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SUMMARY

Studies have been conducted tg investigate exposure rates, and radionuclide
and trace_meta] distributions along the Columbia River where it borders the
Hanford Site. The Tast major field study was conducted in 1979. with recently
renewed interest in various land use and rasource préfection alternatives, it is
important to have data that represent current conditions.

Radionuclides and trace metals were surveyed in Columbia Rijver shoreline
soils along the Hanford Site (Hanford Reach). The work was conducted as part of
the Surface Environmental Surveillance Project, Pacific Northwest Laboratory.
The survey consisted of taking exposure rate measurements and soil samples pri-
marily at locations known or expected to have elevated exposure rates.

Exposure rate measurements ranged from 4 to 1] #R/hr at the Vernita®back-
ground area, to 8 to 28 #R/hr at the White Bluffs Slough area along the Hanford
Reach. In.all, 12 discrete radioactive particles were detected. Eleven of the
particles were found on 100-p Island. One particle was found at the White
Bluffs Slough area. The particle from White Bluffs STough and ane particle from
100-D Island were identified as 5%Co with activities of 16 and 1.7 uCi, respec-
tively. The remaining 10 particles were not removed for analysis.

Doses from exposure to the two particles collected were calculated for var-
ious potential e€xposure scenarios. The dose-Timiting exposure scenario was
determined to be a particle that is inhaled and deposited in the front part of
the nose. The dose from this scenario would exceed the limit of 75 uCi-hr expo-
sure to a skin surface from a particle as listed by the National Counci] on
Radiation Protection and Measurements. This Timit could also be reached for
other plausible although improbable exposure scenarios including contact with
bare skin for § hr, exposure through the lining of a pocket for. 30 hr, and expo-
sure through a sleeping bag for 44 hr. The largest effective dose equivalent
from particle exposure was 60 mrem through ingestion, compared to a public stan-
dard of 100 mrem. The probability of the public actually coming in contact with
such particles, however, is considered very low. |

Exposure rate measurements taken adjacent to the 100-N Area on the water
surface of the Columbia River, which is unrestricted for public use, ranged from




Areas with elevated (compared to backgrouhd) sefi concentrations of major
radioactive constituents (f.e., ¥Na, 5%, osr, Bcs, %4, ey, and 239.240p,))
include 100-p Island, the Hanford Townsite shoreline, and the White Bluffs
Slough area. The potential external eXposure dose rates from continuous opcey-

The only sampled location having a significant]y elevated concentration of
any trace meta] (i.e., chromium) was pear the 100-F floodplain area. While
standards have not been written for freshwater sediments, the maximum chromium
concentration was about 30% of the Washington State standard for marine sediments,

The data were examined (correlation of concentrations) to determine whether
1t is reasonable to assume that the highest concentrations of nongamma-emitting
radionuclides and trace metals occur in the same places as the highest concen- -
trations of gamma-emitting radionuclides. The results indicated that elevated
239.240p,, concentrations were associated (correlated) with and therefore predicted
by the presence of several gamma-emitting radionuclides. Uranium, 9°Sr, and
trace metals concentrations were not correlated with the concentrations of
damma-emitting radionuc]ides. The lack of correlation with uranium ang stront-

ment, but the Jack of correlation may also be due to the relatively few loca-
tions with significantly elevated concentrations.

Several areas along the Hanford Reach sti11 show detectable impacts from
Past Hanford operations. No' short-Tived radionuclides were detected, and no
significant variation among trace meta] Concentrations was found, indicating
that there are no recent depositions of radicactive and/or trace meta] con-
taminants along the Hanford Reach.
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1.0 INTEODUC]ION

- In 1943, the Hanford Site in southeast Washington State was selected by
the 0.S. Army Corps of Engineers, Manhattan District, as the site for future
nuclear reactors to produce plutonium. The area was chosen bacayse of its
distance from major cities, the relatively smai) ]aéal popuiation, the

of the CoTumbia River s a reactor cooling source and an effluent sink for the
reactors’ hyproducts (Becker 1890). By February 1945, three reactors
(B, D, F) were operating and producing plutonium.

A total of eight sing]e-pass-coo]ing reactors would eventually line the
Hanford Reach of the Columbia River, the stretch of river from Priest Rapids
Dam to just upstream from the city of Richland. These reactors discharged
significant amounts of heat, radioactivity, and chemicals directly into the
river. Suspension of inso]ubie chemicals, trace metals, and radionuclides in
the river led to deposition in shoreline seils downstream of each dischargel
point. The last such reactor (100-KE) ceased Operations in 1971, Since that
-time, the radionuciide burden of the shoreline soils aleng the Hanford Reach
has been decreasing as the radicactive material decays. Short-Tived
radionuclides, which accounted for the major component of radiation exposure,
have since decayed to negligible levels {Sula 1980).

The most recent aerial survey of the Site, conducted in 1988 (EG&g
1990), indicated that previously identified areas of elevated radioactivity
continued to exist as a result primarily of Tonger-1ived radionuclides. The
aerial survey, however, is a relative indicator of contamination, and only for

resource protection alternatives, one being the designation of the Hanford
Reach as a National Wild and Scenic River, it ig important to have data that
represent the current conditions on the Hanford Site, 4 wide range of
potential uses for the Site 1s identified by the Hanford Future Site Uses
Norkihg Group (1992).
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2.0 STUDY OBJECTIVES

The current study was performed during July through October 1992 with

the following specific study objectives:

1’

Exposure Rates-Assess potential human exposure rates at specific
Tocations along the Hanford Reach, examine the differences in exposure
rates between locations, assess changes in exposure rates since prior
studies, and quantify exposure rates in areas identified by aerial
surveys as having elevated radioactivity.

Discrete Radioactive Particle Analysis—Record the frequency of
occurrence of discrete radiocactive particles, measure their activity,
and compare the frequency of particle occurrences to data from prior
studies.

100-N Area Survey-Assess potential human exposure rates on the surface
of the Columbia River along the section that borders the 100-N Area
(N Reactor).

So1l Concentrations—Investigate the effect of Hanford operations on
concentrations of radionuclides and trace metals in soils at specific
locations along the Hanford Reach, and examine the differences in
concentrations between locations.

Concentration Correlations—Determine if the concentrations of major

ganma emitting radionuclides are correlated with the concentrations of
other radionuclides and trace metals, i.e., does the presence of gamma
emitters predict the presence of other radionuclides and trace metals.
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3.0 ROACH

The approach to the study was to choose locations and sampiing methods
that would help characterize external dose rates and radionuclide and trace
metal distributions.

3.1 LOCATIONS

The areas of the Hanford Reach surveyed are best described as islands,
flood plains, sloughs, low-lying peninsulas, and exposed river shoreiine. The
Hanford Reach has an occcasional sandy beach, but in general the terrain along
the Reach is dominated by embedded layers of rocks.

The area chosen for background sampling was the southern shoreline
ranging from the Priest Rapids Dam tc the Vernita Bridge. This area was
chosen for background sampling because it is upstream of the Hanford Site, not
impacted by Hanford operations, and geographically and geologically similar to
the survey areas to be investigated. A total of 21 soil samples were taken
from three locations {Tracks 1, 2, and 3, Figure 3.1) to form three composite
samples for analysis and comparison to downstream samples (see sampling
methods below). A total of 51 exposure rate measurements (each measurement
was the visually averaged exposure rate along a 100-m track, see sampling
methods below) from eight background locations were averaged to provide an
exposure rate background value for comparison to downstream values.

The 53 survey lTocations, downstream of the Vernita Bridge, (Tracks 4
through 56) are shown in Figures 3.2 through 3.7. The locations range
geographically from the northern stretch of the Hanford Reach (near the 100-D
Reactor) to the southwestern stretch near the city of Richland water intake
{commonly known as the Richland Pumphouse)}. The locations sampled were chosen
by examining historical survey information (Sula 1980), the 1988 aerial
radioTogical monitoring system report (EG&G 1990), public use/access
information, and evaluations of Columbia River flow characteristics and
sedimentation zones. Areas with known radiation exposure levels greater than
background Tevels were given sampling priority (EG&G 1990}, although other
areas were also sampled,
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3.1. Survey Track Locations 1 Through 3
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FIGURE 3.2. Survey Track Locations 4 Through

3.5




FIGURE 3.3. Survey Track Locations 13 Through 31
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FIGURE 3.4. Survey Track Locations 32 Through 37
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FIGURE 3.5. Survey Track Locations 38 Through 44
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FIGURE 3.6. Survey Track Locations 45 Through 51
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FIGURE 3.7. Survey Track Locations 52 Through 56
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3.2 SAMPLING METHODS

Sampling methods for external gamma surveys, discrete particle surveys,
and soil sampling are discussed below. '

3.2.1 Ekterna1 Gamma Surveys _
y.

External gamma measurements were made using Mgdel 125, portable Ludlum
#R meters with audio output. The instruments were calibrated with a '¥Cs
source at the mR level and pulse-calibrated at the uR level. Daily battery
checks and background measurements were made to ensure each instrument’s
‘reliability.

The survey tracks as shown in Figures 3.2 through 3.7 consisted of two
survey lines 20 m apart and typically extending approximately 1000 m. Each
Tine was surveyed with a uR meter, at a height of approximately 1 m, by~
walking aleng the Tine and observing exposure rates. :The instrument readings
along the Tines were visually averaged (based on the technician’s Jjudgement )
over 100 m and recorded. The uR meter readings from both survey lines were
mathematically averaged to ensure that bias from a single instrument would not,
greatly affect the data.

In some instances a Bicron urem meter was used to provide data for
comparison to the uR meter. The urem meter was used to provide a measure of
dose and is a more portable equivalent of the pressurized jonization chamber
(PIC), as will be shown later.

3.2.2 Discrete Particle Surveys

Discrete radiocactive particle surveys were conducted every 100 m along
the track. The particle surveys began at a point midway between the two
survey lines and covered the area circumscribed by a circle of 10 m radius
from the center point. The surveys were conducted with the uR meters at a
height of approximately 0.25 m.

3.2.3 Soil Sampling

Soil samples were also taken at 100-m intervals at a point between the
survey lines (at the same location as the particle surveys). The area sampled
was defined as a circular area with a 10-m radius. The soil samples ware
taken with 2 device called a "cookie cutter.” The cookie cutter takes a
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sample 10 cm in diameter and 2.5 cm in depth At many locations, soil samples
were taken with a shovel; this was due to the layered beds of rocks that
dominate the Columbia River area. Smaller areas (i.e., short stretches of
shoreline) that displayed a potential for soi] contamination based on the
aerial survey results were samp]ed/surveyed on a 50/9 basis.

-~

3.3 SOIL_SAMPLF PREPARATION AND COMPOSITING

The soil was placed in a plastic bag and taken from the field for
refrigeratinn The soil taken at each interval along a track was sieved with
a 2.36-mm screen. Approximately 250 g from each sieved sample were composited
to form an aliquot for that particular track. The a]iqdut from each track was
thoroughly mixed, subsampled, and sent for analysis. Figure 3.8 illustrates
the Togic of the sample compositing. Table 3.1 lists the analyses perfarmed
on each sampie and the methods involved. Radionuclide and trace metal
analyses in soil are reported as pCi and #g/q dry weight, respectively. The
analysis results are given in Appendixes B and C.
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Soil Sampled
from Track X

100 meters

| ' Samples from Track X Aliquot was Split
Track X ':vere Sieved / and Analyzed for Rad and
and Mixed to Form - Non Rad Constituents
Track X Aliquot :
Radioactive
Analysis
_-+ _—>
Trace Metal
Analysis
$RA05055.2

FIGURE 3.8. Soil Compositing Logic
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TABLE 3.1.

Analyses

Radioactive

Gamma analysis

gy

. Isotopic uranium
Isotepic plutonium

Chemical

Trace metals
'Mercury

Lead

(@) From EPA (1982).

