to receive liquid waste that percolates into the soil directly or after having traveled through a connected tile field. These structures are no longer used at the Hanford Site.
	curie (Ci) – A unit of radioactivity equal to 37 billion (3.7 × 1010) nuclear transformations per second (becquerels).
	D

	decay – The decrease in the amount of any radioactive material (disintegration) with the passage of time. See radioactivity.
	decay product – The atomic nucleus or nuclei that are left after radioactive transformation of a radioactive material. Decay products may be radioactive or non-radioactive (stable) and are informally referred to as daughter products. See radioactivity.
	deep-dose equivalent – The dose equivalent at a tissue depth of 1 centimeter from radiation originating outside of the body.
	derived concentration guide (DCG) – Concentrations of radionuclides in air and water that an individual could continuously consume, inhale, or be immersed in at average annual rates and not receive a total effective dose (equivalent) of greater than 100 millirem per year.
	desiccation – A process whereby water or moisture is removed, resulting in dryness.
	detection level (or limit) – Minimum amount of a substance that can be measured with a specified or implied confidence that the analytical result is greater than a specific value (e.g., zero).
	direct-push technology – A cost-effective means of collecting subsurface samples; this technology uses a hydraulic hammer to drive a hollow rod into the soil either vertically or at an angle. Sensors can be deployed within the rod to detect radioactive contaminants, soil moisture, and other sampling criteria.
	dispersion – Process whereby effluent or emissions are spread or mixed when they are transported by groundwater, surface water, or air.
	dose equivalent – Product of the absorbed dose, a quality factor, and any other modifying factors. The dose equivalent is a quantity for comparing the biological effectiveness of different kinds of radiation on a common scale. The unit of dose equivalent is the rem.
	dose limits (regulatory) – Public and occupational regulatory dose limits are set by federal (i.e., U.S. Environmental Protection Agency, U.S. Nuclear Regulatory Commission, and U.S. Department of Energy) and state agencies to limit cancer risk. Other radiation dose limits are applied to limit other potential biological effects with workers' skin and lens of the eye.
	dose rate – The rate at which a dose is delivered over time (e.g., dose equivalent rate in millirem per hour [mrem/hr]).
	dosimeter – Portable device for measuring the accumulated exposure or absorbed dose from specific types or energies of ionizing radiation fields.
	E

	effective dose (equivalent) – The sum of products of dose equivalent to selected tissues of the body and appropriate tissue weighting factors. The tissue weighting factors put doses to various tissues and organs on an equal basis in terms of health risk.
	effluent – Liquid material released from a facility.
	effluent monitoring – Sampling or measuring specific liquid effluent streams for the presence of pollutants.
	emission – Gaseous stream released from a facility.
	exposure – The interaction of an organism with a physical agent (e.g., radiation) or a chemical agent (e.g., arsenic) of interest. Also used as a term for quantifying x- and gamma-radiation fields. See roentgen.
	external radiation – Radiation originating from a source outside the body.
	F

	fallout – Typically refers to radioactive materials that are released into the earth’s atmosphere following a nuclear explosion or atmospheric release and that eventually fall to earth.
	field duplicate sample – Replicate sample to determine the precision of the sampling and analytical measurement process by comparing results from identical samples collected at the same time and location. Matching field duplicates are stored in separate containers and are analyzed independently by the same laboratory.
	fission – The splitting or breaking apart of a nucleus into at least two other nuclei, accompanied with a release of a relatively large amount of energy.
	fission products – Nuclides formed from fissioning. Many fission products are radioactive.
	found fuel – Incomplete pieces of spent nuclear fuel elements too small to have been located and removed during previous debris removal.
	fully institutionalized – To incorporate into a formalized, structured system and be implemented and fully functional.
	G

	gamma radiation – High-energy electromagnetic radiation (photons) originating in the nucleus of decaying radionuclides. Gamma radiation is substantially more penetrating than alpha or beta particles.
	grab sample – A short-duration sample (e.g., air, water, and soil) that is grabbed from the collection site.
	ground truth – Direct physical observations that are used to test indirect interpretations.
	groundwater – Subsurface water that is in the pores of sand and gravel or in the cracks of fractured rock.
	gray (Gy) – Unit of absorbed dose in the International System of Units (SI) equal to the absorption of 1 joule per kilogram. The common unit of absorbed dose, the rad, is equal to 0.01 Gy.
	H

	half-life – Length of time in which a radioactive substance will lose one half of its radioactivity by decay. Half-lives range from a fraction of a second to billions of years, and each radionuclide has a unique half-life.
	high-activity waste – See high-level waste.
	high-level waste – Highly radioactive waste material resulting from reprocessing of spent nuclear fuel, including liquid waste produced directly in reprocessing and any solid material derived from such liquid waste that contains fission products and other radioisotopes in sufficient concentrations to require permanent isolation.
	I

	institutional controls – Long-term actions or restrictions including monitoring, periodic sampling, access controls, and land-use restrictions designed to mitigate any risks posed by contamination following remediation. Institutional controls alone may be sufficient to reduce risks posed by low levels of contamination.
	internal radiation – Radiation from radioactive material inside the body.
	ion exchange – The reversible exchange of one species of ion for a different species of ion within a medium.
	ion exchange resin – High molecular weight insoluble polymers containing functional groups capable of undergoing exchange reactions with ions in a solution with which it is in contact.
	irradiation – Exposure to radiation.
	isotopes – Nuclides of the same chemical element with the same number of protons but a differing number of neutrons.
	isotopic plutonium – Any of two or more atoms of the chemical element plutonium with the same atomic number and position in the periodic table and nearly identical chemical behavior but a differing atomic mass number and different physical properties. Plutonium-239 is produced by neutron irradiation of uranium-238.
	isotopic uranium – Any of two or more atoms of the chemical element uranium with the same atomic number and position in the periodic table and nearly identical chemical behavior but with differing atomic mass number and different physical properties. Uranium exists naturally as a mixture of three isotopes of mass 234, 235, and 238 in the proportions of 0.006%, 0.71%, and 99.27%, respectively.
	L

	legacy waste – Waste that was generated before the Hanford Site’s nuclear materials production mission was terminated.
	low-activity waste – See low-level waste.
	low-level waste – Radioactive waste that is not high-level radioactive waste, spent nuclear fuel, transuranic waste, byproduct material, or naturally occurring radioactive material.
	M

	material at risk – The inventory of radioactive material that could potentially be released to the environment from an accident.
	maximally exposed individual – A hypothetical member of the public residing near the Hanford Site who, by virtue of location and living habits, would reasonably receive the highest possible radiation dose from materials originating from the site.
	mean (or average) – Average value of a series of measurements. The mean is computed using the following equation:
	where n is the number of measurements, and Σx is the sum of all measurements.
	median – Middle value in an odd-numbered set of results when the data are ranked in increasing or decreasing order or the average of two central values in an even number set of results.
	millirem – A unit of radiation dose equivalent that is equal to one one-thousandth (1/1000) of a rem.
	minimum detectable amount or concentration – Smallest amount or concentration of a chemical or radioactive material that can be reliably detected in a sample.
	mitigation – Prevention or reduction of expected risks to workers, the public, or the environment.
	mixed waste – A U.S. Environmental Protection Agency- or state-designated dangerous or extremely or acutely hazardous waste that contains both a nonradioactive hazardous component and a radioactive component.
	monitoring – As defined in DOE O 458.1, Chg 3, the measurement of radiation levels, discharges or environmental releases, residual radioactive levels, quantities of radioactive material, or exposure to members of the public and the use of these measurement results to evaluate radiological discharges or releases or potential and actual dose resulting from exposures to radioactive material or radiation.
	N

	noble gas – Any of a group of chemically and biologically inert gases that includes argon, krypton, radon, and xenon. These gases are not retained in the body following inhalation. The principal exposure pathway for radioactive noble gases is direct external dose from the surrounding air.
	nuclide – A particular combination of neutrons and protons. A radionuclide is a radioactive nuclide.
	O

	off-site locations – Sampling and measurement locations outside the Hanford Site boundary.
	on-site locations – Sampling and measurement locations within the Hanford Site boundary.
	operable unit – A discrete area for which an incremental step can be taken toward comprehensively addressing site problems. The cleanup of a site can be divided into a number of operable units depending on the complexity of problems associated with the site.
	outfall – End of a drain or pipe that carries wastewater or other effluent into a ditch, pond, or river.
	P

	person-rem or person-sievert (person-Sv) – Unit of collective total effective dose (equivalent). 1 personSv = 100 person-rem.
	photon – A quantum of radiant energy. Gamma radiation and x-radiation (x-rays) are both composed of photons of varying energy.
	phytoremediation – Use of plants to degrade or immobilize pollutants or toxins from the environment.
	plume – The cloud of a pollutant in air, surface water, or groundwater formed after the pollutant is released from a source.
	plutonium – A heavy, radioactive, metallic element consisting of several isotopes. One important isotope is plutonium-239, which is produced by the irradiation of uranium-238. Routine analysis cannot distinguish between the plutonium-239 and plutonium-240 isotopes; hence, the term plutonium-239/240 as used in this report is symbolic of the presence of one or both of these isotopes in the analytical results.
	primordial radionuclide – A radioactive material in the earth’s crust that has a very long half-life and has existed since the beginning of the planet.
	Q

	quality assurance – All actions that provide confidence that an item or process meets or exceeds user requirements and expectations.
	quality control – All actions necessary to control and verify the features and characteristics of a material, process, product, or service to specified requirements. Quality control is an element of quality assurance.
	R

	rad – The unit of absorbed dose. 1 rad = 0.01 gray (Gy).
	radiation – The energy emitted in the form of photons or particles (e.g., alpha and beta particles) such as that from transforming radionuclides. For this report, radiation refers to ionizing types of radiation, not radiowaves, microwaves, radiant light, or other types of non-ionizing radiation.
	radioactivity – Property possessed by radioisotopes emitting radiation (such as alpha or beta particles or high-energy photons) spontaneously in their decay process; also, the radiation emitted.
	radioisotope – An unstable isotope of an element that decays or disintegrates spontaneously, emitting radiation.
	radiologically controlled area – An area to which access is controlled to protect individuals from exposure to radiation or radioactive materials.
	radionuclide – A species of atoms having a particular number of protons (Z), neutrons (A), and atomic weight (N = Z + A) that happens to emit radiation. Carbon-14 is a radionuclide, but carbon-12, which is not radioactive, is referred to simply as a nuclide.
	recruitment – Survival from one life form or stage to the next or from one age class to the next.
	redox – A chemical reaction involving oxidation and reduction.
	refractory – A material that has a high melting point (i.e., heat resistant).
	refugium (refugia) – An area that has not experienced ecological changes that have affected surrounding regions, providing a habitat for species that were once more widespread.
	relative percent difference (RPD) – A measure of the precision of the measurement of a sample (S) and its duplicate (D). The formula is:
	/
	rem – A unit of dose equivalent and total effective dose (equivalent).
	remediation – Reduction (or cleanup) of known risks to the public and environment to an agreed-upon level.
	risk – The probability that a detrimental health effect will occur.
	risk-based disposal approval – A written application intended to manage and dispose of Toxic Substances Control Act-regulated polychlorinated biphenyl (PCB) waste not addressed suitably within the regulations. The risk-based disposal approval process applies to any person wishing to sample, clean up, or dispose of waste in a manner other than as prescribed in 40 CFR 761. For PCB remediation waste, the requirements for a risk-based disposal approval are specified in 40 CFR 761.61(c). Written approval from the U.S. Environmental Protection Agency is required before waste management activities are performed.
	roentgen (R) – The unit of X-ray or gamma photon exposure as measured in air historically used to describe external radiation levels. An exposure of 1 roentgen typically causes an effective dose of 1 rem.
	S

	shrub-steppe – A drought-resistant shrub and grassland ecosystem.
	sievert (Sv) – The unit of dose equivalent and its variants in the International System of Units (SI). The common unit for dose equivalent and its variants, the rem, is equal to 0.01 Sv.
	special case waste – Waste for which there is an undetermined disposal path because of high levels of radioactivity and difficulties in characterization, classification, and packaging.
	specific retention facilities – Historical structures consisting of cribs, ditches, trenches, or holes in the ground that received relatively small volumes of high concentration liquid radioactive waste. The small volume of liquid waste was designed to prevent flushing of the contaminants through the soil column to the groundwater.
	spent fuel – Uranium metal or oxide and its metal container that have been used to power a nuclear reactor and for one reason or another has reached the end of its useful life. It is highly radioactive and typically contains fission products, plutonium, and residual uranium.
	standard error of the mean – A measure of the precision of a mean of observed values; that is, an estimate of how close a mean of observed values is expected to be to the true mean.
	surveillance – As defined in DOE O 458.1, Chg 3, the collection and analysis of samples of air, water, soil, foodstuffs, biota, and other media, and the measurement of external radiation for purposes of demonstrating compliance with applicable standards, assessing exposures to the public, and determining effects, if any, on the local environment.
	T

	tank farm – A group of underground waste storage tanks.
	thermoluminescent dosimeter – A device containing a material that, after being exposed to beta and/or gamma radiation, emits light when heated. The amount of light emitted is proportional to the absorbed dose to the thermoluminescent dosimeter.
	total effective dose (equivalent) – The sum of committed effective dose equivalent from the intake of radioactive material and dose equivalent from exposure to external radiation. Unit: rem or sievert.
	total uranium – The sum of concentrations of the isotopes uranium-234, uranium-235, and uranium238.
	transuranic element – An element with an atomic number greater than 92, the atomic number of uranium.
	transuranic waste – Waste containing more than 100 nanocuries (10-9 curies) per gram of alpha-emitting transuranic isotopes (half-lives greater than 20 years).
	tritium – The heaviest radioactive isotope of hydrogen (hydrogen-3) with a 12.3-year half-life.
	U

	unconfined aquifer – An aquifer containing groundwater that is not confined above by relatively impermeable rocks. The pressure at the top of the unconfined aquifer is equal to that of the atmosphere. At the Hanford Site, the unconfined aquifer is the uppermost aquifer and is most susceptible to contamination from site operations.
	V

	vadose zone – Underground area from the ground surface to the top of the water table or aquifer.
	volatile organic compounds – Lightweight organic compounds that vaporize easily; used in solvents and degreasing compounds as raw materials.
	W

	water table – The top of the unconfined aquifer.
	wind rose – A diagram showing how often winds of various speeds blow from different directions, usually based on yearly averages.
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	B. Useful Information
	The following information is provided to assist the reader in understanding this report. Included in this Appendix is information on scientific notation; units of measure, radioactivity, and radiological dose; chemical and elemental nomenclature; understanding data tables and data uncertainty; understanding graphs; and an explanation of select mathematical symbols. Definitions of technical terms can be found in Appendix A.
	Public Reading Rooms

	B.2 Scientific Notation
	Scientific notation is used to express very large or very small numbers. For example, the number 1 billion could be written as 1,000,000,000 or, under using scientific (E notation), 1 × 109 or 1.0E+09. Translating from scientific notation to a more traditional number requires moving the decimal point either left or right from its current location. If a value given is 2.0 × 103 (or 2.0E+03), the decimal point should be moved three places to the right so that the number would then read 2,000. If the value given is 2.0 × 10-5 (or 2.0E-05), the decimal point should be moved five places to the left so that the result would be 0.00002.
	B.3 Units of Measure
	The primary units of measure used in this report follow the International System of Units and are metric. Table B.1 summarizes and defines the terms and corresponding symbols (metric and non-metric). A conversion table is provided in Table B.2.
	Table B.1. Units of Measure
	Table B.2. Conversion Table
	B.4 Radioactivity Units
	Much of this report provides data on levels of radioactivity in various environmental media. Radioactivity in this report is usually discussed in units of curies (Ci), with conversions to becquerels (Bq), the International System of Units measure (Table B.3). The curie is the basic unit used to describe the amount of activity present, and activities are generally expressed in terms of curies per mass or volume (e.g., pCi/L). One curie is equivalent to 37 billion disintegrations per second or is a quantity of any radionuclide that decays at the rate of 37 billion disintegrations per second. One becquerel is equivalent to one disintegration per second. Nuclear disintegrations produce spontaneous emissions of alpha or beta particles, gamma radiation, or combinations of these. Table B.4 includes selected conversions from curies to bequerels.
	Table B.3. Radioactivity Unit Conversions
	Table B.4. Radioactivity Units
	B.5 Radiological Dose Limits
	Regulatory dose limits, both public and occupational regulatory dose limits, are set by federal (i.e., U.S. Environmental Protection Agency [EPA], U.S. Nuclear Regulatory Commission [NRC], and U.S. Department of Energy [DOE]) and state agencies to limit cancer risk (Table B.5). Other radiation dose limits are applied to limit other potential biological effects with workers’ skin and lens of the eye.
	Table B.5. Radioactivity Units
	B.6 Radiological Dose Units
	Radiological dose in this report is usually written in terms of total effective dose (equivalent) and reported numerically in units of millirem (mrem), with the metric units millisievert (mSv) or microsievert (µSv) following in parenthesis or footnoted.
	Millirem (millisievert) is a term that relates a given amount of absorbed radiation energy to its biological effectiveness or risk to humans. For perspective, a dose of 1.0 mrem (10 mSv) would have a biological effect roughly the same as received from 1 day’s exposure to natural background radiation. An acute (short-term) dose to the whole body of 100 rem (1 Sv) would likely cause temporary radiation sickness in some exposed individuals. An acute dose of over 500 rem (5 Sv) would soon result in death in approximately 50% of those exposed. Exposure to lower amounts of radiation (10 mrem [100 µSv] or less) produces no immediate observable effects, but long-term delayed effects are possible. The average person in the United States receives an annual dose from exposure to naturally produced radiation of approximately 310 mrem (3.1 mSv; National Council on Radiation Protection and Measurements 2009). Medical and dental X-rays and air travel add to this total. Table B.6 includes selected conversions from rem to sievert.
	Table B.6. Radiological Dose Units Conversions
	Also used in this report is the term rad, with the corresponding unit gray (Gy) in parenthesis or footnoted. The rad (gray) is a measure of the energy absorbed by any material, whereas a rem relates to both the amount of radiation energy absorbed by humans and its consequence. The gray can be converted to rad by multiplying by 100. The conversions in Table B.6 also can be used to convert grays to rads.
	The roentgen (R) is a measure of exposure to electromagnetic radiation (i.e., gamma and xradiation). One roentgen is equivalent to a charge release of 258 microcoulombs per kilogram of air. The names and symbols for units of radiation dose used in this report are listed in Table B.7.
	Table B.7. Radiation Dose or Exposure Units
	Additional information on radiation and dose terminology can be found in Appendix A. A list of the radionuclides discussed in this report, their symbols, and their half-lives are included in Table B.8.
	Table B.8. Radionuclides and Half-Lives
	B.7 Chemical and Elemental Nomenclature
	Many of the chemical contaminants discussed in this report are listed in Table B.9, along with their chemical (or elemental) names and their corresponding symbols.
	Table B.9. Elemental and Chemical Constituent Nomenclature
	B.8 Understanding the Data Tables
	Some degree of variability or uncertainty is associated with all analytical measurements. This uncertainty is the consequence of random or systematic inaccuracies related to collecting, preparing, and analyzing the samples. These inaccuracies could include errors associated with reading or recording the result, handling or processing the sample, calibrating the counting instrument, and numerical rounding. With radionuclides, inaccuracies also can result from the randomness of radioactive decay. In this report, the uncertainties used include standard deviation, total propagated analytical uncertainty, and standard error of the mean.
	B.9 Standard Deviation
	The standard deviation (SD) of sample data relates to the variation around the mean of a set of individual sample results. If differences in analytical results occur among samples, then two times the standard deviation (or ±2 SD) implies that 95% of the time, a re-count or re-analysis of the same sample would give a value somewhere between the mean result minus two times the standard deviation and the mean result plus two times the standard deviation.
	B.10 Total Propagated Analytical Uncertainty
	For samples that are prepared or manipulated in the laboratory prior to counting (counting the rate of radioactive emissions from a sample), the total propagated analytical uncertainty includes both the counting uncertainty and the uncertainty associated with sample preparation and chemical separations. For samples that are not manipulated (e.g., ashed, dried, or chemically treated) in the laboratory before counting, the total propagated analytical uncertainty only accounts for the uncertainty associated with counting the sample. The uncertainty associated with samples that are analyzed but not counted (e.g., chemical or water quality measurements) includes only the analytical process uncertainty. In this situation, the total propagated analytical uncertainty is assumed the nominal detection limit.
	B.11 Standard Error of the Mean
	Just as individual values are accompanied by counting uncertainties, the mean of mean values (averages) is accompanied by ±2 times the standard error of the calculated mean. Two times the standard error of the mean implies that approximately 95% of the time the next calculated mean will fall somewhere between the reported value minus two times the standard error and the reported value plus two times the standard error.
	B.12 Median, Maximum, and Minimum Values
	Median, maximum, and minimum values are reported in some sections of this report. A median value is the middle value of an odd numbered set and the average of the two central values in an even numbered set. For example, the median value in the odd numbered series of numbers — 1, 2, 3, 3, 4, 5, 5, 5, 6 is 4. The maximum value would be 6 and the minimum value would be 1. Median, maximum, and minimum values are reported when there are too few analytical results to accurately determine the average with a ± statistical uncertainty or when the data do not follow a bell-shape (i.e., normal) distribution. Figure B.1 provides a graphical representation of median, maximum, and minimum values. The upper line is the maximum value, the center dot is the median value, and the lower line is the minimum value.
	/
	Figure B.1. Maximum, Median, and Minimum Values Graphical Representation
	B.13 Negative Concentrations
	Instruments used in the laboratory to measure radioactivity in Hanford Site environmental samples are sensitive enough to measure natural, or background, radiation along with any contaminant radiation in a sample. To obtain a true measure of the contaminant level in a sample, the background radiation level must be subtracted from the total amount of radioactivity measured by an instrument. Because of the randomness of radioactive emissions, the very low activities of some contaminants, or the presence of undesirable materials, it is possible to obtain a background measurement that is larger than the actual contaminant measurement. When the larger background measurement is subtracted from the smaller contaminant measurement, a negative result is generated. The negative results are reported because they are essential when conducting statistical evaluations of the data.
	B.14 Greater Than (>) or Less Than (<) Symbols
	Greater than (>) or less than (<) symbols are used to indicate that the actual value may either be larger than the number given or smaller than the number given. For example, >0.09 would indicate that the actual value is greater than 0.09. A symbol pointed in the opposite direction (<0.09) would indicate that the number is less than the value presented. A symbol used with an underscore (< or >) indicates that the actual value is less than or equal to or greater than or equal to the number given, respectively.
	B.15 Understanding Graphs
	Graphs are useful when comparing numbers collected at several locations or at one location over time. Graphs often make it easy to visualize differences in data where they exist. However, careful consideration should be given to the scale (linear or logarithmic) and units.
	Some of the data graphed in this report may be plotted using logarithmic or compressed scales. Logarithmic scales are useful when plotting two or more numbers that differ greatly in size or are very close together. For example, a sample with a concentration of 5 g/L would get lost at the bottom of the graph if plotted on a linear scale with a sample having a concentration of 1,000 g/L (Figure B.2). A logarithmic plot of these same two numbers allows the reader to see both data points clearly (Figure B.3).
	/
	Figure B.2. Data Plotted Using a Linear Scale
	/
	Figure B.3. Data Plotted Using a Logarithmic Scale
	The mean (average) and median (defined earlier) values seen in graphics in this report have vertical lines extending above and below the data point. When used with a value, these lines (called error bars) indicate the amount of uncertainty (standard deviation, total propagated analytical uncertainty, or standard error of the mean) in the reported value. The error bars in this report represent a 95% chance that the value is between the upper and lower ends of the error bar and a 5% chance that the true value is either lower or higher than the error bar. For example, in Figure B.4, the first plotted value is 2.0 ± 1.1, so there is a 95% chance that the true value is between 0.9 and 3.1, a 2.5% chance that it is less than 0.9, and a 2.5% chance that it is greater than 3.1. Error bars are computed statistically, employing all of the information used to generate the value. These bars provide a quick, visual indication that one value may be statistically similar to or different from another value. If the error bars of two or more values overlap, as is the case with values 1 and 3 and values 2 and 3, the values may be statistically similar. If the error bars do not overlap (values 1 and 2), the values may be statistically different. Values that appear to be very different visually (e.g., 2 and 3) may actually be quite similar when compared statistically.
	/
	Figure B.4. Data with Error Bars Plotted Using a Linear Scale
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	C. Additional Monitoring Results
	ME Hoefer, CJ Perkins
	This appendix contains additional information on monitoring results and supplements data summarized in the main body of the report.
	Table C.1. Radionuclide Concentrations in West Lake Sediment
	Radionuclide
	2015
	2010–2014
	No. of Samples
	Concentration (pCi/g)*
	Result†
	No. of Samples
	Concentration (pCi/g)*
	Average‡
	Maximum†
	Antimony-125
	4
	6.1E-04 ± 2.3E-02§
	 