Analyses and Methods

Methods of Analysis

Gamma Sp8ctf08c0p%/,
Chemical separatfbn/gas flow
proportional counter

Chemical separation/alpha spectroscopy

Chemical separation/alpha spectroscopy

EPA Method 6010{*)/Inductively Coupled
Plasma Atomic Emission Spectroscopy

EPA Method 7471%%)/Manual cold Vapor
Technique

EPA Method 7421(%)/Atomic Absorption
Furnace Technique
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4.0 RESULTS AND DISCUSSION

Results for the exposure rate survey, discrete radioactive particle
analysis, the 100-N Area survey, and soil concentration survey are presented
in the following subsections. .

s

-~

4.1 EXPOSURE RATE SURVEY

Results for the exposure rate survey were compared with the 1988 aerial
survey results, and background and historical data.

4.1.1 Comparison With 1988 Aerial Survey

The largest determining factor in choosing the survey areas in this
study was the exposure measurements taken by EG&G during July/August of. 1988,
EG&G used an elaborate Nal detection system attached to a helicopter to
conduct an aerial radiological survey of the Hanford area. The Nal detection
system was calibrated to suppress natural background and therefore only
detected sources of anthropogenic, gamma-emitting radioactivity. The aerial
data were presented as isopleths overlaid onto a map of the Hanford Site. The
data provided the information needed to select tracks for subsampling areas
with elevated exposure rates.

Figure 4.1 shows the categories EGAG used to differentiate between
relative levels of exposure rates. ATl the tracks in the current study were
in areas classified by EG&G as either category A or B. Category A, 0 to
700 cps, designates areas with no detectable amounts of anthropogenic radio-
activity, Of the 53 tracks in the current survey, 20 are located in the areas
identified by EG&G as having relative exposure rates falling in the A cate-
gory. The average exposure rates of the 20 Category A tracks ranged from
8 to 14 uR/hr in the current survey. ' |

Twenty-three tracks are located in category B areas (700 to 2200 cps).
The exposure rates of these tracks ranged from 11 to 24 uR/hr in the current
survey. The remaining 10 tracks in the current study had average exposure
rates ranging from 11 to 17 uR/hr and were not located within the EGA&G
survey area.
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When interpreting the isopleths presented on the EG&G survey (see
Figure 4.1), it is important to realize that the isopleths do not accurately
delineate areas of contaminated soil, and probably do not accurately represent
the distribution of external exposure rates that would be measured by an
instrument 1 m above the gfound because of ground sgrface scattering and
shielding effects. The isopleths tend to form a "bd11s eye” around the source
of gamma emissions, with higher exposure rates nearest the center of the
"bulls eye" as shown in Figure 4.1. Figure 4.1 {1lustrates the effect a point
source{s), in this case a facility, can have on exposure rates as reported by
an aerial survey, even though areas within the isopleths are not necessarily
contaminated. In general, the aerial survey was an aid in locating areas with
elevated exposure rates but did not stringently define contaminated areas.

4.1.2 Comparison of Exposure Rates With Upstream and Historical Data =

In 1978 and 1979 an extensive radiological survey was conducted of the
shoreline and islands along the Hanford Reach {Sula 1980). Table 4.1 shows
the six Tocations with the highest exposure rate measurements from the current
survey compared with the measurements reported by Sula. Differences in survey
locations and number of instrument readings make direct comparison of the _
exposure rates in Table 4.1 inappropriate but a decreasing trend of exposure
rates is evident. Because Sula also used the Ludlum Model 125 uR meter and
the methods he used were very similar to the methods used in this survey, the
differences in exposure rates shown in Table 4.1 are most probably a result of
the decay of radionuclides rather than data bias from instrument or human
error.

Figure 4.2 shows the individual exposure rate measurements observed from
upstream of the Vernita Bridge to downstream near the Richland Pumphousa. As
expected, areas along the Hanford Reach measure approximately 5 to 15 uR/hr
higher than the background locations. Overall, exposure rate measurements
ranged from 4 to 11 uR/hr at the background locations, to 8 to 28 uR/hr along
the Hanford Reach. The tracks with the highest exposure rate measurements
were the White Bluffs Slough (tracks 22 and 23), 28 and 20 pR/hr; Hanford
Peninsula (Track 33}, 20 uR/hr; and the Hanford Townsite shoreline (Track 37),
18 uR/hr. Appendix A lists the exposure rates as measured at each location.
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TABLE 4.1. Comparison of Exposure Rates

1978/1979
Maximum, uR/hr  Current Survey Location in
{from Suia 1980) Maximum, pR/br  Current Survey

White Bluffs Slough 32 }8 Tracks 20, 21,
' . 22, and 23

Hanford Peninsula 30 20 Tracks 32, 33,
and 34

Hanford Townsite shoreline 24 18 Track 37

Hanford Townsite slough 19 18 Track 35

Savage Island 28 18 Tracks 38

Wooded Island 18 - 18 Tracks 49, and
50

-

Figure 4.3 displays the median exposure rates at each track bounded by
95% confidence limits. The exposure rates were found to be Tog-normally dis-
tributed as shown in Figure 4.4, so the data were log-transformed. Because
the data were log-normally distributed, the median was selected as the measure
of central tendency rather than using the arithmetic mean. The med1an was
determ1ned by calculating the mean of the Tog-transformed values. The
confidence Timits were determined by tog-transforming the data and determining
the confidence 1imits as described by Havilcek and Crane (1988), i.e.,
(L = mean * t*(SEM).

The exposure read1ngs taken at the background 1ocat10ns (51 measure-
ments) were pooled and a median calculated. Each downstream median was
calculated using approximately 10 measurements (see Appendix A). A1l the
downstream tracks had median exposure rates greater than the upper 95%
confidence limit of the median background value. The White Bluffs STough area
had the highest median exposure rates (Tracks 22 and 23) at 20 and 18.5 uR/hr,
respectively.

4.1.3 Instrument Correlations

For the past 15 years, the Surface Environmenta) Surveillance Project
has relied upon the Model 128, portable Ludlum uR meter for environmental
exposure measurements. The Ludlum 4R meter was chosen for the current survey
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FIGURE 4.4. Log-Normal Distribution of Exposure Rate Measurements

so that data could be compared to historical results. Note that in Sula
(1980) the Ludlum uR measurements were corrected (standardized) to the Reuter
Stokes Pressurized Ionization Chamber (PIC). The exposure rates discussed
above are all based on the Ludlum uR meter (i.e., Sula’s results were back-
corrected for comparison to the uR values in the current study}. Sula
standardized his Ludlum R measurements to the PIC based on his reporting of a
significant correlation between the Lud]um and the PIC. In the current study,
a correiation between the Ludlum uR meter and the PIC was not found and
therefore direct comparisons between uncorrected LudTum uR measurements were
made. Note also that the finding of no correlation between the Ludlum uR

meter and the PIC was demonstrated in an indirect but appropriate manner which
is described below.

Theoretically, values of exposures in roentgens (uR) can be considered
essentially numerically equal to absorbed doses in rads or dose equivalents in
rem. Therefore, an instrument measuring exposure (uR) should provide similar
measurements as an instrument measuring dose (wrem). Through comparison of
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instrument measurements it was found that the Ludlum uR meter did not provide
similar readings to the Bicron urem meter.

During this survey simultaneous data were not taken with the uR meter
and the PIC. Simultaneous data were collected with the uR meter and the
Bicron prem meter. Simultaneous data were also collécted with the Bicron urem
meter and the PIC. In short, the Bicron urem meteF was found to be correlated
with the PIC. But the Bicron grem meter was not found to be correlated to the
Ludtum 4R meter. These correlations are not surprising given the knowledge of
the energy response curves for each instrument.

The Ludlum uR meter contains a Nal scintillator that is very sensitive
to changes in exposure rates; however, because it over-responds to lTow-energy
photons, it is a poor quantifier of the true exposure rate. The Bicron urem
meter is a portable hand-held instrument and has an energy response curve very
similar (i.e., flat) to the PIC over the ranges of 0.1 to 1 Mev. The Bicron
prem meter uses a plastic scintillation detector that has a very flat energy
response to low-energy photons. The flat energy response curve of the Bicron
{and PIC) allows for a more accurate estimate of the true exposure rates,
especially when a wide range of energy levels are being measured. The PIC
is an 8-L fonization chamber and is the ‘industry standard ' for measuring
environmental dose rates.

Figure 4.5 shows the relationship between the uR measurements and the
prem measurements. -As expected, the scatter of the data points indicates a
very poor correlation (r = 0.44). The Tack of correlation shown is expected
because of the over-response of the Ludlum uR meter to the wide range of low-
energy photons from natural radioactive decay chains that are present in the
environment  (i.e. thorium, neptunium, uranium, and actinium).

Figure 4.6 shows a very strong correlation (r = 0.95) between the PIC
measurements and the Bicron grem measurements made along the Columbia River
adjacent to the 100-N Area (discussed later). The strong correlation between
the urem meter and the PIC indicates that the Bicron urem meter is a good
estimator of the true exposure rate/dose rate.

These results indicate that the uR meter should only be used as a
detector not as an estimator of the true exposure/dose rates. When possible,
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the PIC should be used as an estimator of the true exposure/dose rates, but

because the PIC and associated electronics weigh about 70 1b, use of the PIC
is not always practical. The Bicron uyrem meter can be used.in place of the

PIC (because the energy response curves are very similar) when many exposure
readings need to be taken over large areas. p

e

4.2 DISCRETE RADIOACTIVE PARTICLE S

In the 1978/1979 survey, Sula reported finding 188 particles of discrete
contamination along the Hanford Reach: Sula removed and analyzed seven
particles from 100-D Island. The particles were barely visible to the naked
eye (diameter approximately 0.1 mm) and contained %°Co at activities ranging
from 1.7 to 23 uCi.

-

The terrain on 100-D Island is very rocky, with no significant
vegetation in most areas. During the current survey, a total of 11 particles
were detected on the island (Tracks 4 and 5). One particle was remaved from
the island for analysis. The particle was located approximately 10 cm beneath
the ground and measured 400 uR/hr at the ground surface. The particle was
isolated to a few grains of sandy material and was identified as ®®Co with an
activity of 1.7 uCi + 0.8%. The exposure rates at the ground surface of the
10 other particles, which were not disturbed, ranged from 60 to 300 uR/hr.
Since the conclusion of this survey, Westinghouse Hanford Company, the Site
operations contractor, has began 100% survey coverage of 100-D Island. To
date, with approximately half of the island surveyed, 106 discrete radioactive
particles have been removed.

One other discrete particle was found at the White Bluffs Slough (Track
20) during the current survey. The particie was about 10 cm beneath the
ground. The particle was found to contain 16 + 4.5% uCi of %°Co (1360 uR/hr
at the ground surface). Sula reported finding two discrete particles in the
White Bluffs Slough area in the 1978/1979 survey.

Various exposure scenarios were hypothesized to assess potential human
radiological doses from the two particles found and quantitated. These
scenarios included:
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1. inhalation of particles of a size that would deposit in the nose, naso-
and oropharynx regions, and bronchial regions of the respiratory system

2. ingestion by swallowing

3. various medes of external skin exposure {direct contact, exposure
through cloth such as in a pocket, and exposure through a sieeping bag).
These assessments were made using LUDEP (Birchall et al. 1991), MIRDOSE
(Watson et al. 1984), and VARSKIN 2 (Durham 1 92) computer models,
respectively.

The dose-limiting exposure scenario was determined to be a particle that
is inhaled and deposited in the front part of the nose, where the residence
times -may be as long as 48 hours. No regulatory guidance exists for this mode
of public exposure to discrete radioactive particies. The only available and
applicable health context found was for occupational exposures. For
occupational exposures, the Timit is 75 uCi-hr, or 1 E+10 beta particles
_emitted to a skin surface from the surface of the particle (NCRP 1989),
Because the exposure limit is based on deterministic (not cancer-inducing)
damage, and because doses at or below the 1imit will not produce skin damage,
it is reasonable to use the same }imit for public protection.

For a 48-hr residence time, the maximum dose to the nose was calculated
by the VARSKIN 2 code to be 2000 rad (41 rad/hr x 48 hr) for the 16-uCi
particle and 360 rad for the 1.7-uCi particle. If the limit for public
exposure to discrete radicactive particles was the same as the limit for
occupational exposure (i.e., 75 uCi-hr), the Timit would be exceeded by about
a factor of 10 for the 16-pCi particle. The exposure from the 1.7-uCf
particle in the nose would be very close to the NCRP limit (when credit is
taken for self-absorption as permitted in NCRP 1989). The smallest particle
that could approach the exposure 1imit is about 1.6-uCi, if self-absorption of
the source is ignored.

For the external skin exposure scenarios it was found that the 75-uCi-hr
expasure 1imit for the 16-uCi particle could be reached in time periods that
are plausible for these exposure scenarios. Specifically, the limit was
reached in about 5, 30, and 44 hr for the skin contact, through the pocket,
and through a sleeping bag exposure scenarios, respectively.
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The maximum effective dose equivalent (EDE) for a particle exposure
scenario was 60 mrem if a 16 uCi particle were ingested. The calculated EDE
does not exceed the annual 1imit for exposure tc the general public
(100 mrem), and therefore the probability of cancer induction is not a concern
~with these discrete radiocacitve particles. _

The doses calculated above assume that a partféqe comes into contact
with a person. A number of factors qualitatively indicate that this is
extremely unlikely. One mitigating factor js the fact that the area where 5
particles were found is not currently open for public access. Also, the two
particies collected were well below the surface; therefore, they were not
available for inhalation or contact and the beta radiation leading to external
dose would have been totally attenuated. In addition, the occurrence of -
particles, except on 100-D Island, was very low: only one particle was _
detected in over 120,000 m® of area surveyed. Another factor is a suggestion
in the results shown in Appendix E of Sula {1980) that the particles found
then were larger and more asymmetrical {less inhalable) than-assumed in these
calculations (the current study did not determined the size or shape of the
two particles collected). Finally the 75-uCi-hr limit is at a level where no
effect is observed. Higher levels would be required to cause any observable
affect (e.g., a small discoloration of the skin), and much higher leveis to
cause a small break in the skin. :

While these mitigating factors make it extremely unlikely that a member
of the public would come in contact with such particles, there is a small
probability that similar particles exist at other publicly accessible
locations along the river. To fully understand the 1ikelihood of discrete
radioactive particle exposure, a detailed radiation survey of the accessible
areas along the Columbia River should be conducted. One method of making such !
a determination is to perform a thorough contamination survey of the publicly
accessible shorelines of the Columbia River. An appropriate instrument and
scan speed that would allow detection of particles that have an activity of 1
pCi or more could be used. Particles with activities less than 1 uCi should
not, in all probability, pose a health hazard and would not result in exposure
of the public in excess of limits. Some further refinement of the dose
assessment could also be conducted by characterizing the particle sizes and
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activities, frequency of occurrence along the river, and the settings in which
they are found (buried or exposed on the surface),

4.3 100-N AREA SURVEY

In recent history, the highest exposure rates from Hanford operations
observed at a location near where the public has access have been on the river
at the 100-N Area shoreline (Woodruff et al. 1993). Thermoluminescent dosi-
meter (TLD) measurements have been made at this location since 1990, In 1992,
the maximum annual average dose rate measured by TLDs on the shoreline was
324 mrem (or about 40 urem/hr). The DOE public dase standard is 100 mrem/yr
for routine exposures and 500 mrem/yr under special circumstances. The shore-
Tine is not accessible to the public, but the adjacent river is open to the
public for recreational uses. The source of the elevated exposures is sky
shine from liquid waste disposal trenches and other facilities located above
the river and back from the bIuff line in the 100- N Area, As such, questions
exist about the expected decrease in exposure rates with distance from the
shoreline, Measurements were made by boat on the adjacent Columbia River to
describe exposure rates over the publicly accessible water body.

Figure 4.7 shows four tracks running from the powerlines upstream of the
100-N Area to a distance of about 1500 m downstream. The distance between
measurement points along a track was approximately 50 m. The exposure rates
shown in Figure 4.7 were measured with a PIC {uR/h), a]though measurements.
were also taken with the Bircon grem meter for comparison. Track A was
located approximately 75 m from the Hanford shoreline, and Track C was located
approximately 756 m from the opposite shoreline. Track B was located midway
between Tracks A and C. Track D was on the shoreline opposite the 100-N Area.

Because there is essentially no terrestrial component to the radiation
field on the river, the exposure rates on the river will be lower than the
exposure rates measured on land. This is assuming there is no external source
of exposure such as radiation from the 100-N Area. The minimum rate shown in
Figure 4.7 is 4.1 pR/hr. Exposure measurements taken at other river locations
(away from the 100-N Area) indicated rates of 3.5 to 4.0 uR/hr in the center
of the river, and 4.0 to 4.5 along (within 15.25 m) the shoreline. So one can
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attribute approxfmate]y 3.5 to 4 uR/hr of the measurements on Track B and 4.0
to 4.5 pR/hr on Tracks A and C to natural background.

The exposure rates along Track C are primarily attributable to the
cosmic component with some contribution from the 100-N Area. Because of the
100-N Area source, the exposure rates along Track B are sTightly higher than
those along Track C. This increase in exposure rates from the 100-N Area
source is more evident along Track A.

‘Because the 100-N Area shoreline is off limits to the public, the
exposure rates shown along Track A are typical of exposure rates a fisher
would encounter. The highest exposure rate measured was 20.1 uR/hr,  This
measurement appears adjacent to the Washington Public Power Supply System
turbine generator building. Another increase occurs farther downstream
adjacent to the N Reactor building, and there is an apparent final incrdase in
the area of the 1301-N Liquid Waste Disposal Facility. The maximum
measurement of 20.1 uR/hr minus an estimated natural background of 4 uR/hr
extrapolates to an annual dose contribution of approximately 45 mrem, assuming
one fishes for 8 hr/d every day of the year at that location,

The exposure rates on the shoreline opposite the 100-N Area (Track D)
have both terrestrial and cosmic contributions, and potentially a contribution
from the 100-N Area. Background measurements ranged from 4 to 11 uR/hr and
averaged 9.7. Two locations along Track D exceeded this range somewhat, as
shown in Figure 4.7. These areas were not investigated.

4.4 SOIL CONCENTRATION SURVEY

Soil concentrations were analyzed for radionuclides and trace metals.

4.4.1 Radionuclides

Of the 56 tracks in the current survey, 23 are located in the areas
identified by EG&G as having exposure rates greater than background. Each of
the 23 areas were found to have soil concentrations of %Co and *’tu greater
than the upstream background concentrations. Elevated concentrations of s
are evident in 13 of the 23 survey locations, 'ty in 9, %Na in 7, and %zn
in 4. Elevated concentrations of %Sy are evident in 2 of the 23 Category B
tracks, 2% in 2, #® in 2, and 2%2% ip 3.
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Figures 4.8 through 4.13 show the concentrations of the elevated gamma
emitters in soils along the Hanford Reach, beginning with the background
locations (1, 2, and 3) and ending with the island directly downstream of the
Richland Pumphouse (Tratk 56). Figures 4.14 through 4.18 show the concentra-
tion of’gﬂsf,.uranium, and plutonium in soils. Figupes B.1 through B.10 of
Appendix B show similar figures for the other radicnuciides that did not show
apparent elevations in concentrations.

The concentrations shown in Figures 4.8 through 4.18 are the concentra-
tions of the soil composites taken from each track. The concentration values
are bounded by the 2 sigma error, which combines the counting error and the
propagated analytical error, and defines the 95% confidence intervals.

Certain tracks are of particular interest because they showed elevated
concentrations for more than one radionuclide. Track 4, located on 100-D
Island, had soil concentrations of %Na, %°Co, '¥Cs, 52w, and !5*Eu that were
higher than those at the background tracks and most of the survey locations
along the Hanford Reach. The higher concentrations in the soils on 100-D
Island can be attributed to the underground piping system that runs from the
100-D Reactor to 100-D istand. The piping was used to release coocling water
from the 100-D Reactor back into the Columbia Rijver.

Track 37, along the Hanford Townsite shoreline, has elevated soil
concentrations of *’Na, ®Co, '¥Cs, '*Eu, and '®Eu. The survey area along the
Hanford Townsite shoreline had thick matted layers of vegetation. Therefore,
it 1s hypothesized that when the radioactive contamination was deposited the
vegetation trapped the contamination and did not allow it to reenter the
Columbia River by natural erosion processes.

Tracks 22 and 23, along the White Bluffs Slough area, have elevated .
concentrations of ®Co, '¥Cs, and Ptu. The White Bluffs Slough is located
south of the 100-H Reactor. The slough is normally above water but during
_high water the Columbia River will fiow between the 100-H floodplain and the
Hanford shoreline, thus forming the marshy slough area. Because the 100-H
Reactor outfall is located directly upstream of the slough, it is hypothesized
that during high water periods the effluent stream from the reactor entered
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the slough. The nonsoluble contaminants then settled out and became affixed
to the soils before the next high water period.

Tracks 12, 27, 48, and 52 show elevated concentrations of °Sr in soils.
Tracks 10 through 17, 23, 40, 44 through 46, and-49 show elevations in %
and 2*®U concentrations, and Tracks 10 and 11 indicate elevated levels of
%0, Tracks 4, 7, 21, 22, and 56 have elevated concentrations of 23%-240py.
Strontium-90 is likely the result of known discharges from the N Springs,

The presence of elevated uranium may be due to reactor fuel rod failures;

this is especially suggested in tracks 11 to 13, which are not only elevated
in % and P’ concentrations, but also in those for 2%, Results for tracks
farther downstream that are elevated in % and 2%y concentrations, relative
to the upstream background location concentrations, are difficult to interpret

because of naturally elevated uranium in Franklin County soils adjacent to
the rivar.

Table 4.2 shows the upstream background maximum, downstream maximum, and
regional background maximum (nonshoreline) soil concentrations. The regional
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TABLE 4.2. Comparison of Maximum Shoreline and Background
Regional Seil Concentratiens, pCi/g

Shoreline Soils Regional Soils
Radio- - Distant
nuclide Upstream Downstream y Locations(®
22Nq 0.01 0.13 7 NR(®)
80co 0.02 0.91 0.01
Ngye 0.03 0.11 0.05
e 0.62 5.97 - 0.45
152k 0.14 2.41 NR
13y 0.03 0.23 -0.01
234y 1.25 2.19 NR
235y | 0.05 0.10 -0.04 -
23y 1.18 2.03 0.84
238py, 3.24E-04 1.15€-03 6.51E-04
239.240p, 9.82E-03 2.11E-02 7.76E-03

(a) Maximum value recorded in 1992 for either Jocation
(Yakima or Sunnyside).
(b) NR = not reported.

s0il was collected from Yakima and Sunnyside (communities upwind from Hanford)
in 1992. Sodium-22, "*°Eu, and *'U were not reported (which implies they were
not detécted) for the distant locations. Distant locations show similar con-
centrations of EsZn, 9°Sr, and 3Py when compared to the upstream locations.
The concentrations for the reported radionuclides in the downstream soils are
higher than the upstream and the distant concentrations for each radionuclide
except %zn. :

4.4.1.1 External Dose Estimates From Gamma Emitters

Table 4.3 shows the external dose contribution from the maximum measured
concentrations of the significant gamma emitters found in the s0ils along the
Hanford Reach. The calculations assume an infinite plane of plane of soil
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TABLE 4.3. External Dose Rates from Radionuclides in Soils

Maximum
Concentration, .
Radionuclide pCi/g Dose, mrem/y
22Na 0.15 . 0.5
%o | 0.9 S 3.0
7n 0.008 : 0.007
Bies 6 5.3
132gy 2.5 4.2
4y 0.25 0.5

1 cm in depth containing the concentrations shown. If any one location along
Hanford Reach had all of the soil concentrations shown in Table 4.3, the
yearly dose (not including normal background) contribution from continuous
occupancy would be approximately 14 mrem/yr. The pub1ic dose standard 1is

100 mrem/yr.