	5
	5.6E-03 ± 5.2E-02§
	3.6E-02 ± 4.6E-02§
	Cesium-134
	4
	4.1E-02 ± 2.7E-02§
	 
	5
	4.8E-02 ± 6.0E-02§
	4.0E-02 ± 4.0E-02§
	Cesium-137
	4
	3.4E-01 ± 4.9E-02
	 
	5
	9.5E-01 ± 9.1E-01
	1.7E+00 ± 1.6E-01
	Cobalt-60
	4
	1.1E-02 ± 1.2E-02§
	 
	5
	-3.0E-03 ± 9.0E-03§
	5.3E-03 ± 1.7E-02§
	Europium-152
	4
	2.5E-02 ± 2.8E-02§
	 
	5
	4.6E-03 ± 6.7E-02§
	5.4E-02 ± 8.0E-02§
	Europium-154
	4
	-2.7E-02 ± 3.6E-02§
	 
	5
	-1.3E-02 ± 1.0E-01§
	4.7E-02 ± 6.0E-02§
	Europium-155
	4
	6.8E-02 ± 3.8E-02
	 
	5
	3.2E-02 ± 7.0E-02§
	8.5E-02 ± 8.6E-02§
	Gross Alpha
	4
	9.0E+00± 3.7E+00
	 
	5
	8.1E+00 ± 7.9E+00
	12.2E+00 ± 3.1E+00
	Gross Beta
	4
	29.2E+00 ± 2.4E+00
	 
	5
	2.32E+01 ± 12.8E+00
	2.7E+01 ± 6.4E+00
	Potassium-40
	4
	19.3E+00 ± 1.7E+00
	 
	5
	1.5E+01 ± 9.3E+00
	1.9E+01 ± 2.0E+00
	Ruthenium-106
	4
	-1.5E-04 ± 1.5E-01§
	 
	5
	-2.3E-02 ± 2.5E-01§
	1.2E-01 ± 1.5E-01§
	Strontium-90
	4
	4.5E-02 ± 3.1E-02§
	 
	5
	2.6E-01 ± 3.4E-01§
	4.9E-01 ± 9.7E-02§
	Technetium-99
	4
	4.8E-01 ± 3.2E-01§
	 
	5
	-1.7E-01 ± 3.8E-01§
	3.9E-02 ± 3.7E-01§
	Uranium-234
	4
	4.1E+00± 5.5E-01
	 
	5
	3.2E+00 ± 5.0E+00
	7.6E+00 ± 1.1E+00
	Uranium-235
	4
	2.9E-01 ± 7.8E-02
	 
	5
	1.6E-01 ± 1.9E-01
	3.2E-01 ± 8.9E-02
	Uranium-238
	4
	4.2E+00 ± 5.5E-01
	 
	5
	3.0E+00 ± 4.4E+00
	6.8E+00 ± 1.0E+00
	*1 pCi = 0.037 Bq
	†Result and maximum values are ± total propagated analytical uncertainty (2 Sigma).
	‡Averages are ±2 standard deviations of the mean. Average values calculated using reporting limit values for all results at or below minimum detectable concentrations.
	§Result was below detection limit.
	Table C.2. Radionuclide Concentrations in West Lake Seep Water
	Radionuclide
	2015
	2012–2014
	DOE-Derived
	Concentration
	Guides/Standards
	WA State
	Ambient Surface
	Water Quality
	Standard§
	No. of
	Samples
	Concentration*
	No. of
	Samples
	Concentration*
	Average†
	Maximum‡
	Average†
	Maximum‡
	pCi/L
	pCi/L
	Tritium
	1
	††
	41E+00 ± 15.0E+01
	2
	43.3E+01 ± 51.1E+01
	6.9E+02 ± 20.8+01
	2,000,000
	20,000§**
	Uranium-234
	1
	††
	25.0E+01 ± 40.0E+00
	3
	19.4E+01 ± 18.6E+01
	26.3E+01 ± 38.1E+00
	500
	—
	Uranium-235
	1
	††
	1.9E+01 ± 1.3E+01
	3
	9.7E+00 ± 9.4E+00
	13.8E+00 ± 4.3E+00
	600
	—
	Uranium-238
	1
	††
	1.9E+02 ± 33.4E+00
	 
	3
	18.2E+01 ± 17.5E+01
	25.0E+01 ± 69.2E+00
	600
	—
	*1 pCi = 0.037 Bq
	†Averages are ±2 standard deviations of the mean.
	‡Maximum values are ± total propagated analytical uncertainty.
	§WAC 246-290 and 40 CFR 141. Dashes indicate no concentration guides available.
	**WAC 173-201A-250 and EPA-570/9-76-003.
	††Average values are not calculated when only one sample was analyzed; 2012 West Lake Seep Water did not have tritium analyses performed.
	Table C.3. Radionuclide Concentrations in West Lake Surface Water
	Radionuclide
	2015
	2012–2014
	DOE-Derived
	Concentration
	Guides/Standards
	WA State
	Ambient Surface
	Water Quality
	Standard§
	No. of
	Samples
	Concentration*
	No. of
	Samples
	Concentration*
	Average†
	Maximum‡
	Average†
	Maximum‡
	pCi/L
	pCi/L
	Tritium
	4
	22.3E+00 ± 14.3E+01
	12.2E+01 ± 12.5E+01
	3
	4.8E+01 ± 6.9E+01
	9.6E+01 ± 14.9+01
	2,000,000
	20,000§**
	Uranium-234
	4
	43.0E+01 ± 14.0E+02
	16.5E+02 ± 23.3E+00
	3
	34.8E+02 ± 53.9E+02
	65.8E+02 ± 10.7E+02
	500
	—
	Uranium-235
	4
	2.3E+01 ± 7.4E+01
	8.7E+01 ± 1.5E+01
	3
	13.2E+01 ± 20.3E+01
	24.8E+01 ± 93.7E+00
	600
	—
	Uranium-238
	4
	40.9E+01 ± 13.4E+02
	15.7E+02 ± 22.3E+01
	 
	3
	33.5E+02 ± 52.2E+02
	63.8E+02 ± 10.4E+02
	600
	—
	*1 pCi = 0.037 Bq
	†Averages are ±2 standard deviations of the mean.
	‡Maximum values are ± total propagated analytical uncertainty.
	§WAC 246-290 and 40 CFR 141. Dashes indicate no concentration guides available.
	**WAC 173-201A-250 and EPA-570/9-76-003.
	Table C.8. Radionuclide Concentrations in Columbia River Transect Water Samples
	Transect/Radionuclide
	No. of Detections
	No. of Samples
	Concentration*
	Maximum
	Average
	pCi/L†
	Vernita Bridge (Hanford River Marker [HRM] 0.3)
	Strontium-90
	0
	9
	0.45 ± 0.04
	0.01 ± 0.05
	Technitium-99
	0
	9
	0.46 ± 0.39
	0.15 ± 0.37
	Tritium
	9
	9
	19.0 ± 5.7
	14.9 ± 4.8
	Uranium-234
	9
	9
	0.28 ± 0.07
	0.24 ± 0.07
	Uranium-235
	6
	9
	0.06 ± 0.03
	0.03 ± 0.03
	Uranium-238
	9
	9
	0.20 ± 0.05
	0.17 ± 0.04
	100—N Area (HRM 9.5)
	Strontium-90
	0
	5
	0.03 ± 0.03
	0.02 ± 0.03
	Tritium
	5
	5
	54.2 ± 9.0
	22.1 ± 32.6
	Uranium-234
	5
	5
	0.26 ± 0.06
	0.22 ± 0.05
	Uranium-235
	0
	5
	0.02 ± 0.02
	0.01 ± 0.01
	Uranium-238
	5
	5
	0.18 ± 0.05
	0.17 ± 0.01
	Hanford Townsite (HRM 28.7)
	Strontium-90
	0
	5
	0.018 ± 0.03
	0.01 ± 0.008
	Tritium
	5
	5
	79.5 ± 12.3
	30.9 ± 48.9
	Uranium-234
	5
	5
	0.24 ± 0.06
	0.22 ± 0.04
	Uranium-235
	3
	5
	0.02 ± 0.02
	0.01 ± 0.02
	Uranium-238
	5
	5
	0.19 ± 0.05
	0.18 ± 0.02
	300 Area (HRM 43.1)
	Strontium-90
	0
	6
	0.04 ± 0.03
	0.02 ± 0.02
	Tritium
	6
	6
	22.2 ± 5.7
	15.9 ± 6.4
	Uranium-234
	6
	6
	0.30 ± 0.07
	0.23 ± 0.10
	Uranium-235
	4
	6
	0.03 ± 0.02
	0.02 ± 0.15
	Uranium-238
	6
	6
	0.23 ± 0.06
	0.19 ± 0.04
	Richland (HRM 46.4)
	Strontium-90
	0
	12
	0.04 ± 0.03
	-0.01 ± 0.05
	Technitium-99
	1
	12
	0.62 ± 0.38
	0.33 ± 0.29
	Tritium
	12
	12
	24.9 ± 6.7
	17.4 ± 8.0
	Uranium-234
	12
	12
	0.29 ± 0.11
	0.25 ± 0.04
	Uranium-235
	5
	12
	0.06 ± 0.06
	0.02 ± 0.03
	Uranium-238
	12
	12
	0.24 ± 0.05
	0.20 ± 0.06
	*Maximum and minimum values are ± total propagated analytical uncertainty (2 sigma).
	†1 pCi = 0.037 Bq
	Table C.11. Dissolved Metal Concentrations in Columbia River Sediment Near the Hanford Site
	Metal
	Priest Rapids Dam
	Hanford Reach*
	McNary Dam
	(mg/kg dry weight)
	(mg/kg dry weight)
	(mg/kg dry weight)
	Antimony
	1.46–1.79
	0.52–5.5
	0.79–0.98
	Arsenic
	10.2–12.2
	2.4–8.2 
	9.6–10.5
	Beryllium
	1.27–1.40
	0.45–1.28
	1.4–1.6
	Cadmium
	4.1–6.5
	0.16–2.1
	1.3–1.6
	Chromium
	35.5–40.3
	12.9–96.5
	25.8–25.8
	Copper
	43.6–58.3
	9.7–23.9
	29.6–33.6
	Lead
	42.4–45.8
	9.1–48.6
	22.9–24.5
	Mercury
	0.12–0.13
	0.01–0.05
	0.007–0.087
	Nickel
	39.1–43.7
	10.1–20.9
	24.7–25.1
	Selenium
	9.2–9.6
	0.72–8.5
	9.2–9.8
	Silver
	0.25–0.31
	0.12–0.74
	0.29–0.31 
	Thallium
	1.5–2.2
	0.61–0.92
	1.1–1.2
	Zinc
	428–547
	47.0–362
	215–257
	No. of Samples
	2
	8
	2
	*100-F Slough (n=2), Hanford Slough (n=1), White Bluffs Slough (n=1), 100-D Spring 102-1 (n=1), 100-K 63-1 (n=1), Adjacent to Locke Island (n=1), Adjacent to Savage Island (n=1); where n = number of samples.
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	Dose calculations based on measured and/or estimated releases from stack emissions, liquid effluents, and contaminated soils were conducted for the public and biota. These dose calculations are summarized in Section 4.2. Details of the methods and assumptions used for modeling individual and population dose for the public are provided in Section D.1. Methods and assumptions related to the calculation of biota dose are provided in Section D.2.
	Supporting Information for Calculation of Public Doses

	The radiological dose that the public could have received in 2015 from the Hanford Site was calculated in terms of the total effective dose. The total effective dose is the sum of the effective dose equivalent from external sources and the committed effective dose equivalent for internal exposure, which are summarized here and described in more detail in DOE’s Occupational Radiation Protection rule in 10 CFR 835. The committed effective dose equivalent is the sum of doses to organs and tissues that is weighted to account for the sensitivity of the organ or tissue to the effects of radiation and for the biological effectiveness of the type of radiation causing the dose. It is expressed in units of rem (Sv), or more typically the sub-unit mrem (mSv) for individuals, and in units of person-rem (person-Sv) for the collective dose received by the total population within a 50mi (80-km) radius of Hanford Site operations areas. This appendix describes how the doses summarized in Section 4.2 of this report were calculated.
	Calculation of the total effective dose accounts for the long-term (50 yrs) internal exposure from radionuclides absorbed into the body during the current year. The committed effective dose equivalent is the sum of individual committed (50 yrs) organ doses multiplied by tissue weighting factors (International Commission on Radiological Protection [ICRP] 1991) that represent the contribution of each organ or tissue to a person’s internal radiation dose. Internal organs also may be irradiated from external sources of radiation. The external exposure received during the current year is added to the committed internal dose to obtain the total effective dose.
	Releases of radionuclides from Hanford Site facilities are frequently too small for their concentrations to be accurately measured in many of the off-site environmental media of interest. Even when present in measureable amounts, it can be difficult to distinguish the small Hanford Site contributions from levels attributable to fallout from historical nuclear weapons testing and from naturally occurring radionuclides such as uranium and its decay products. Therefore, Hanford-related environmental radionuclide concentrations were estimated from stack effluent measurements (air pathway doses) or river water measurements (water pathway doses) by using environmental transport models. The air dose calculations employ environmental transport modeling based on measurements made at the points of release (stacks and vents). The water pathway dose calculations are based on the difference in measurements of radionuclide concentrations in the Columbia River upstream and downstream of the Hanford Site.
	The transport of radionuclides in the environment to points of exposure is predicted using mathematical models of the physical processes underlying the various exposure pathways. These models are used to calculate radionuclide levels in air, soil, and foods at off-site locations. Long-lived radionuclides deposited on the ground by irrigation or airborne depositions become possible sources of external exposure and uptake by agricultural products. Radionuclides taken into the body by inhalation or ingestion may be distributed among different organs and tissues and retained in the body for various lengths of times. Agricultural, behavioral, and dosimetric models were applied to calculate radionuclide intakes and radiological doses to the public from annual-average radionuclide concentrations in the exposure media. Computer programs were used to implement these mathematical models using Hanford Site-specific dispersion and uptake parameters. These programs are incorporated in a master code—GENII - The Hanford Environmental Radiation Dosimetry Software System, Version 2.10 (PNNL-14583; PNNL-14584; PNNL-19168), which employs the internal dosimetry methodology described in ICRP Publication 60 (ICRP 1991) and external dose coefficients described in Federal Guidance Report 12 (EPA 1993). GENII Version 1.485 (PNL-6584, The Hanford Environmental Radiation Dosimetry Software System), which incorporated internal dosimetry methods of International Commission on Radiological Protection Publication 30 (ICRP 1979a and 1979b) was used for dose calculations through 2008. GENII Version 2.10 is a Microsoft Windows®-based version that also incorporates some environmental modeling improvements (e.g., plume depletion during atmospheric transport) relative to Version 1.485. The modeling assumptions and radionuclide release data used in the GENII calculations are the primary focus of Section D.1. The ingestion and inhalation dose coefficients (ICRP 1991) and external dose coefficients (EPA 1993) used for the pathway dose calculations are described further in PNNL-14584 and are not reproduced here.
	In addition to the GENII calculations for assessing public doses, the computer program CAP88-PC (also known as CAP-88) was used to calculate an air pathway dose to a maximally exposed individual (MEI) for compliance with Clean Air Act standards, as required by the EPA through 40 CFR 61, Subpart H, from airborne radionuclide effluents (other than radon) released at DOE facilities. Air pathways calculations performed with the CAP-88PC computer code differ slightly from those performed in GENII. Technical details of the CAP88-PC calculations are provided in DOE/RL-2016-10, Radionuclide Air Emissions Report for the Hanford Site, Calendar Year 2015. 
	Calculations of radiological doses to the public from radionuclides released into the environment are performed to demonstrate compliance with applicable standards and regulations. DOE O 458.1 provides requirements for demonstrating compliance with the public dose limit of 100 mrem (1 mSv) total effective dose in a year. Relevant requirements include the following:
	 Compliance may be demonstrated by calculating dose to the representative person or to the MEI
	 Collective dose for members of the public should be calculated, and may be truncated, by distance (e.g., 50 mi [80 km])
	 The representative person or MEI must include members of the public outside of controlled areas on DOE sites and off site
	 Analytical models used to calculate dose must be codified or approved by DOE and must consider likely exposure pathways, including external radiation from air and soil, inhalation, and ingestion of water and terrestrial and/or aquatic foods
	 Calculations of doses to the public from exposures resulting from both routine and unplanned activities must be performed using DOE-approved dose conversion factors
	 Values of default or site-specific parameters used in the dose modeling must be included to document the calculations.
	A summary of how the location of the off-site MEI was identified, and information on modeling assumptions and inputs to the GENII computer code used to conduct the MEI dose calculations is provided in Section D.1.1. Information supporting the calculation of collective off-site dose for members of the public using the GENII computer code is provided in Section D.1.2.
	D.1.1 Maximally Exposed Individual Dose