4.4.2 Trace Metals

Chemicals containing several trace metals were known to have been used
and discharged in past reactor and chemical processing operations, or have
been identified as “contaminants of concern” as part of site restoration
studies because it is suspected that they were used and disposed of in the
environment. Figures 4.19 through 4.25 show the concentrations in the soil
composites taken from each track for those trace metals analyzed that have
been identified as “contaminants of concern” (barium, beryllium, cadmium,
chromium, and lead) potentially entering the river or for which results were
higher than at the upstream background locations (cobalt and manganese).
Mercury has also been identified as a “contaminant of concern” and was
an&]yzed for, but was not detected (<0.4 mg/kg) in any sample. {The data for
all results and supplemental figures appear in Appendix €.} The concentration
values are bounded by the estimated 2 sigma analytical error (i.e., the 95%
confidence intervals). The analytical error for each type of trace metal
analysis was calculated by analyzing multiple spiked samples and determining a
coefficient of variation (standard deviation/mean) for each analysis type.
Each analytical result was then multiplied by 2 times the coefficient of
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variation of the appropriate analysis type tb provide an estimate of the
2 sigma error about each analytical result.

Overall the trace metal results are very consistent and compare well
with those from the upstream background locations. The only significantly
elevated results were for barium on Tracks 35 and 36 (the Hanford Townsite
Slough shoreline and the opposite shore, respectively), chromium concen-
trations along Track 27 (the 100-F Reactor floodplain area, see Figure 3.3),
cobalt on Tracks 24 and 46, and manganese on Tracks 4 and 46. Most notable
among these results is elevated chromium (88 mg/kg). Historically, elevated
concentrations of chromium along the Hanford Reach have been attributed to the
use of sodium dichromate, which was added to reactor cooling water to prevent
corrosion. Tracks 25, 26, and 28 through 31 are alsoc located at the 100-F
floodplain area but show no chromium concentrations above the norm. Elevated
chromium concentrations have previously been reported in N Springs area and
associated sediments, the highest sediment concentration reported being 122
mg/kg (DOE/RL 1992). '
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Table 4.4 compares the concentrations of trace metals in Hanford Reach
shoreline soils to Washington State marine sediment standards (WAC-173-204)
established for the Puget Sound area and the concentrations established in the
~ Hanford background soils study (Hoover 1993). Figure 4.26 shows that the
maximum concentrations of trace metals in soils along the Hanford Reach are
very similar to the maximum results reported in thefﬁanford Site background.
Also, the concentrations of trace metals along the Hanford Reach fall well
below the marine sediment standards established by Washington State (see
Table 4.4). Standards for fresh water sediments have not yet been
promulgated.

The major factor in choosing survey and soil sampling locations for this
study was the EGLG exposure measurements, which identified areas with elevated
levels of gamma-emitting radioactivity. This strategy assumes nongamma-~
emitting radionuclides and trace metals are deposited in the same Jocations as
the gamma emitters. One of the objectives of this study was to test this
assumption by examining the correlation between the concentrations of gamma-
emitting radionuclides and nongamma-emitters and trace metals.

Because the analytes deposited along the Hanford Reach came from the
same source streams, there should be some degree of correlation between
analyte concentfations. Appendix D shows the Pearson correlation coefficient
(r) of paired (by location) sets of analytes for this survey. Good positive
correlations {0.43< r < 0.96) exist between the major gamma emitters (i.e.,
®Na, ca, Ycs, %y, and S%Eu). Good positive correlations (0.52 < r
< 0.68) exist between %%y and 22Na, ®Co, ¥cs, Y2Ey. and SEu. A good
correlation between 2*°Py and gamma-emitter concentrations indicates that the
presence of elevated concentrations of gamma emitters predicts the presence of
239y Uranium, on the other hand, exhibits low correlations with the gamma
emitters.

As shown in Appendix D, the trace metal concentrations show minimal
correlation with radicactive antalytes. Because the trace metal concentra-
tions shown in Figures 4.19 through 4.25 and C.1 through €.9 are generally at
background levels, one would not expect a correlation between trace metal and
radicactive concentrations.
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Barium
BerrylTlium
Cadmium
Calcium
Chromium
Cobalt
Copper
Iron

Lead
Magnestum
Manganese
Mercury
Nickel
Potassium
Silver
Sodium
Vanadium
Zinc

TABLE 4.4. Trace Metals Comparisons, mg/kg
Hanford Background ' Washington
Soils Hanford Reach Soils State
: Sediment
Maximum Mean Maximum Mean Standards
221 94.5 120 77
2.1 1.1 1.1 0.5
0.66 0.7 2 1.5 6.7
86,600 11,312 9,000 5,407
33.2 11.3 88 23 270
17.4 12 10 7
36.1 15.8 40 26 390
35,100 24,585 29,000 21,285 -
26.6 6.2 73 34 530
10,500 5,251 7,600 4,739
704 384 160 278
3.8 0.3 <4ta) <4 0.59
28.4 13.2 20 - 15.8
3,780 1,415 1,900 1,245
14.6 1.5 <2t <2t
6,080 480.4 920 457
105 58.3 17 b3
119 52.6 300 212 960

(a) Less than the applicable detection limit.

4.29



Concentration {(mg/kg)

1000000
100000
10000
1000
100

10

0.1

B Hanford Background Maximum
B n . A Hanford Reach Maximum
— A | S
/ - u
- A
. A
| _ A
A . A y =
n
= 4
[ |
. ‘ .
| A "
- A
]
| 1 | | | ] | { i | ] { | | | . | J
= 5 £ B © - 5
£ 555 5% B ERE 55 3EoEsEog
E T § 8 5 8 g 4§ 5 8§ 2 § & % %
& & o k ' 5 2 = g “ &
Qo g g o >
Trace Metals
59306049.40

FIGURE 4.26. Comparison of Maximum Trace Metal Concentraticns Between Soils
Along the Hanford Reach and Soils from Background Areas Across

the Hanford Site

4.30

e -

e mm -



5.0 REFERENCES

Becker, C. D. 1990. "Aquatic Bioenvironmental Studies: The Hanford
Experience 1944-84." Studies in Environmental Science 39, Elsevier,
Amsterdam.

Birchall, A., M. R. Bailey, and A. C. James. 1991.” "LUDEP: A Lung Dose
Evaluation Program." Radiation Protection Dosimetry 38:167-174.

DOE/RL (U.S. Department of Energy, Richland Operations Office). 1992.
Sampling_and Analysis of 100 Areas Springs. DOE/RL-92-12, U.S. Department of
Energy, Richland Operations Office, Richland, Washington.

Durham, J. S. 1992, VARSKIN Mod 2 and SADDE Mod 2: Computer Codes for
Assessing Skin Dose from Skin Contamination. NUREG/CR-5873, U.S. Nuclear
Regulatory Commission, Washington, D.C,

EGAG (EGAG Energy Measurements, The Remote Sensing Laborateory, Las Veqgas,
Nevada). 1990. An Aerial Radiological Survey of the Hanford Site and
surrounding Area, Richland, Washington. EGG-10617-1062, EG&G Energy
Measurements, The Remote Sensing Laboratory, Las Vegas, Nevada.

EPA (U.S. Environmental Protection Agency). 1982. Test Methods for
Evaluating Solid Waste (SW-846). EPA-600/4-82-055, U.S. Environmental
Protection Agency, Washington, D.C.

Future Site Uses Working GroupQ 1992. The Future for Hanford: Uses and
Cleanup. U.S. Department of Energy, Richland, Washington.

Hahn, G. J., and W. Q. Meeker. 1991. Statistical Intervals, A Guide for
Practitioners. John Wiley and Sons, Inc., New York.

Havilcek, L. L., and R. D. Crane. 1988. Practical Statistics for the
Physical Sciences. American Chemical Society, Washington, D.C.

Hoover, J. D. 1993. Hanford Site Backqround: Part 1, Soil Backqround for
Nonradigactive Analytes. DOE/RL-92-24, U.S. Department of Energy, Office of
Environmental Restoration and Waste Management, Washington, D.C.

NCRP (National Council on Radiation Protection and Measurements). 1989,
Limit for Exposure to Hot Particles on the 5kin. NCRP Report No. 106,
National Council on Radiation Protection and Measurements, Bethesda, Maryland.

Sula, M. J. 1980. Radiologica] Survey af Exposed Shorelines and Islands of
the Columbia River Between Vernita and The Snake River Confluence. PNL-3127,
Pacific Northwest Laboratory, Richland, Washington. :

WAL 173-204. "Sediment Management Standards." Washington State Department of
Ecology. MWashington Administrative Code.

5.1



Watson, E. V., M. G, Stabin, and W. E. Bolch.

1984.

fo SE. 0ak Ridge Associated Universities, Qak
Woodruff, R. K., R. W, Hanf, and R. E. Lundgren. 199

vironmental Re Calendar Ye 1992.
Laboratory,_Rich]and, Washingtan.

5.2

PNL-868

y

-

Documgu;atibn Packaqe

Ridge, Tennessee.

3. Hanford Sijte

2, Pacific Northwest

C e m——



APPENDIX A

EXPOSURE RATE DATA




— e —— —



TABLE A.1. Exposure Rates Listed by Track

Survey Area Track # | Number of | Track Maximum Track Average | Track Madlen! 25D | Particles
- Recorded uR/hr uR/hr uR/hr uR/hr
Maasursments*

Vernita Shorsiline - 51 11.0 7.3 7.0 3.8
Upper 100 D island 4 8 . 10.0 10.0 10.0 0.0 a
Lower 100 D Isiand 5 7 : 11.0 10.1 10.0 0.8 3

D Floadplain & 10 14.0 A1.3 12.0 3.1
D Floodplaln 7 13 14.0 - 10.7 11.0 .3
D Floodplain 8 11 14.0 10.9 11.0 3.3
Island 376 9 13 13.0 11.2 11.0 2.4
White Bluffs Shorsiine 10 8 12.0 9.8 10.0 3.3

Isiand 375 Slough 11 11 13.0 10.9 10.0 2.3

Isiand 375 Shoraline 12 10 11.0 10.2 10.0 1.3
Island 373b 13 7 10.0 8,7 9.0 1.5
island 373a 14 5 10.0 9.2 - 10,0 2.2

Lower Locke Island 15 11 15.0 13.2 13.0 2.8

Mid Locke Isiand 16 8 15.0 12.4 12.0 2.8
Upper Locke Isiand 17 12 14.0 12.2 12.0 2.1

H Arsa Shorslins 18 14 16.0 11.3 11.0 3.4

H Area Shoreline 18 12 12.0 11.4 12.0 Iy 1.8 P
White Bluffs Slough 20 16 18.0 14.6 18.0 4.4 1
Whits Elulfs Slough 21 14 17.0 14.4 14.0 a.n
White Bluifs Slough 22 13 - 28,0 20.8 22.0 11.8
White Blufls Slough 23 12 20.0 18.5 18.0 2.5
East Bank Shoreling 24 10 - 12.0 11.7 12.0 1.3

F Area Shoreline 25 11 11.0 10.6 11.0° 1.0

F Aresa Shorsline 26 11 4.0 12.9 13.0 2.3

F Slough Arsa 27 12 17.0 13.6 13.5 3.4
Istand 367 28 10 . 13.0 12.1 13.0 2.6

F Area Shoraline 29 9 14.0 12.7 12.5 1.7

F Area Shoraline 30 12 14.5 12.8 13.0 2.7

F Area Shoreling A 8 18.0 14.4 14.5 2.4

Hanford Townsite Peninsula 32 14 18.0 15,2 15.5 4.7
Hanford Townslta Penlnsula 33 13 20.0 16.2 16.0 4.3
Hanford Townslts Peninsula 34 10 18.0 15.0 15.0 4.3
Hanford Tawnsile Slough 35 1§ 18.0 13.7 14.0 4.5
East Bank / Public Boat Launch 38 10 12.0 9.6 9.5 2.1
Hanford Townsits Shorsline az 10 18.0 14.2 15.0 7.6
Savage Island Slough 38 8 18.0 16.5 16.5 2.1
Savage Island Shorsline ag 10 16.5 15.2 15.5 1.9
West Bank Shoreline 40 10 14.0 11.7 12.0 3.4
Ringold island 41 10 13.0 11.6 11.8 1.7
Ringold Island 42 10 12.5 11.4 11.5 1.3