	The MEI is a hypothetical member of the public whose location and lifestyle make it unlikely that any actual individuals would receive higher doses. The location of the MEI can vary annually depending on 1) the relative contributions of the different operational areas to radioactive emissions released to the air, 2) the contribution of radionuclide releases to the Columbia River from Hanford Site facilities, and 3) variable differences in meteorology affecting wind dispersion. The following potentially significant exposure pathways are considered for identifying the location of this hypothetical individual and calculating radiation dose:
	 Inhalation of airborne radionuclides
	 External exposure from submersion in airborne radionuclides
	 Ingestion of foodstuffs contaminated by radionuclides deposited on vegetation and the ground by airborne deposition and/or irrigation water drawn from the Columbia River downstream of the Hanford Site
	 Incidental ingestion of soil and external exposure to ground contaminated by airborne deposition and/or irrigation water
	 Ingestion of drinking water drawn from the Columbia River
	 Consumption of fish from the Hanford Reach of the Columbia River
	 Recreational activities along the Hanford Reach of the Columbia River, including fishing, hunting, boating, swimming, and exposure to sediments during shoreline activities.
	Determination of the Location of the MEI. Based on experience since 1990 from environmental transport modeling and environmental surveillance monitoring, four locations (Section 4, Figure 4.2) are considered for identifying the location of the MEI. The distinguishing characteristics of these locations are described in the following paragraphs.
	Riverview MEI. The Riverview area is across the Columbia River from the City of Richland. Because of its location, an individual in the Riverview area has the potential to receive the maximum exposure to waterborne effluent from Hanford Site facilities as well as some contribution from exposure to airborne emissions from the 300 Area. The Riverview location is where a small population of West Pasco residents obtain their drinking water from the river via a community water system; therefore, the domestic drinking water pathway is applied to this location. Columbia River water from just downstream of the Hanford Site is also withdrawn for irrigation of small gardens and farms at Riverview.
	Ringold MEI. The Ringold area is along the eastern shoreline of the Columbia River 16 mi (26 km) east of separations facilities in the 200 Areas. Because of its location, an individual in the Ringold area has the potential to receive the maximum exposure to airborne emissions from the 200 Areas. In addition, it is assumed that some individuals in the Ringold area may irrigate their crops with water from the Columbia River downstream of where contaminated groundwater originating from the 100 and 200-East Areas enters the river. For identifying the MEI, Hanford Site contributions to irrigation water at Ringold are protectively evaluated using the same downstream concentrations employed for Riverview. Domestic drinking water at Ringold is not obtained from the Columbia River so this exposure pathway is incomplete.
	Sagemoor MEI. An individual in the Sagemoor area, located 0.87 mi (1.4 km) directly across the Columbia River from the 300 Area, frequently receives maximum exposure to airborne emissions from the 300 Area. However, domestic water at this location comes from wells rather than from the river; as a result, wells on the eastern side of the Columbia River are not impacted by radionuclides of Hanford Site origin. Because the farms located across from the 300 Area obtain irrigation water from the Columbia River upstream of the Hanford Site, irrigation-related exposure pathways are likely incomplete at this location. However, because some individuals may obtain much of their food from local agriculture, Columbia River irrigation pathways agricultural dose has been historically assigned to the Sagemoor area MEI. This practice protectively but unrealistically sums the location-specific air deposition component of food-related dose with the irrigation component from another location. The added contribution of radionuclides in the Riverview area irrigation water maximizes the calculated dose from the air and water pathways combined.
	Horn Rapids Road MEI. Meteorological conditions in 2012 through 2015 resulted in a more southerly direction of wind dispersion than has been observed in past years. As a result, air concentrations related to 300 Area emissions were modeled to be slightly higher at a location just to the south of the Hanford Site boundary than at the Sagemoor location across the Columbia River to the east. Buildings in this area historically have been associated with commercial and industrial activities. However, in recent years, residences also have been constructed near the southern boundary of the Hanford Site south of the 300 Area. Residences in this area obtain drinking water from the City of Richland, which has an intake on the Columbia River downstream of the Hanford Site; therefore, the domestic drinking water pathway is applied to this location. Additionally, some agriculture in this area occurs on leased property that receives irrigation water from the Battelle pumping station on the Columbia River just below the 300 Area.
	During the period of plutonium production at the Hanford Site, Ringold was commonly the location of the MEI. Because of the shift in Hanford Site operations from nuclear weapons production to the current mission of managing waste products, cleaning up legacy waste, and researching new ideas and technologies for waste disposal and cleanup, the significance of air emissions from production facilities in the 200 Areas has decreased compared to emissions from research facilities in the 300 Area. For the past two decades, the hypothetical MEI has been associated with air emissions from the 300 Area.
	Because the hypothetical MEI at all locations is assumed to potentially receive dose from consumption of foods raised using Columbia River irrigation water, the identification of the location of the MEI is based on the highest projected dose among the following air pathways: at Ringold (200 Area sources), Sagemoor (300 Area sources), Horn Rapids Road (300 Area sources) plus drinking water pathways dose, and Riverview (300 Area sources) plus drinking water pathways dose.
	For 2015, air-pathways radiological dose calculations conducted using CAP88-PC in support of Clean Air Act requirements and GENII Version 2.10 have identified Horn Rapids Road as the location with the highest MEI dose. Air pathways calculations performed with the GENII computer code indicate that Sagemoor and Horn Rapids Road air pathways MEI doses in 2015 are similar (0.12 mrem at Sagemoor and 0.15 mrem at Horn Rapids Road). Unlike the Sagemoor receptor the MEI at Horn Rapids Road receives additional dose from the drinking water pathway. Both Sagemoor and Horn Rapids Road MEI GENII results are shown in Section 4, Figure 4.4 for comparison.
	MEI location coordinates relative to Hanford Site operating areas are entered in the GENII computer code to specify the location for the air pathways dose calculations. For Sagemoor, these coordinates are:
	100 Area: 26.874 km Easting, 30.064 km Northing
	300 Area: 1.35 km Easting, 0.26 km Northing
	200 Area: 24.954 km Easting, 20.814 km Northing
	400 Area: 7.909 km Easting, 6.739 km Northing
	For Horn Rapids Road, these coordinates are:
	100 Area: 29.1 km Easting, –29.1 km Northing
	300 Area: 0 km Easting, –1.80 km Northing
	200 Area: 22.6 km Easting, –22.6 km Northing
	400 Area: 7.92 km Easting, –7.92 km Northing
	Water and Air Release Inputs Used In GENII Version 2.10. As discussed in Section 4.2, the environmental data needed to perform the GENII dose calculations for the water pathways are differences in the measured upstream and downstream radionuclide concentrations in the Columbia River. The radionuclide releases to the Columbia River that are assumed to be the source of these differences are assigned to the 200 Areas, but area assignment does not affect the dose results. Measured emissions of radionuclides in stack releases are used in the GENII air pathways dose calculations. These air and water pathways data must be processed for input to the GENII computer code. GENII accepts inputs for environmental releases using dimensions of activity (e.g., Cu or Bq) per time for both water and air pathways.
	Direct liquid effluent releases from outfalls in the 100 Areas were historically used to characterize contributions from the 100 Areas. The last operating outfall, 1908-K in the 100-K Area, ceased operations at the end of March 2011; therefore, no annual releases were identified from the 100 Areas in 2015. Liquid effluent discharges related to historical Hanford operations are known to enter the Columbia River by groundwater discharge at certain locations along the site shoreline from the 100B/C Area downstream to the 300 Area. The impact of these discharges was evaluated as the difference between near-shore river water radionuclide concentrations downstream of the Hanford Site (monthly samples collected at the Richland Pumphouse, sampling location label RICH.PMPHS HRM46.4) and upstream samples collected below the Priest Rapids Dam (monthly samples collected at sampling location label PRIEST RAPIDS-RIVER). Some radionuclides are measured in both filtered samples (in solution) and in samples that capture suspended particulates (adhered to resin). These data were evaluated both separately and summed.
	One-tailed paired t-tests and nonparametric Wilcoxon Rank Sum (WRS) tests were used to determine whether average downstream sample concentrations were statistically greater than upstream average concentrations. The results of statistical tests were used in conjunction with supporting information such as known releases from groundwater plumes to the river and historical observations in river water to identify Hanford-related contaminants. The paired t-test is more powerful than the ordinary t-test when the values in the pairs correlate, or when the concentrations measured downstream tend to correlate to those upstream. The WRS test has less power than the t-test when the data originate from a normal distribution, but the assumptions under which the statistical results are valid are not as restrictive. A p-value of 0.05 is commonly used as the threshold of statistical significance, but a larger, less restrictive value may be used when other factors support evidence of a release. Likewise, when a contaminant does not have any known Hanford Site sources a smaller threshold could be appropriate to identify radionuclides for the dose assessment.
	Both statistical tests identified tritium and uranium-238 as potentially Hanford-related contaminants to include in the 2015 water-pathways dose assessment using a p-value of 0.05. Concentrations of uranium-234 were greater downstream, but p-values were slightly higher than 0.05 for both the t-test and WRS. Uranium-234 is retained as a potentially Hanford-related contaminant for the 2015 dose assessment because the higher downstream concentrations are considered plausibly site-related, particularly in light of the uranium-238 results. Although uranium-235 might be expected to co-occur with both uranium-234 and uranium-238, yearly average uranium235 concentrations were higher upstream than downstream and therefore uranium-235 is not included in the water pathways dose assessment calculations. Two additional radionuclides included in the 2015 water pathways dose calculations are cesium-134 and strontium-90. Neither radionuclide was measured at concentrations above detection limits. In both cases, the t-test p-values were below 0.05 and the WRS p-values were slightly greater than 0.05. Strontium-90 is known to be a component of groundwater plumes impacting the Columbia River and is included for that reason, even though it was not detected in the river water samples. Current Hanford Site-related cesium-134 releases have not been identified to the Columbia River, and its relatively short half-life of approximately 2 years suggests that its presence related to historical Hanford operations is unlikely. In addition, cesium-134 was not detected in any samples; nevertheless, it has been protectively included in the water pathways dose calculations.
	p-value
	paired t-test
	Wilcoxon Rank Sum
	Tritium
	0.0000060
	<0.0003
	Uranium-238
	0.0020
	0.0067
	Uranium-234
	0.070
	0.057
	Cesium-134
	0.023
	0.057
	Strontium-90
	0.033
	0.065
	Table D.1 summarizes the mean annual differences in downstream and upstream concentrations, and calculated annual releases for the 2015 GENII water pathways dose calculations.
	Table D.1. Liquid Effluent Radionuclide Releases for GENII Dose Calculations
	Radionuclide
	Upstream
	Downstream
	Difference
	Columbia River Annual-Average Radionuclide Concentrations (pCi/L)*
	Cesium-134
	1.2E-03
	3.1E-03
	1.9E-03
	Strontium-90
	1.1E-04
	1.7E-02
	1.7E-02
	Tritium
	1.7E+01
	3.0E+01
	1.3E+01
	Uranium-234
	2.5E-01
	2.7E-01
	2.0E-02
	Uranium-238
	1.9E-01
	2.2E-01
	2.6E-02
	Calculated Radionuclide Releases (Ci/year)†
	Cesium-134
	NA
	NA
	1.9E-01
	Strontium-90
	NA
	NA
	1.7E+00
	Tritium
	NA
	NA
	1.3E+03
	Uranium-234
	NA
	NA
	2.1E+00
	Uranium-238
	NA
	NA
	2.6E+00
	Thorium-234‡
	NA
	NA
	2.6E+00
	Protactinium-234m‡
	NA
	NA
	2.6E+00
	NA=not applicable; radionuclide releases calculated based on difference between annual-average downstream and upstream concentrations.
	*1 pCi=0.037 Bq
	†Calculated as the product of the difference in downstream and upstream radionuclide concentrations and the 2015 annual-average river flow rate of 3,177 m3/sec at Priest Rapids Dam and the number of seconds in a year.
	‡These short-lived progeny of uranium-238 were protectively assumed to be in secular equilibrium at the time of discharge. Refer to Section 7.0 for information on Columbia River surface water sampling.
	Radioactive air emissions based on monitoring of stacks in the 100, 200, 300, and 400 areas were used as the basis for the GENII air pathways dose calculations. Stack emissions are measured for specific radionuclides related to the operations at each emissions point. During the dispersion time from the stack to an off-site exposure location there is opportunity for ingrowth of short-lived radioactive progeny that are included in the GENII radionuclide inventory. A protective upper-bound dispersion time of 15 hrs was estimated based on the longest dispersion distance in the collective dose calculations 50 mi (80 km) and an assumed (4.9 ft/sec [1.5 m/sec]) average wind speed. The highest short-term (15hr ingrowth period) concentrations of short-lived progeny that have a separate dose conversion factor were included in the GENII air emissions inventory to address their potential contribution to the inhalation dose. Ingrowth of longer-lived progeny in soil and other environmental media is accounted for within GENII.
	In addition to measurement of specific radionuclides, gross alpha and gross beta measurements are also made on emissions from each operating area. Following the precedent of the Radionuclide Air Emissions Report for the Hanford Site, Calendar Year 2015 (DOE/RL-2016-10), measurements of gross alpha and gross beta radiation in stack emissions were protectively added to the measured emissions of plutonium-239/-240 and cesium-137, respectively, to ensure that contributions from any unmeasured operations-related radionuclides are incorporated in the estimated doses. These specific radionuclides were selected based on their historical association with releases in these operating areas and because air pathways calculations indicate dose is highest for these radionuclides among the group of plausible candidates of alpha- and beta-emitting radionuclides. Annual radionuclide air releases used in the GENII air pathways dose calculations are summarized in Table D.2.
	Table D.2. Air Pathways Radionuclide Stack Emissions for GENII Modeling
	Radionuclide
	100 Area
	200 Areas
	300 Area
	400 Area
	(Ci)
	Hydrogen-3 (elemental tritium)
	NA
	NA
	133
	NA
	Hydrogen-3 (tritiated water vapor)
	NA
	NA
	282
	1.8E-03
	Carbon-14
	NA
	NA
	1.2E-04
	NA
	Sodium-22
	NA
	NA
	NA
	1.4E-09
	Krypton-85
	NA
	NA
	5.8E-07
	NA
	Stontium-90
	2.3E-06
	1.0E-04
	2.2E-07
	NA
	Yttrium-90†
	3.4E-07
	1.5E-05
	3.3E-08
	NA
	Technetium-99
	NA
	NA
	4.1E-06
	NA
	Ruthenium-106
	NA
	2.6E-06
	1.9E-09
	NA
	Iodine-129
	NA
	2.3E-04
	NA
	NA
	Cesium-134
	NA
	NA
	NA
	NA
	Cesium-137‡
	1.7E-05
	2.9E-04
	7.2E-06
	1.3E-06
	Barium-137m†,‡
	1.7E-05
	2.9E-04
	7.2E-06
	1.3E-06
	Europium-152
	NA
	NA
	1.8E-09
	NA
	Europium-154
	NA
	NA
	1.2E-08
	NA
	Gadolinium-153
	NA
	NA
	7.0E-11
	NA
	Radon-219
	NA
	NA
	6.2E+00
	Lead-211†
	--
	--
	1.1E-02
	Bismuth-211†
	--
	--
	1.9E-03
	Thallium-207†
	--
	--
	8.7E-05
	Radon-220
	NA
	NA
	385
	NA
	Lead-212†
	--
	--
	5.5E-01
	NA
	Bismuth-212†
	--
	--
	4.6E-01
	NA
	Radon-222
	NA
	NA
	NA
	NA
	Table D.2. Air Pathways Radionuclide Stack Emissions for GENII Modeling
	Radionuclide
	100 Area
	200 Areas
	300 Area
	400 Area
	(Ci)
	Radium-226
	NA
	NA
	4.1E-10
	NA
	Actinium-227
	NA
	NA
	1.8E-09
	NA
	Uranium-232
	NA
	NA
	5.4E-09
	NA
	Uranium-233
	NA
	NA
	1.8E-08
	NA
	Neptunium-237
	NA
	NA
	1.4E-08
	NA
	Plutonium-238
	5.1E-07
	5.4E-07
	3.8E-08
	NA
	Plutonium-239/240§
	1.5E-05
	6.3E-05
	7.8E-08
	2.5E-07
	Plutonium-241
	2.0E-05
	1.6E-05
	6.7E-07
	NA
	Americium-241
	3.4E-06
	4.6E-06
	1.2E-09
	NA
	Americium-243
	NA
	NA
	4.5E-08
	NA
	Neptunium-239†
	--
	--
	7.6E-09
	NA
	(gross alpha)
	1.1E-05
	4.0E-05
	7.2E-08
	2.5E-07
	(gross beta)
	1.3E-05
	2.5E-04
	5.3E-06
	1.3E-06
	§Values include the addition of gross alpha activity.
	Exposure Parameter Values Used in GENII Version 2.10. GENII Version 2.10 requires input values for numerous parameters used in the environmental transport and human exposure models. Important parameters affecting the movement of radionuclides within agricultural exposure pathways such as animal dietary parameters, irrigation rates, crop yield, growing periods, and holdup periods are listed in Table D.3. The plant, animal, and aquatic foods transfer factors used for the pathway dose calculations are documented in PNNL14584 and are not reproduced here.
	The off-site radiological dose is related to the extent of external exposure to or intake of radionuclides released from Hanford Site operations that become incorporated in exposure media such as air, water, soil, sediment, and various foodstuffs. Tables D.4 through D.6 provide the values for the diet, residency, and river recreation parameters for the MEI and collective dose (average individual) calculations.
	Meteorological Data Used in GENII Version 2.10. GENII Version 2.10 employs an atmospheric dispersion model to calculate annual-average air concentrations and deposition rates at downwind locations based on site-specific radionuclide air emissions measurements and meteorological data (PNNL-14583). The 2015 meteorological data used in the GENII air dispersion modeling were gathered at monitoring stations in the 100 Area (station 13; 100-N), 200 Area (station 21; Hanford Meteorological Station), 300 Area (Station 11; 300 Area), and 400 Area (station 9; Fast Flux Test Facility [FFTF]). With the exception of the 200 Area, all meteorological data were obtained at a height of 33 feet (10 m). In the 200 Area, where some active stacks are 200 ft (61 m) in height, the meteorological data used were collected at 200 ft (61 m).
	Table D.3. Agricultural Pathway Parameters for Hanford Site Dose Calculations
	Holdup time; day (MEI)
	Holdup=time between harvest and consumption; MEI=maximally exposed individual; NA=not applicable
	*Pertains to animal feed; 100% of animal water is assumed contaminated surface water.
	†No irrigation is assumed to occur for cereal crops or grains.
	‡First value pertains to grains, and second value pertains to hay.
	§First value pertains to hay, and second value pertains to pasture grass.
	**Calculated as 0.5 kg soil/day while grazing × 0.75 diet fraction of pasture grass.
	Table D.4. Consumption Parameters for Hanford Site Dose Calculations
	Medium
	Consumption Rate*
	Maximally Exposed Individual
	Average Individual (Collective Dose)
	Leafy vegetables
	66 lbs (30 kg)/yr
	33 lbs (15 kg)/yr
	Root vegetables
	485 lbs (220 kg)/yr
	310 lbs (140 kg)/yr
	Fruits
	728 lbs (330 kg)/yr
	140 lbs (64 kg)/yr
	Cereals
	180 lbs (80 kg)/yr
	160 lbs (72 kg)/yr
	Milk
	71 gal (270 L)/yr
	61 gal (230 L)/yr
	Beef
	180 lbs (80 kg)/yr
	150 lbs (70 kg)/yr
	Poultry
	40 lbs (18 kg)/yr
	19 lbs (8.5 kg)/yr
	Eggs
	66 lbs (30 kg)/yr
	44 lbs (20 kg)/yr
	Fish†
	88 lbs (40 kg)/yr
	--‡
	Drinking water§
	193 gal (730 L)/yr
	116 gal (440 L)/yr
	Inadvertent soil ingestion
	1.17 oz (36.5 g)/yr
	0.59 oz (18.3 g)/yr
	*A transit time of 11 hrs from the release to receptor locations is assumed.
	†A holdup time of 1 day is used for both MEI and population calculations.
	‡Average individual consumption not identified; see text of Section D.1.2.
	§A holdup time of 1 day is used for the Riverview calculations for identification of the location of the MEI.
	Table D.5. Residency Parameters for Hanford Site Dose Calculations
	Pathway
	Exposure
	Maximally Exposed Individual
	Average Individual (Collective Dose)
	Air: Inhalation*,†
	24 hrs/day, 365 days/yr
	24 hrs/day, 365 days/yr
	Air: external (submersion)†
	24 hrs/day, 365 days/yr
	24 hrs/day, 365 days/yr
	Soil: external (ground shine)
	12 hrs/day, 365 days/yr
	8 hrs/day, 365 days/yr
	*Inhalation rate, adult 1.0 m3/hr (35 ft3/hr).
	†Dispersion time of 15 hrs is protectively assumed for ingrowth of short-lived progeny during transport (50 mi [80 km]) population dose radius and 4.9 ft/s (1.5 m/s) wind speed.
	Table D.6. Columbia River Parameters for Hanford Site Dose Calculations
	Activity and Pathway
	Exposure*
	Maximally Exposed Individual
	Average Individual (Collective Dose)
	Shoreline: sediment; external
	5.0 hrs/day, 100 days/yr†
	1.7 hrs/day, 10 days/yr†
	Boating: river water; external
	2.0 hrs/day, 50 days/yr‡
	0.1 hr/day, 50 days/yr‡
	Swimming: river water; inadvertent ingestion§, external
	2.0 hrs/day, 50 days/yr
	0.2 hr/day, 50 days/yr
	*A transit time of 11 hrs from the release to receptor locations is assumed.
	†A shoreline width factor of 0.2 is used.
	‡No shielding by the boat is assumed.
	§Ingestion rate of 0.68 oz (0.02 L)/hr.
	Because meteorological station 29 (100-K) has been inoperable since 2013, a meteorological file was compiled with data for 2003–2012, which represents a 10-yr average of daily meteorological data at this location. The 100 Area air pathways doses were calculated using this 10-yr average data file and using 2015 meteorological data from Station 13 at 100-N. The difference in dose results was approximately 7%. The 2015 100-N meteorological file, which is more applicable to local and regional air dispersion in 2015, was used for the MEI and population dose calculations. The negligible difference in dose using the 100-K 10-year average meteorological data file versus the 2015 100-N air station file indicates the selection of one or the other has little impact on the dose assessment results.
	Hourly meteorological data from the monitoring stations described above were formatted for use in the GENII computer code. Five meteorological files, one for each of the Hanford Site operating areas and stations described above, were created. These files were referenced in the GENII Chronic Plume Air Module. A radial grid consisting of 16 directional sectors and 10 downwind distances was specified in the air module. The downwind distances were varied for each operating area to coincide with the distance to the MEI location, as defined by the Easting and Northing coordinates described above. For example, the finest resolution was entered for the distance from the 300 Area to the MEI location
	D.1.2 Fifty-Mile (Eighty-Kilometer) Collective Population Dose