Upper island 353 43 10 12.5 11.4 11.5 1.7

Lower Island 353 44 10 14.5 ] 1.5 11.3 3.7
West Bank Shoreline 45 9 14.0 12.2 12.0 1.9
East Bank Shoreline 46 10 12.0 11.2 11.0 1.6

Island 350 47 [ 14.5 11.4 11.0 3.2
island 349 48 9 13.0 13.0 13.0 3.0
Upper Wooded Island 49 10 15.0 14.3 14.8 2.0
Lower Wooded Island 50 10 17.5 15.3 15.5 3.0
West Bank Shareline 51 0 12.0 10.6 10.0 1.9

Lower Capp island 52 11 14.5 13.5 13.5 1.9
Upper Capp Island 53 10 16.0 15.1 15.3 1.4
East Bank Shorsiine 54 10 12.0 11.2 11.0 1.1

Richland Pumphouse Shoreline 55 10 12.0 10.6 10.5 2.3
Wllow Island 56 10 18.0 13.7 14.0 3.9
* A msasurement was recorded over 100 meter Intervals
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TABLE B.1. Gamma-Emitter Data

Track # Constituent Result i Overal! Error
i Be-7 6.26E-02 1.54E-01
2 Be-7 -1.27E-01 1.45E-01
3 Be-7 9.65E-02 1.83E-01
4 Ba-7 3.86E-02 1.71E-01
5 Be-7 3.96E-02 1.60E-01
6 Be-7 6.49E-02 1.82E-01
7 Be-7 1.28E-02 . 2.17E-01
8 Ba-7 -7.10E-02,/ 1.80E-01
g Be-7 -2.10E-¢2 1.40E-01
i0 Be-7 2.52E-02 1.22E-01
11 Be-7 -2.89E-02 1.38E-01
12 Be-7 1.17E-01 1.58E-01
13 Ba-7 4.98E-02 . 1.56&-01
14 Be-7 9,03E-02 1.31E-01
15 Be-7 1.04E-02 1.58E-01
16 Be-7 -2.27E-02 1.55E-01
17 Be-7 7.62E-02 1,56E-01
18 Ba-7 -2.49E-02 1.68E-01
19 Bg-7 -4.24E-02 1.23E-01

20 Be-7 -1.27E-01 1.71E-01
21 - Ba-7 2.24E-01 . 2.00E-01
22 Be-7 1.22E€-01 2.39E-01
23 Be-7 -1.03E-01 2.26E-01
24 Bs-7 1.68E-01 1.68E-01
25 Be-7 2.37E-01 1.75E-01
26 Be-7 8.37E-02 1.35E-01
27 Be-7 3.52E-92 1.34E-01
28 - EBa-7 -5.24E-02 1.67E-01
29 Be-7 1.04E-02 1.27E-01
30 Be-7 4.14E-02 1.68E-01
31 Be-7 -7.12E-02 1,53E-01
32 Be-7 9.92E-02 1.32E-01
33 Be-7 8.77E-02 1.47E-01
34 Be-7 -5.10E-03 1.80E-01
35 Ba-7 -3.69E-02 1.55E-01
36 Be-7 7.26E-02 1.63E-01
37 Be-7 1.58E-01 2.35e-01
g} Be-7 2.56E-01 1.84E-01
39 Be-7 7.78E-02 1.60E-01
40 Be-7 7.43E-02 1.15E-01
41 Be-7 8.39E-02 1.13E-01
42 Be-7 7.44E-02 1.20E-01
43 Ba-7 2.14E-01 1.36E-01
44 Be-7. -7.01E-02 1.48E-01
45 Be-7 6.76E-02 1.39E-01
46 Ba-7 1.22E-01 1.04E-01
47 Be-7 1.09E-01 1.07E-01
48 Be-7 8.92E-02 1.46E-01
49 Be-7 4,29E-02 1.25E-01
50 Be-7 8.36E-02 1.15E-01
51 Ba-7 7.56E-02 2.22E-01
52 : Be-7 4.39E-02 1.23E-01
53 Be-7 7.77E-02 1.07E-01
54 ) Be-7 7.45E-02 1.02E-01
55 Be-7 4.03E-02 1.40E-01
586 Bs-7 -9.22E.02 1.20E-01
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TA 1. (contd)

Track # Con uent Result, pli/q Qverall Error
1 Na-22 -4.05E-03 1.85E-02
2 Na-22 1.16E-02 1.83E-02
3 Na-22 -4.00E-03 1.94E-02
4 Na-22 1.32E-01 3.57E-02
5 Na-22 4.19E-02 1.68E-02
6 Na-22 2.51E-02 2.27€-02
7 Na-22 2.40E-02 243E-02
8 Na-22 4,17E-02 / 1.93E-02
9 Na-22 4.09E-03 ~  1.79E-02
10 Na-22 -1.42E-02 1.72E-02
11 Na-22 -7.57E-03 1.88E-02
12 Na-22 1.55E-02 1.97E-02
13 Na-22 6.04E-03 2.14E-02
14 Na-22 1.85E-02 1.60E-02
15 Na-22 0.04453 0.02138
186 Na-22 -7.58E-03 1.99E-02
17 Na-22 -3.46E-03 2.07E-02
18 Na-22 3.15E-02 1.91E-02
19 Na-22 2.42E-02 1.38E-02
20 Na-22 2.79E-02 2.35E-02
21 Na-22 4.51E-02 1.97E-02
22 Na-22 8.36E-02 ~ 3.87E-02
23 Na-22 4.95E-02 2.55E-02
24 Na-22 -3.54E-03 1.57E-02
25 Na-22 5.05E-02 2.09E-02
26 Na-22 2,95E-02 1.81E-02
27 Na-22 5.63E-02 1.82E-02
28 Na-22 -4.34E-03 2.12E-02
29 Na-22 1.84E-02 1.566E-02
30 Na-22 2.29E-02 2.01E-02
31 Na-22 4.88E-02 2.03E-02
32 Na-22 5.77E-02 1.76E-02
33 Na-22 5.93E-02 2.48E-02
34 Na-22 3.97E-02 - 2.05E-02
35 Na-22 3.93E-02 2.16E-02
38 Na-22 -6.56E-03 2.05E-02
a7 Na-22 9.55E-02 2.48E-02
a8 Na-22 8,43E-03 2.07E-02
39 Na-22 -5.43E-03 1.9SE-02
40 Na-22 -3.69E-03 1.49E-02
41 Na-22 2.14E-02 1.66E-02
42 Na-22 2.96E-02 1.60E-02
43 Na-22 2.41E-02 1.88E-02
44 Na-22 3.54E-02 2.03E-02
45 Na-22 6.64E-03 1.69E-02
46 Na-22 -4 55E-03 1.55E-02
47 Na-22 6.0BE-03  1.40E-02
48 Na-22 3.35E-02 1.93E-02
49 Na.22 2.30E-02 1,40E-02
50 Na-22 1.69E-02 1.72E-02
51 Na-22 6.32E-02 2.43E-02
52 Na-22 8.44E-03 1.72E-02
§3 Na-z22 3.89E-02 1.50E-02
54 Na-22 -1.56E-02 1.88E-02
55 Na-22 1.77E-02 1.95E-02
56 Na-22 3.58E-03 1.73E-02
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[ABLE B.1. {cantd)
Track # - Consztituent Result, plifq Overall Error

1 K-40 1.41E+D1 1.52E+00
2 K-40 1.42E+01 1.53E+00
3 K-40 1.49E+01 1.60E+0Q0
4 K-40 1.50E+Q01 1.61E+00
5 K-40 1.52E+014 1.62E+00
6 K-40 1.67E+01 1.78E+00
7 K-40 1.81E+01 - 1.73E+00
8 K-40 1.48E+01 _“ 1.56E+00
g K-40 1.64E+01 1.72E+00
10 : K-40 1.62E+01 1.71E+00
11 K-40 1.43E+Q1 1.52E+00
12 K-40 1.67E+81 1.78E+G0
13 K-40 1.67E+01 1.77E+00
14 K-40 1.48E+01 1.57E+00
15 K-40 1.84E+01 1.94E+00
16 K-40 1.59E+01 1.69E+00
17 K-40 1.77E+01 1.87E+00
18 K-40 1.41E+01 1.52E+00
19 K-40 1.49E+01 1.59€+00
20 K-40 1.52E+01 1.82E+00
21 K-40 1.53E+01 1.63E+00
22 K-40 1.58E+01 1.72E+00
23 K-40 1.73E+01 1.83E4+0Q0
24 K-40 1.88E+01 1.98E+00
25 K-40 1.71E+01 1.80E+00
28 K-40 1.44E401 1.54E+00
27 K-40 1.51E+01 1.62E+00
28 K-40 1.76E+01 1.86E+00
29 K-40 1.45E+01 1.56E+00
30 K-40 1.65E+01 1.80E+00
31 K-40 1.58E+01 1.72E+00
32 K-40 1.46E+01 1.55E+00
a3 K-40 1.64E+01 1.76E+00
a4 K-40 1.54E+0 1.64E+00
as K-a0 1.58E+01 1.88E+00
36 K-40 1.69E+01 1,78E+00
37 K-40 1.77E+01 1.89E+00
3s K-40 1.71E+01 1.86E+00
39 K-40 1.71E+01 1.85E+00
40 K-40 1.45E+01 1.54E4+00
41 K-40 1.66E+01 1.76E+00
42 K-40 1.53E+01 1,63E+00
43 K-40 . 1.55E+01 1.65E+00
44 K-40 1.74E+01 1.82E+00
45 K-40 1.47E+07 1.56E+00
48 K-40 1.73E+01 1.83E+00
47 K-40 1.54E+01 1.63E+00
48 K-40 1.52E+01 1,.62E+00
48 K-40 1.45E+01 1.54E+00
50 K-40 1.68E+01 1.78E+00
51 K-40 1.88E+01 1,.81E+00
52 K-40 1.54E401 1.63E+00
53 K-40 1.49E+01 1.58E+00
54 K-40 1.83E+01 1,94E+00
55 K-40 1.66E+01 1.76E+00
56 K-4a 1.73E+01 1.84E+00
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Track #
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TABLE B.1. (contd)

stituent

Co-60
Co-80
Ca-60
Co-60
Co-60
Co-60
Co-80
Co-80
Co-80
Co-80
Co-60
Co-6Q
Co-50
Co-80
Co-80
Co-80
Co-80
Ca-60
Co-60
Co-60
Co-80
Co-80
Co-80
Co-80
Co-g0
Co-80
Co-80
Co-60
Co-80
Co-80
Co-80
Co-60
Cao-80
Co-60
Co-60
Ca-80
Co-60
Co-60
Co-60
Co-80
Co-80
Co-60
Co-60Q
Co-50
Co-60
Co-80
Co-80
Co-80
Co-60
Cea-60
Co-60
Co-60
Co-80
Co-80
Co-80
Co-860

B.4

Result, pCi/q

1.75E-02
-1.61E-02
1.90E-02
9.13E-01
3.57E-01
7.67E-02
1.12E-01
1.31E-01
8.75E-02 -
6.27E-04
1.05&-01
1.92E-02
1.64E-01
1.18E-0t
1.31E-02
4.97E-03
3.22E-02
1.78E-01
8.94E-02
1.32E-01
1.98E-01
3.48E-01
2.45E-01
-2.01E-Ca
1.80E-01
4.68E-01
1.47E-01
1.00E-Q1
1.01E-01
1.89E-01
2.006E-01
1.81E-01
1.46E-01
2.67E-01
2.01E-01
7.32E:02
7.96E-01
7.64E-02
8.50E-02
7.19E-03
1.84E-01
2.01E-01
a.70E-01
2.55E-01
S5.43E-G2
2,51E-02
9.75E-Q2
1.59E-01
1.31E-01
1.82E-01
2.58E-01
8.29E-02
2.17E-0
1.42E-02
7.84E-02
1.25E-01

/

Overall Error

1.61E-02
1,48E-02
1.71E-02
1.05E-01
4,77E-02
2.18E-02
2.66E-02

2.58E-02

1.62E-02
1.84E-02
2.15E-02
2.01E-02
3.06E-02
2.30E-02
1.89E-02
1.938-02
1.85E-02
3.10E-02
2.71E-02
2.68E-02
3.28E-02
5.10E-02
3.57E-02
1.84E-02
2.89E-02
8.40E-02
3.39E-02
2.30E-02
2.92€-02
4.18E-02
3.80E-02
2.86E-02
3.12E-02
3.78E-02
3.48E-02
2.01E-02
9.21E-02
3.07E-02
1.84E-02
1.25E-02
3.37E-02
3.36E-02
4.73E-02
3.69E-02
1.84E-02
1.38£-02
2.728-02
2.66E-02
2.68E-02
3.48E-02
4.30E-02
2.22E-02
3.47E-02
1.34E-02
1.98E-02
2.77E-02



TABLE B.1. (contd)

Track # Constituent
1 Zn-85
2 Zn-85
3 Zn-85
4 Zn-65
5 Zn-65
6 Zn-65
7 - Zn-65
8 Zn-65
9 Zn-65
10 Zn-85
11 Zn-85
12 Zn-65
13 Zn-65
14 Zn-65
15 Zn-65
16 Zn-85
17 Zn-65
18 Zn-85
19 Zn-65
20 Zn-65
21 Zn-65
22 Zn-85
23 Zn-85
24 Zn-65
25 Zn-65
28 Zn-65
27 Zn-65
28 Zn-65
29 Zn-65

30 Zn-65
31 Zn-65
32 Zn-65
33 Zn-65
34 Zn-85
35 Zn-85
38 Zn-65
az Zn-g5
38 Zn-65
39 Zn-B5
4Q Zn-85
41 Zn-65
42 Zn-65
43 Zn-65
44 Zn-65
45 Zn-65
46 Zn-85
47 Zn-85
48 Zn-65
49 Zn-65
5Q Zn-65
51 Zn-65
52 Zn-65
53 Zn-85
- 54 Zn-g5
55 Zn-85
56 Zn-85

B.5

Result, pCi/q

-1.44E-01
-1.14E-01
-2.79E-01
-3.20E-01
-2.94E-01
-3.72E-01
-4.34E-01
-4.38E-01
-2.08E-01
-1.14E-01
-2.94E-01
-3.29E-01
-3.32E-01
-1.83E-01
-5.83E-01
-3.10E-01
-4.46E-01
-2.00E-01
-1.84E-02
-2.34E-01
-3.7BE-0%
-3.47E-01
-3.73E-01
-3.05E-01
-3.51E-01
-1.26E-01
-1.84€-01
-3.31E-01
-7.05E-02
-1.89E-01
-2.57E-01
-4.31E-01
-2.15E-01
-4,95E-01
-4.23E-01
-3.46E-01
-5.18E-01
-5.47E-02
-5.90E-02
-3.22E-02
-9.34E-02
-1.19€-01
-2.7BE-01
-3.84E-01
-1,50E-01
-5.24E-02
7.50€-03
-3.42E-01
-9.94E-02
-1.60E-01
-3.46E-01
-2.27E-01
-1.69E-01
-1.92E-02
-3.41E-01
-5.52E-02

s

Overall Errar

4.62E-02
4,.39E-02
5.95E-02
8.50E-02
8.28E-02
7.21E-02
8.61E-02
7.35E-02
5.12E-02
3.98E-02
S.60E-02
€.39E-02
7.27E-02
4.95E-02
8.96E-02
6.24E-02
7.79E-02
6.14E-02
3.20E-02
6.00E-02
7.32€-02
B.77E-02
8.00E-02
‘B.B1E-02
7.00E-02
4.36E-02
4.42E.02
'6.86E-02
3.71E-a2
5.25E-02
5.77E-Q2
€.89E-02
B.34E-02
7.77E-02
7.56E-02
7.07E-02
1.07E-01
4,51E-02
4.21E-02
2.7E-02
3.90E-02
3.86E-02
5.55E-02
7.38E-02
4,50E-02
3.31E-02
2.89E-02
6.33E-02
3.50E-02
4.25E-02
8.21£-02
4,90E-02
3.ME-02
2.45E-02
8.15E-02
3.38E-02
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TABLE B.1. (contd)

Constftuent

ZrNb-9s
ZrNb-gs
ZrNb-95
ZrNh-85
Z2rNb-85
ZrNb-95
ZrNb-95
ZrNb-95
ZrNb-g5
ZrNb-85
ZrNb-35
ZrNb-95
ZrNb-g5
Zrib-gs
ZriNb-85
ZrNb-95
ZrNb-g5
ZrNb-95
ZrNb-85
ZrNb-95
ZrNb-95
ZrNb-85
ZriNb-95
ZrNb-85
ZrNb-g5
ZrNb-g5
ZrNb-95
ZriNb-95
ZrNb-95
ZrNb-55
Zrib-g5
ZrNb-95
ZrNb-95
ZrNb-g5
ZriNp-95
ZrNb-a5
ZINb-85
ZiNb-g5
ZrNb-95
ZrNh-95
ZrNb-95
ZrNb-95
ZrNb-95
ZrNb-95
ZiNb-95
ZrNb-95
ZINb-95
ZrNb-as
ZrNb-35
ZriNb-g5
ZrNb-95
ZrNb-95
ZrNb-95
ZrNb-95
ZINb-95
ZriNb-95

B.6

Result, pCi {q

-5.36E-02
-9.29E-02
8.18E-02
-1.26E-01
3.80E-02
1.56E-01
7.71E-02
-3.77E.03
-3.07E-02
5.20E-02
-3.43E-02
3.85E-02
3.06E-02
4.97E-02
1.64E-01
9.15E-02
3.90E-02
2.34E-03
-9.19E-02
-7.84E-02
-2,13E-02
-1.57E-01
1.10E-01
3,29E-02
-3,95E-02
-8.29E-02
-1.15E-01
7.80E-02
-9.96E-02
-1.29E-01
-1.12E-0%
-1.33E-02
-8.78E-02
9.27E-02
3.48E-02
5.72E-02
5.46E.02
-3.30E-01
-2,.52E-01
-1.46E-01
-1.10E-01
-1.24E-01
2.58E-02
1.18E-01
-7.92E-02
-1.37E-01
8.80E-02
-3.19E-02
-1.86E-01
-7.20E-02
1.29E.01
1.31E-03
-1.26E-01
-9.239E-02
8.31E-04
-8.77E-02

Qverall Error

4.36E-02
4.20E-02
4.50E-02
4.88E-02
4.38E-02
5.45E-02
6.00E-02
4.98E-02
4.06E-02
3.60E-02
4.05E-02
4.68E-02
4.86E-02
3.84E-02
§.14E-02
4.59E-02
4.61E-02
4.78E-02
3.76E-02
4.43E-02
4.99E-02

© 8.48E-02

5.64E£-02
4.75E-02
4.81E-02
3.98E-02
4,20E-02
4.79E-02
3.95E-02
5.44E-02
4,70E-02
3.59E-02
4 11E-02
4.83E-02
4.28E-02
4.58E-02
6.85E-02
7.43E-02
6.10&-02
3.86E-G2
3.79E-02
3.74E-02
3.73E-02
4.19E-02
3.80E-02
3.84E-02
3.45E-02
4.17E-02
4.17E-02
3.42E-02
6.06E-02
3.47E-02
3.49E-02
2.35E-02
3.74E-02
3.84E-02
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TABLE B.1. (contd)

Track # Canstityent Result, pCifq Qverall Error
1 Ru-108 Da -2.58E-02 1.20E-01
2 Ru-106 Da -4.70E-03 1.18E-01
3 Ru-106 Da -5.50E-02 1.30E-01

4 Ru-106 Da 1.72E-01 1.45E-01
5 Au-106 Da -4.51E-02  1.35E-01
& Ru-106 Da 4.42E-02 1.43E-01
7 " Ru-106 Da -3.03E-02 1,59E-01
8 Ru-106 Da 6.16E-02 . 1.32E-01 .
9 Au-108 Da -1.18E-02 - 1.22E-01
10 Au-106 Da 2.09E-02 1,01E-01
1 Ru-106 Da -3.41E-02 1.27E-01
12 Ru-106 Da 7.07E-02 1.38E-01
13 Ru-106 Da 1.47E-01 1.43E-01
14 Ru-106 Da 3.59E-04 1.01E-01
15 Ru-106 Da 1.04E-02 1.51E-01
16 Ru-106 Da -3.87E-02 1.39E-01
17 Ru-106 Da -2.04E-01 1.46E-01
18 Ru-106 Da -3.56E-02 1.35E-01
19 Ru-106 Da -1.67E-02 1.08E-01
20 Ru-106 Da 4.13E-02 1.21E-01
21 Ru-106 Da 3.24E-02 1.43E-01
22 Ru-106 Da -1,70E-01 - 1.88E-01
23 Ru-106 Da 6.08E-02 1.66E-01
24 Ru-106 Da -1.00E-02 1.44E-01
25 Ru-106 Da -2.12E-02 1,50E-01
26 Ru-108 Da 1.05E-02 1.27E-01
27 Ru-108 Da 5.43E-02 1.19E-01
28 - Ru-106 Da -6.06E-02 1.42E-01
29 Ru-106 Da 4,76E-02 1.08E-01
30 Ru-106 Da -5.07E-03 1.33E-01
31 Ru-106 Da -5.70E-02 1.30E-01
32 Ru-106 Da -4.20E-02 1.11E-01
33 Ru-106 Da 5.94E-02 1.26E-01
34 Ru-106 Da -1.47E-02 1.40E-01
35 Ru-106 Da 8.11E-02 . 1.35E-01
as Ru-106 Da 7.06E-02 1.33E-01
37 Ru-106 Da 9.58E-02 1.88E-01
38 Ru-108 Da -1.16E-01 1.61E-01
39 Ru-106 Da 1.18E-01 1.41E-01
40 Ru-106 Da -8, 77E-02 9.89E-02
41 Ru-106 Da 1.15E-02 9.85E-02
42 Ru-106 Da 1.10E-01 1,15E-01
43 Ru-108 Da 7.54E-02 1.16E-01
44 Ru-106 Da -1,76E-02 1,30E-01
45 Ru-108 Da -7.74E-02 1.14E-01
46 Ru-106 Da 7.08E-03 9.86E-02

47 Ru-106 Da 5.14E-02 1.06E-01
48 Ru-106 Da -1.34E-01 1.34E-01
49 Ru-106 Da -9.41E-02 1.13E-01
50 Au-106 Da -5.13E-02 1.02E-01
51 Ru-106 Da 1.01E-01 1.73E-01
52 Ru-106 Da -3.14E-02 1.11E-01
53 Ru-106 Da  -8.60E-03 '9.80E-02
54 Ru-106 Da 1.22E-01 9.48E-02
55 Ru-106 Da 3.21E-02 1.19E-01
56 Ru-106 Da -1.51E-01 1.18E-01

B.7



Track #

wo-~lamnbkhd--

IABLE B.1. {contd)

Constituent

Sb-125
Sb-128
Sb-125
Sh-125
Sb-125
$b-125
.Sb-125
Sb-125
Sb-125
Sb-125
€b-125
8b-125
Sb-125
5b-125
Sb-125
Sb-125
Sb-125
Sb-125
5b-125
Sbh-125
Sb-125
5b-126
Sb-125
Sb-125
Sb-12§
Sb-125
Sb-125
Sh-1235
5b-125
Sb-125
Sb-125
Sb-125
Sb-125
8b-125
Sh-125
Sb-125
Sb-125
5b-125
Sb-125
Sb-1256
Sb-125
Sb-125
8b-125
Sb-125
S5b-125
Sb-125
Sb-125
Sb-125
Sb-125
Sb-125
Sb-125
Sb-125
Sb-125
Sb-125
Sb-126
Sb-125