	Regulatory limits have not been established for collective doses to a population; however, evaluation of the collective population doses to all residents within a 50-mi (80-km) radius of Hanford Site operations is required by DOE O 458.1. The radiological dose received by the total population within 50 mi (80 km) of site operations areas was calculated to confirm adherence to DOE environmental protection policies, and provide information to the public. The 50-mi (80-km) collective dose is the sum of doses to all individual members of the public within 50 mi (80 km) of the four Hanford Site operations areas (100 Area, 200 Area, 300 Area, and 400 Area).
	The same exposure pathways evaluated for the MEI (Section D.1.1) were used to calculate doses to the off-site population. The primary difference between the MEI and collective dose calculations is in the values selected for certain exposure parameters. As shown in Tables D.4, D.5, and D.6, exposure parameter values for the collective dose calculations reflect an average individual rather than an MEI.
	In calculating the collective dose related to water-mediated exposure pathways (drinking water, irrigated foods, Columbia River recreation, and fish consumption), estimates were made of the off-site population size expected to be affected by each pathway. The assumptions of population size and the calculation of collective dose for each of these four exposure pathways are described in the following paragraphs.
	Drinking Water. The Cities of Richland and Pasco obtain all or part of their municipal water directly from the Columbia River downstream from the Hanford Site; the City of Kennewick obtains its municipal water indirectly from wells adjacent to the river. Approximately 182,000 people residing in the Tri-Cities are assumed to obtain all of their drinking water directly from the Columbia River or from impacted wells near to the river. Annual drinking water dose for an average individual is multiplied by the TriCities population to calculate the collective drinking water dose.
	Irrigated Food. Columbia River water is withdrawn for irrigation of small vegetable gardens and farms in the Riverview area of Pasco in Franklin County. It is assumed enough food is grown in this area to feed an estimated 2,000 people. Commercial crops are also irrigated by Columbia River water in the Horn Rapids area of Benton County. Because these crops are widely distributed, any individual in the Tri-Cities is likely to receive only negligible potential exposure. Annual irrigated foods dose for an average individual is multiplied by the estimate population of 2,000 individuals to calculate the collective irrigated foods dose.
	Columbia River Recreation. As described in Section 4.2 and Section D.1.1, these recreational activities include fishing, swimming, boating, and shoreline recreation. It was protectively assumed that all 182,000 individuals in the Tri-Cities participated in these recreational activities. Annual recreational dose for an average individual is multiplied by the Tri-Cities population to calculate the collective recreational dose.
	Fish Consumption. Population doses from consuming fish obtained locally from the Columbia River were calculated from an estimated total annual catch of 33,000 lbs (15,000 kg) per year. It was protectively assumed that 100 percent of the annual catch was consumed by individuals in the TriCities area.Population dose related to fish consumption was calculated as follows:
	Population dose (person-rem) = MEI dose (mrem) × 0.001 rem/mrem × (annual catch [kg/yr]/IR_fish [kg/yr/person]), where MEI dose=fish ingestion dose for the MEI; annual catch=15,000 kg fish/yr; IR_fish=individual fish ingestion rate used in the MEI calculation (40 kg/yr/person).
	Collective dose related to air-mediated exposure pathways was calculated based on the geographic distribution of the population residing within a 50-mi (80-km) radius of the Hanford Site operating areas, as shown in PNNL-20631. These distributions are based on 2010 Bureau of the Census data and influence the population dose by providing estimates of the number of people exposed to radioactive air emissions and their proximity to the points of release.
	The air pathways collective dose calculations are based on modeled radionuclide air concentrations and deposition rates downwind of the Hanford Site operating areas coupled with the geographic population distribution in these areas. Both meteorological and population distribution data are organized according to 16 directional sectors based on the four cardinal, four ordinal, and eight crosswind directions (N, NNE, NE, ENE, etc.). These sectors were transformed into grids using concentric circles with radii of 1, 2, 3, 4, 5, 10, 20, 30, 40, and 50 mi. These radii correspond to the downwind distances specified in the GENII Chronic Plume Air Module. Population files were created based on the number of individuals located in each of the 160 grid segments centered on the 100, 200, 300, and 400 areas (PNNL-20631). These files were identified in the GENII Air Dose Report Module.
	D.2 Calculation of Biota Doses