B.8

Result, pCifg

-1.92E-02
-1.41€-02
§.95E-02
-1.06E-02
-5.65E-03
-5,14E-02
1.63E-D2
-1.90E-02

-2.27E-02 -

3.63E-03
3.27&-02
4. 44E-04
5.38E-03
2.08E-02
-1,58&-02
3.28E-02
+1.87E-02
-7.45E-04
-1.16E-02
2.11E-03
3.50E-02
-3.61E-02
-2.35€-02
-8.42E-03
2.95E-02
1.47E-02
-2.22E-02
-2.44E-02
-4.21E-02
-5.62E-02
6.84E-04
1.39E-02
3.07E-02
4.01E-03
-1.42E-02
8.09E-03
-4.31E-03
1.67E-02
2.51E-02
7.61E-03
-3.21E-03
-2.78E-02
4.43E-03
9.03E-03
-7.41E-03
-3.47E-03
2.17E-03
-9.88E-03
2.10E-02
-1.57E-02
1.09E-01
-3.94E-03
1.72E-02
-1.22E-02
-1.45€-03
9.51E-03

Overgll frror

3.72E-02
3.53E-02
4.20E-02
4.40E-02
4.26E-02
4.63E-02
5.33E-02

" 4,27E-02

3.43E-02
2.97E-02
4.04E-02
4.38E-02
4. 41E-Q2
3.24E-02
4.63E-02
4.28E-02
4.47E-02
4.14E-02
3.18E-02
4,12E-02
4.73E-02

- B.72E-02

5.43E-02
4.15E-02
4.265-02
3.52E-02
3.57E-02
4.47E-02
3.14E-02
4.15E-02
3.57E-02
3.60E-02
3.97E-02
4.44E-02
4.29E-02
4.28€-02
5.78E-02
4.53E-02
3.84E-02
2.69E-02
3.25E-02
3.35E-02
3.45E-02
3.94E-02
3.33E-02
2.80E-02
2.91E-02
3.65E-02
3.26E-02
3.29E-02
5.58£-02
3.52E-02
3.03E-02
2.99E-02
3.33E-02
3.16E-02
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TABLE B.1. (contd)

Track # Constituent Result, pCi/g Overall Errar
1 Cs-134 -8.35E-02 1.75E-02
2 Cs-134 -8.83E-02 1.75E-02
a Cs-134 -2.55E-01 3.43E-02
4 Cs-134 1.31£-03 1.46E-02
5 Cs-134 -1.17E-01 2.11E-02
6 Cs-134 -3.28E-01 4.13E-02
7 Cs-134 -3.15E-01 4.11E-02
8 Cs5-134 -8.95E-02 l_,--’ 1.87E-02
9 Cs-134 -2.24E-01 -~ 2.98E-02 -
10 Cs-134 -5.89E-02 1.45E-02 -
11 Cs-134 -1.28E-01 2.12E-02
12 Cs-134 -3.2BE-01 4.00E-02
13 Cs-134 -3.03E-01 3.86E-02
14 Cs-134 -4.39E-02 1,35E-02
15 Cs-134 -4.55E-01 5.29E.02
16 Cs-134 -1.83E-01 2.68E-02
17 Cs-134 -3.74E-01 4.45E-02
18 Cs-134 -6.17E-02 1.71E-02
19 Cs-134 -8.45E-03 1.09E-02

20 Cs-134 -7.23E-02 1.66E-02
21 Cs-134 -1.02E-01 2.03E-02
22 Cs-134 7.15E-03 - 1,66E-02
23 Cs-134 -3,43E-01 4.31E-02
24 Cs-134 -3.16E-01 3.88E-02
25 Cs-134 -3.44E-01 4.20E-02
286 Cs-134 3.62E-03 1.25E-02
27 Cs-134 -8.21E-05% 1.21E-02
28 Cs-134 . =2.76E-01 3.63E-02
29 Cs-134 8.42E-03 1.09E-02°
30 Cs-134 2.16E-03 1.35E-02
31 Cs-134 3.52E€-03 1.26E-02
32 Cs-134 -7.90E-02 1.58E-02
33 Cs-134 5.96E-03 1.33E-02
34 Cs-134 -1.41E-01 2.28E-02
35 Cs-134 -8.81E-02 1.73E-02
36 Cs-134 -2.89E-01 3.67E-02
37 Cs-134 -3.07E-01 4.11E-02
38 Cs-134 2.26E-03 1.61E-02
39 Cs-134 3.14E-03 1.39E-02
40 Cs-134 -5.31E-03 9.75E-03
41 Cs-134 -1.18E-02 1.16E-02
42 Cs-134 -6.59E-04 1.08E-02
43 Cs-134 -1.31E-01 2.10E-02
44 Cs-134 -2.79E-01 3.53E-02
45 Cs-134 -4 .38E-02 1.35E-Q2
48 Cs-134 -4.189E-03 1.01E-02
47 Cs-134 1.44E-02 1.03E-02
48 Cs-134 -1.50&-01 2.33E-02
49 Cs-134 -8.56E-03 1.10E-02
50 $s-134 -3.5BE-03 1.12€-02
51 Cs-134 -2.79E-01 3,86E-02
52 Cs-134 -4.66E-02 1.3BE-02
83 Cs-134 -8.03E-03 9.95E-03
54 Cs-134 1.60E-03 9.64E-03
55 Cs-134 -1.19E-01 2.04E-G2
56 Cs-134 3.78E-03 1.08E-02

B.S




TABLE B.1. (contd)

Track # Constituent Result, pCifg Overall Error

1 Cs-137 Da 5.49E-01 6.24E-02
2 Cs-137 Ba 5.72E-01 8.48E-02
3 Cs-137 Da 8.20E-01 7.10E-02
4 Cs-137 Da 1.84E+00 1.73E-01
5 Cs-137 Da 8.47E-01 9.21E-02
6 Cs-137 Da 7.02E-01 7.85E-02
7 Cs-137 Da 1.23E+00 1.32E-01
8 Cs-137 Da 8.57E-01 - 9.32E-02
9 Cs-137 Da 2.12E-01 ~ 3.04E-02
10 Cs-137 Da 2.74E-02 1.35E-02
11 Cs-137 Da 3.12E-01 3.95E-02
12 Cs-137 Da 4.38E-01 5.20E-02
13 Cs-137 Da 3.14E-01 4.13E-02
14 Cs-137 Da 2.67E-01 3.41E-02
15 Cs-137 Da 7.48E-02 2.36E-02
18 Cs-137 Da 1.46E-01 2.56E-02
17 Cs-137 Da 2.82E-01 3.84E-02
18 Cs-137 Da 6.13E-01 6.98E-02
19 Cs-137 Da 4.84E-01 5.77E-02
20 Cs-137 Da 7.65E-01 8.34E-02
21 Cs-137 Da 1.23E+00 1.30E-01
22 Cs-137 Da 5.97E+00 - 6.05E-01
23 Cs-137 Da 2.13E+00 2.20E-01
24 Cs-137 Da 2.49E-03 1.79E-02
25 Cs-137 Da 5.84E-01t 6.58E-02
26 Cs-137 Da 7.08E-01 8.06E-02
27 Cs-137 Da B.15E-01 9.11E-02
28 - Cs-137 Da . 8.02E-01 6.82E-02
29 Cs-137 Da 4.80E-01 5.83E-02
30 Cs-137 Da 4,85E-01 6.35E-02
31 Cs-137 Da 5.08E-01 7.19E-02
32 Cs-137 Da 8.51E-01 1.01E-01
33 Cs-137 Da 1.26E+00 1.36E-01
34 Cs-137 Da 9.10E-01 9.85E-02
35 - Cs-137 Da 1.03E+00 1.11E-01
as Cs-137 Da 3.17E-01 4.05E-02
37 Cs-137 Da 1.16E+00 1.25E-01
38 Cs-137 Da 2.34E-01 4,13E-02
39 Cs-137 Da  4.60E-01 5.24E-02
40 Cs-137 Da 1.43E-01 2.54E-02
41 Cs-137 Da 7.66E-01 8.48E-02
42 Cs-137 Da 7.36E-01 8.29E-02
43 Cs-137 Da 5.56E-01 6.28E-02
44 Cs-137 Da 5.52E-01 6.36E-02
45 Cs-137 Da 3.20E-01 3.93E-02
486 Cs-137 Da 1.19E-01 2.60E-02
47 Cs-137 Da 2.96E-01 4,03E-02
a8 Cs-137 Da 5.72E-01 6.46E-02
49 Cs-137 Da 7.39E-01 8.31E.02
50 Cs5-137 Da 7.23E-01 8.03E-02
51 Cs-137 Da 1.31E+00 1.39E-01
52 Cs-137 Da 5.70E-01 6.36E-02
53 Cs-137 Da 7.61E-01 8.35E-02
54 Cs-137 Da 8.60E-02 2.18E-02
55 . Cs-137 Da 4.3%E-01 5.24E-02
56 Cs-137 Da 5.81E-01 8.70E-02

B.10



Track #
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TABLE B.1. (contd)

Canstituent

CePr-144
CaPr-144
CePr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CaePr-144
CaPr-144
CePr-144
CePr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CeoPr-144
CoPr-144
CoPr-144
CePr-144
CeaPr-144
CaPr-144
CoPr-144
CaPr-144
CaPr-144
CaPr-144
CaPr-144
CoPr-144
CePr-144
CePr-144
CaPr-144
CePr-144
CePr-144
CaPr-144
CaPr-144
CaPr-144
CePr-144
CePr-144
CePr-144
CePr-144
CePr-144
CaPr-144
CoPr-144
CePr-144
CePr-144
CaPr-144
CePr-144
CaPr-144
CaPr-144
B.11

Resu i

-1.51E-01
7.14E-02
-8.13E-03
-9.92E-02
-8.18E-02
-9.54E:02
-1.20E-01
6.94E-02 ~
1.41E-03
8.97E-03
-1.716-01
-4.25E-02
-1.22E-01
-8.95E-02
7.45E-04
-6.49E-02
-1.43E-01
2.72E-02
4.40E-02
1.76E-03
-9.71E-02
-5.18E-03
-3.05E-01
-5.97E-01
-6.61E-03
-1.46E-01
-1.20€-02
-1.95€-01
9.09E-02
1.18E-02
1.14E-01
-7.71E-02
-1.49E-01
-5.53E-02
1.16E-01
-1.38£-01
-8.00E-02
1.81E-01
4.94E-02
3.79E-02
-2.43E-02
-3.01E-02
5.62E-02
-2.08E-01
-5.74E-02
-5.58E-02
2.95E-02
-4.45E-03
-B.681E-02
-1.95E-01
-4.24E-01
-3.44€-02
1.14E-02
-2.54E-02
5.41E-02
6.30E-02

Overal] Error

1,74€-01
1.62E-01
1.79E-01
1.74E-01
1.71E-01
1.85E-01

¢ 2.09E-01

1.74E-01
1.64E-01
1.38E-01
1.82E-01
2.03E-01
1.92E-01
1.46E-01
2.15E-01
1.97E-01
2.03E-01
1.77E-01
1.43E-01
1.68E-01

- 1.95E-01

2,02E-01
2.22E-01
2.28E-01
2.04E-01
1.57E-01
1.54E-01
1.88E-01.
1.36E-01
1.73E-04
1.61E-01
1.50E-01
1.62E-01
1.80E-01
1.70E-01
1.88E-01
2.20E-01
2.19E-01
1.7BE-01
1.30E-04
1,37E-01
1.36E-01
1.58E-01
1.98E-01
1.57E-01
1.39E-01
1.24E-01
1.78E-01
1.43E-01
1.40E-01
2.44E-01
1.43E-01
1.26E-01
1.33E-01
1.59E-01
1.48E-01



JABLE B.1. (contd)