	The RESRAD-BIOTA computer code was used to screen the 2015 radionuclide concentrations in water, sediment, soil, and tissues to see if they exceeded the established biota concentration guides. Biota concentration guides are concentrations published in A Graded Approach for Evaluating Radiation Doses to Aquatic and Terrestrial Biota that could result in a dose rate of 1 rad per day for aquatic biota or 0.1 rad per day for terrestrial organisms. Table D.7 presents water and sediment Tier 1 biota concentration guides for the radionuclides evaluated. Table D.8 presents the soil Tier 1 biota concentration guides for the radionuclides evaluated. Both internal and external doses to aquatic, riparian, and terrestrial animals and plants are included in the screening process. For with multiple media and radionuclides analyses, a sum of fractions is calculated to account for the contribution to dose from each radionuclide relative to its corresponding biota concentration guide. If the sum of fractions exceeds 1.0, then the dose guideline has been exceeded. If the initial estimated screening value (Tier 1) exceeds the dose limit (sum of fractions more than 1.0), additional screening calculations are performed (Tiers 2 or 3) to evaluate accurate exposure of biota to radionuclides. The process may culminate in a site-specific assessment requiring additional sampling and study of exposure.
	Table D.7. Biota Concentration Guides and Sediment to Water Partition Coefficients
	Radionuclide
	Water
	(pCi/L)*
	Limiting Organism
	Sediment
	(pCi/g)*
	Limiting Organism
	Default
	Kd (mL/g)†
	Hydrogen-3
	2.65E+08
	Riparian animal
	3.74E+05
	Riparian animal
	0.001
	Carbon-14
	6.09E+02
	Riparian animal
	5.90E+04
	Riparian animal
	0.001
	Cobalt-60
	3.76E+03
	Aquatic animal
	1.46E+03
	Riparian animal
	1000
	Strontium-90
	2.78E+02
	Riparian animal
	5.82E+02
	Riparian animal
	30
	Technetium-99
	6.67E+05
	Riparian animal
	4.22E+04
	Riparian animal
	5
	Cesium-137
	4.26E+01
	Riparian animal
	3.12E+03
	Riparian animal
	500
	Plutonium-238
	1.76E+02
	Aquatic animal
	5.73E+03
	Riparian animal
	2000
	Plutonium-239/-240
	1.87E+02
	Aquatic animal
	5.86E+03
	Riparian animal
	2000
	Uranium-234
	2.02E+02
	Aquatic animal
	5.27E+03
	Riparian animal
	50
	Uranium-235
	2.17E+02
	Aquatic animal
	3.73E+03
	Riparian animal
	50
	Uranium-238
	2.23E+02
	Aquatic animal
	2.49E+03
	Riparian animal
	50
	*1 pCi=0.037 Bq. Biota concentration guides (pCi/g or pCi/L) from RESRAD-BIOTA v1.5. 
	†Kd=Water to Sediment Partition Coefficients (mL/g) from RESRAD-BIOTA v1.5.
	Table D.8. Tier 1 Soil Biota Concentration Guides
	Radionuclide
	Soil
	(pCi/g)*
	Limiting Organism
	Strontium-90
	2.25E+01
	Terrestrial animal
	Cesium-137
	2.08E+01
	Terrestrial animal
	Plutonium-238
	5.27E+03
	Terrestrial animal
	Plutonium-239/240
	6.11E+03
	Terrestrial animal
	*1 pCi=0.037 Bq. Biota concentration guides (pCi/g) from RESRAD-BIOTA v1.5.
	In the initial (Tier 1) screening assessment, researchers compare maximum measured concentrations to the biota concentration guides. The maximum detected concentrations evaluated for aquatic biota dose assessment are presented in Table D.9. If the sum of fractions does not exceed one, no further analysis is required. However, if the sum of fractions does exceed one, a second analysis (Tier 2) is performed using average concentrations and the same Tier 1 biota concentration guides. For the aquatic biota dose assessment, paired sediment and water data are required. In the event that only one of these media was sampled, the other was calculated using an element-specific water to sediment partition coefficient. These coefficients are tabulated in Table D.7.
	The sites for the aquatic biota dose assessment were grouped into upstream (Vernita sediment and river water samples), the 100 Areas (sediments from 100-K, 100-D, 100-F and White Bluff; river water from 100-K and 100-N; and seeps from 100-BC, 100-K, 100-N, 100-D, 100-H, 100-F), the Hanford Town Site (sediments from Hanford slough, Savage Island, and Locke Island; river water; and seep water from Hanford Spring); 300 Area (river water and springs), and downstream (sediments from McNary Dam and river water from the Richland Pumphouse).
	Table D.9. Maximum Detected Concentrations Evaluated for Aquatic Biota Dose Assessment
	Location Group
	Radionuclide
	Maximum Sediment
	(pCi/g)*
	Maximum Water
	(pCi/L)*
	Upstream
	Hydrogen-3
	—†
	19
	Cesium-137
	0.246
	—
	Plutonium-239/-240
	0.01
	—
	Uranium-234
	1.34
	0.28
	Uranium-235
	0.0996
	0.0578
	Uranium-238
	1.09
	0.204
	100 Areas
	Hydrogen-3
	—
	5840
	Carbon-14
	—
	341
	Cobalt-60
	0.0617
	—
	Strontium-90
	0.03‡
	16.6
	Technetium-99
	—
	1.95
	Cesium-137
	0.294
	—
	Plutonium-239/-240
	0.00376
	—
	Uranium-234
	1.09
	0.297
	Uranium-235
	0.115
	0.0261
	Uranium-238
	0.936
	0.255
	Hanford Townsite
	Hydrogen-3
	—
	5750
	Cesium-137
	0.269
	—
	Plutonium-238
	0.000549
	—
	Plutonium-239/-240
	0.00249
	—
	Uranium-234
	1.47
	0.24
	Uranium-235
	0.0923
	0.0247
	Uranium-238
	1.23
	0.193
	300 Area
	Hydrogen-3
	—
	4350
	Uranium-234
	—
	30
	Uranium-235
	—
	2.75
	Uranium-238
	—
	29.7
	Downstream
	Hydrogen-3
	—
	24.9
	Technetium-99
	—
	0.621
	Cesium-137
	0.259
	—
	Plutonium-239/-240
	0.00922
	—
	Uranium-234
	1.38
	0.287
	Uranium-235
	0.0954
	0.033
	Uranium-238
	1.32
	0.24
	*1 pCi=0.037 Bq
	†Not detected or not measured.
	‡Although strontium-90 was not detected in sediment, the maximum non-detect was substantially less than the estimated concentration based on Kd.
	Radionuclides were selected for the aquatic biota dose assessment based primarily on their detection in sediment or water and graphical comparisons of on-site to upstream and downstream sample results (Figures D.1 to D.29). In addition, having known or suspected sources from DOE operations, the results for tissue samples compared to reference (i.e. upstream, generally at Vernita Bridge), and the known potential for bioaccumulation was also used to identify which radionuclides should be included in the dose assessment. Most of the detected radionuclides in water – hydrogen-3 (tritium), carbon-14, strontium-90, technetium-99, and isotopic uranium – could readily be associated with known groundwater plumes. Most of the remainder of the detected radionuclides could have sources from DOE operations but due to relatively high soil-water partition coefficients (Kd) would most likely be associated with sediments instead of water. Cobalt-60, cesium-137, and isotopic plutonium were detected in sediments and may have sources from DOE operations. Although the magnitude of the sediment concentrations on site is sometime no greater than upstream, these radionuclides are included in the aquatic biota dose assessment. This is likely protective, as these radionuclides are not elevated above reference in tissues. Potassium-40 shows increased concentrations in sediment on site compared to both upstream and downstream levels. There were no differences in water or tissues potassium-40 concentrations between on-site and reference locations. There are also no groundwater plumes or other known DOE sources of potassium-40; therefore, potassium-40 was not included in the aquatic biota dose assessment.
	As discussed in Section 4.2.6, biota doses were evaluated for Columbia River water and sediment and West Lake water and sediment, and soils (on site and off site). For West Lake, Tier 1 sum of fractions exceeded 1.0; therefore, Tiers 2 and 3 calculations were implemented using the mean water concentrations presented in Table D.10. The tiered screening process is further described in A Graded Approach for Evaluating Radiation Doses to Aquatic and Terrestrial Biota (DOE-STD-11532002).
	Table D.10. West Lake 2015 Water Samples
	Radionuclide
	Water Concentration (pCi/L)
	Sediment Concentration (pCi/g)
	Maximum
	Average
	Maximum
	Average
	Cesium-137
	—
	—
	0.335
	0.317
	Uranium-234
	1650
	393
	4.14
	4.12
	Uranium-235
	87.1
	22.1
	0.287
	0.264
	Uranium-238
	1570
	366
	4.15
	3.86
	— Not detected or not measured.
	pCi=0.037 Bq.
	The Tier 1 and Tier 2 West Lake biota dose assessments were driven by the potential for dose from uranium isotopes in water and the assumed potential for these isotopes to accumulate in biota. Therefore, the Tier 3 West Lake biota dose calculations utilized site-specific information on bioaccumulation. As defined in DOESTD11532002, bioaccumulation is the ratio of the contaminant concentration in the organism relative to the contaminant concentration in an environmental medium resulting from the uptake of the contaminant from one or more routes of exposure. The more relevant biota data collected from West Lake are the brine flies sampled in 2000 and 2007 (PNNL-13487; DOE/RL-2007-50). Birds (avocets) were also sampled in 2000 and had lower concentrations than the brine flies (PNNL-13487). These birds are not year-round residents and thus have lower exposure and less potential for bioaccumulation at West Lake (DOE/RL-2007-50, Appendix K).
	The maximum concentration of any of the uranium isotopes in brine flies was 0.88 pCi/g for uranium-233/-234 in 2007. The minimum uranium-233/234 West Lake pond water concentration was 940 pCi/L in 2007. The bioaccumulation factor is calculated by dividing the biota concentration (in pCi/g) by the water concentration (in pCi/mL), because RESRAD-BIOTA assumes that aquatic bioaccumulation occurs from water to biota. Therefore, the maximum bioaccumulation factor for uranium would be less than one (0.88 divided by 0.94). Also, as presented in Table D.10 of the 2011 report (DOE/RL2011119, Hanford Site Environmental Report for Calendar Year 2011), bioaccumulation factors for uranium isotopes based on the mean concentrations in flies and water were between 0.2 and 0.5. A bioaccumulation factor of one was used for the West Lake Tier 3 biota dose calculation as a somewhat protective measure of site-specific uranium uptake into the food chain. This same approach was used in the 2011 (DOE/RL2011119) and 2012 (DOE/RL201318, Hanford Site Environmental Report for Calendar Year 2012) reports. The data supporting the site-specific bioaccumulation factor are presented in those reports. Table D.11 presents the Tier 3 biota concentration guides for isotopic uranium for both aquatic and riparian animals. These site-specific values were used in the RESRAD-BIOTA Tier 3 screening discussed in Section 4.2.6.
	Table D.11. Tier 3 Biota Concentration Guides Calculated using RESRAD-BIOTA v1.5
	Radionuclide
	Water BCG (pCi/L)*
	Sediment BCG (pCi/g)*
	Aquatic Animal
	Riparian Animal
	Aquatic Animal
	Riparian Animal
	Uranium-234
	202000
	20200
	3030000
	5270
	Uranium-235
	217000
	21700
	110000
	3790
	Uranium-238
	222000
	22200
	42900
	2490
	*1 pCi=0.037 Bq
	Dose to terrestrial biota were evaluated using the near-field and far-field soil sample results. Table D.12 lists the maximum concentrations of strontium-90, cesium-137, plutonium-238, and plutonium-239/-240. These radionuclides were selected for the terrestrial biota dose assessment based on their detection in soil and graphical/statistical comparisons of soil/vegetation near-field to far-field sample results (Figures D.30 to D.40). In addition, having known or suspected sources from DOE operations, vegetation sample compared to soil results and the known potential for bioaccumulation were used to include or exclude radionuclides for the biota dose assessment. 
	Table D.12. Maximum Detected Concentrations Evaluated for Terrestrial Biota Dose Assessment
	Location Group
	Radionuclide
	Maximum Soil (pCi/g)*
	Near Field
	Strontium-90
	0.44
	Cesium-137
	0.0016
	Plutonium-238
	0.023
	Plutonium-239/240
	0.053
	Far Field
	Strontium-90
	14
	Cesium-137
	0.14
	Plutonium-238
	0.85
	Plutonium-239/240
	1
	*1 pCi=0.037 Bq
	A summary of the basis for selection of radionuclides is provided in the following:
	 Strontium-90 and cesium-137 soil and vegetation concentrations in near-field samples were statistically greater compared to far-field samples. 
	 Isotopic plutonium soil concentrations in near-field samples were statistically greater than far-field samples. 
	 Near-field potassium-40 soil and vegetation concentrations were not different from far-field concentrations. There are also no known DOE sources of potassium-40; therefore, potassium-40 was not included in the terrestrial biota dose assessment. 
	 There were no statistical differences of antimony-125, cesium-134, europium-155, and isotopic uranium near-field concentrations compared to far-field concentrations; therefore, these radionuclides were not included in the terrestrial biota dose assessment.
	The biota dose assessment also included supplemental calculations using measured concentrations in tissues. Presented in Section 4.2.6, these supplemental calculations provide a more realistic estimate of biota dose compared to doses calculated using the protective bioaccumulation assumptions made in the Tier 1 dose assessments. Section 4.2.6 lists the detected tissue concentrations evaluated in these supplemental dose calculations. The tissue concentrations are used for the internal dose calculations, whereas external dose is estimated from the relevant soil, sediment, and water concentrations. Where available, mean concentrations rather than maxima were used in the supplemental external dose calculations to be consistent with DOE guidance for these Tier 3 dose calculations. Note that radionuclides were detected in mule deer bone and mulberry fruit and leaf tissues. However, the detection in bone was only from a reference site, and the detections in mulberry were similar on-site and reference locations. Detections of radionuclides in mule deer and mulberry were therefore not included in the supplemental dose calculations.
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