Track # Constituent Resutt, pCifg Overall Error
1 Eu-152 1.43E-01 7.53E-02
2 Eu-152 9.10E-02 7.31E-02
3 Eu-152 9.84E-02 B.12E-02
4 Eu-152 1.89E+00 2.55E-01
5 Eu-152 5.76E-01 1.23E-01
6 Eu-152 §.15E-01 1.17E-01
7 Eu-152 4.88E£-01 1.63E-01
-] Eu-152 7.94E-01  ° 1,39E-01
9 Eu-152 2.64£-01 - 8.53E-02
10 Eu-152 8.33E-02 6.40E-02

11 Eu-152 4,35E-01 9.96E-02
12 Eu-152 2.95E-07 9.48E-02
13 Eu-152 3.33E-01 9.87E-02
14 Eu-152 3.43E-01 8.50E-02
15 Eu-152 2.08E-01 9.21E-02
186 Eu-1582 1.81E-01 9.04E-02
17 Eu-152 2.53E-01 9.42E-02
18 Eu-152 B.OSE-O1 1.35E-01
19 Eu-152 4.16E-01 1.15E-01
20 Eu-152 5.93E-01 1.17E-01
21 Eu-152 1,13E+00 1.77E-01
22 Eu-152 2.31E+00 T 3.08E-01
23 Eu-152 1.08E+00 1.80E-01
24 Eu-1582 1.29E-0% 6.09E-02
25 Eu-152 B.0BE-01 1.38E-01
26 Eu-152 9.21E-01 1.77E-01
27 Eu-152 8.68E-01 1.786E-01
28 Eu-152 5.45E-01 . 1.21E-01
29 Eu-152 4. 17E-01 1.01E-01
.30 Eu-152 6.79E-01 1.61E-01
31 Eu-152 9.27E-01 1.78E-01
32 _Eu-152 1.18E+00 1.64E-01
33 Eu-152 1.58E+00 2.32E-01
34 Eu-152 1.05E+00 1.87E-01
35 Eu-152 1.23E+00 1.76E-01
36 Eu-152 2.34E-01 8,72E-02
37 Eu-182 2.41E4+00 3.16E-01
38 Eu-152 3.31E-01 8.79E-02
39 Eu-152 3.68E-01 9.98E-02
40 Eu-152 1.99E-01 6.19E-02
41 Eu-152 6.4CE-01 1.41E-01
42 Eu-152 6.08E-01 1.33E-01
43 Eu-152 3.40E-01 8.68E-02
44 Eu-152 5.33E-01 1.04E-01
45 Eu-152 1.78E-01 7.93E-02
46 Eu-152 2.73E-01 £.38E-02
47 Eu-152 2.21E-01 6.24E-02
48 Eu-152 6.80E-01 1.19E-01
49 Eu-152 6.40E-01 1.27E-01
50 Eu-152 8.32E-01 1.59E-01
51 Eu-182 1.46E+00 2,08E-01
62 Eu-152 3.60E-01 B.57E-Q2
53 Eu-152 5.39E-01 1.13E-01
54 Eu-152 1.22E-01 6.56E-02
55 Eu-152 4.49E.01 1.12E-01
56 Eu-152 4.62E-01 1.14E-01

B.12



TABLE B.1. (contd)

Track # Lonstituent Resylt i Overall Error
1 Eu-154 -1.12E-02 5.15E-02
2 Eu-154 3.21E-02 4.53E-02
3 Eu-154 -1.11E-02 5.38E-02
4 Eu-154 2.32E-01 6.69E-02
5 Eu-154 5.69E-02 5.72E-02
6 Eu-154 6.96E-02 6.29E-02
7 Eu-154 6.64E-02 6.73E-02
8 Eu-154 9.96E-02 , 5.31E-02
9 Eu-154 1.14E-02 -  4.98E-02
10 . Eu-154 -3.95E-02 4.78E-02
11 Eu-154 -2.11E-02 5.24E-02
12 Eu-154 4,33E-02 5.48E-02
13 Eu-154 1.27E-02 5.92E-02
14 Eu-154 4.59E-02 4 45E-02
16 Eu-154 1.24E-01 5.97E-02
16 Eu-154 -2.11E-02 5.54E-02
17 Eu-154 -7.48E-03 5.76E-02
18 Eu-154 8.76E-02 5.29E-02
19 Eu-154 6.74E-02 3.82E-02
20 Eu-154 6.42E-02 5.41E-02
21 Eu-154 1.40E-01 6.17E-02
22 Eu-154 1.87E-01 © 6.39E-02
23 Eu-154 1.41E-01 6.78E-02
24 Eu-154 -2.59E-03 5.97E-02
25 Eu-154 1.41E-01 5.80E-02
26 Eu-154 2.93E-02 5.21E-02
27 Eu-154 1.34E-01 5.16E-02
28 . Eu-154 -1.21E-02 5.88E-02
29 Eu-154 5.12E-02 4.29E.02
30 Eu-154 6.35E-02 5.58E-02
31 Eu-154 1.36E-01 5.63E-02
32 Eu-154 1.53E-01 5.09E-02
33 Eu-154 1.87E-01 5.73E-02
34 Eu-154 1.26E-01 5.75E-02
35 Eu-154 1.10E-01 " 6.04E-02
36 Eu-154 -1.83E-02 5.69E-02
37 Eu-154 2.26E-01 7.83E-02
38 Eu-154 2.34E-02 ' §,73E-02
39 Eu-154 -1,61E-02 5.42E-02
40 Eu-154 -1.02E-02 4.14E-02
41 Eu-154 5.97E-02 4,65E-02
42 Eu-154 1.20E-01 4.44E-02
43 Eu-154 6.73E-02 5.24E-02
44 Eu-154 3.91E-02 5.84E-02
45 Eu-154 1.85E-02 4,72E-02
45 Eu-154 -1,27E-02 4.33E-02
47 Eu-154 1.70E-02 3.91E-02
48 Eu-154 9.35E-02 5.38E-02
49 Eu-154 6.42E-02 3.90E-02
50 Eu-154 4.70E-02 4.80E-02
51 . Eu-154 1.73E-01 7.41E-02
52 Eu-154 3.62E-02 4.71E-02
53 Eu-154 1,09E-01 4,18E-02
54 Eu-154 -4.37E-02 4,69E-02
55 Eu-154 4.92E-02 5.42E-02
56 Eu-154 1.64E-02 4.73E-02
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Track #

1
11
16
21
55

TABLE B.1

Constityent

Mn-54
Mn-54
Mn-54
Mn-54
Mn-54

B.14

. (contd)

Result, pCi/q

2.63E-02
1.86E-02
A.46E-02
1.93E-02
1.94E-02

Overall Error

1.22€-02
1.31E-02
1.52E-02
1,39E-02
1.18E-02
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Track #
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TABLE B.1. ({contd)

Constituent

Eu-155
Eu-t55
Eu-155
Eu-155
Eu-155
Eu-1585
Eu-1585
Eu-155
Eu-15%
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-1558
Eu-155
Eu-155
Eu-ib5
Eu-155
Eu-155
Eu-1585
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-1558
. Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-1585
Eu-i55
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-155
Eu-185
Eu-155
Eu-155
Eu-155
Eu-1558

B.15

Result, pCi/g

5.08€-02
1.24E-02
8.88E-02
4.94E-02
6.22E-02
3.17E-02
4.89E-02
7.29E-02
7.79E-02
4.91E-02
1.04E-01
1.07E-01
1.04E-01
2.50E-02
1.16E-01
1.43E-01
9.87E-02
8.24E-02
8.02E-02
7.64E-02
8.70E-02
8.03E-02
2.61E-02
6.03E-02
9.78E-02
8.07E-02
8.45E-02
1.13E-01
5.63E-02
1.07€-01
8.86E-02
1.70E-02
8.07E-02
4.57E-02
2.80E-02
1.34E-01
4.83E-02
1.86E-01
7.51E-02
8.86E-02
4.99E-02
9.09£-02
1.74E-02
1.73E-02
6.62E-02
6.54E-02
6.42E-02
9.29E-02
1.07E-01
6.12€-02
8.89E-02
6.01E-02
6.71E-02
6.58E-02
3.40E-03
8.97E-02

Dvera]-‘l Error

5.32E-02
4.99E-02
5.49E-02
4.95E-02
5.59E-02
5.81E-02
8.25E-02
5.61E-02
5.08E-02
4,.23E-02
5.97E-02
65.29E-02
8.02E-02
4. 861E-02
8.65E-02
6.37E.02
8.12E-02
5.81E-02
4.23E-02
5.32E-02
6.21E-02
6.08E-02
§.80E-02
5.76E-02
8.29E-02
4.27E-02
4.18E-Q2
5.74E-02
3.75E-02
S.1BE-02
4.92E-02
4. 97E-02
4.53E-02
5.91E-02
5.78E-02
5.76E-02
7.24E.02
8.43E-02
5.14E-02
3.85E-02
3.87E-02
3.96E-02
5.06E-02
6.14E-02
§5.03E-02
4.07E-02
3.58E-02
5.88E-02
3.84E-02
4.15E-02
7.7T4E-D2
4. 77E-02
3.24E-02
3.81E-02
5.16E-02
4.46E-02



TABLE B.2.

Track #

Do~JOnbeWN =

Strontium-90, Plutonium, and Uranium

Constituent
Sr-

80

Sr-90

Sr-

Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
5r
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr
Sr

90
90
90
90
80
80
20
80
80
80
o0
90
90
80
20
g0
90
90
a0
90

Result, pCi/g

30

90
80
90
20
L4
a0
80
80
80
90
20
90
a0
90
80
80
90
20
90
20
90
80
90
20
90
80
a0
90
80
20
80
80
90

B.16

1.96E-02
2.4BE-02
1.96E-02
2.20E-02
1.74E-02
4.16E-02
2.64E-02
3.69E-02
1.61E-02
6.90E-03
2.82E-02
7.16E-02
1.67E-02
1.68E-02
6.71E-03
1.84E-02
4.08E-02
2.14E-02
2.60E-02
8.86E-03
1.16E-02
2,35E-02
2.80E-02
2.00E-02
4.05E-02
2,20E-02
8.91E-02
4.11E-02
1.81E-02
1.70E-02
4.05E-02
2.10E-02
2,10E-02
2.34E-02
3.41E-02
2.46E-02
4.07E-02
1.34E-02
2.50E-02
1.08E-02
2.41E-02
2.83E-02
4.12E-02
1.76E-02
1.94E-03
1.03E-02
1.88E-02
4.31E-02
3.19E-02
2.861E-02
1.28E-02
4.61E£-02
2.46E-02
7.39E-03
3.36E-02
4.06E-02

COverall Error

5.68E-03
6.64E-03
5.62E-03
8.73E-03
8.15E-03
1.21E-02
7.20E-03
1.01E-02
5.28E-03
3.72E-03
7.68E-03
1.51E-02
5.66E-03
5.62E-03
3.21E-03
6.30E-03
1.14E-02
6.57E-03
7.03E-03
3.89E-03
4.60E-03
7.45E-03
7.89E-03
5.61E-03
1.13E-02
6.69E-03
1.94E-02
9.88E-03
4.74E-03
5.41E-03
1.02E-02
9.86E-03
6.25E.03
6.76E-03
7.81E-08
6.92E-03
1.02E-02
4.67E-03
8.99E-03
6.05E-03
6.79E-03
7.58E-03
9.88E-03
6.39E-03
3.00E-03
4.14E-03
5.56E-03
1.02E-02
9.14E-03
7.19E-03
4.70E-03
1.12E-02
6.36E-03
3.29E-03
8.52E-03
1.02E-02
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Track #

Do~ th s N =

TABLE B.2. ({contd)

Constjtuent

U224
U 234
U 234
U 234
U 234
U 234
U 234
U 234
U 234
U 234
U 224
U 234
U234
U 224
U 234
U234
U 224
U 234
U 234
U 234
U 224
U 234
U 234
U234
U 234
U 234
U 234
U 2z4
U234
U 234
U 234
U 234
U234
U 234
U234
U 234
U 234
U 234
U 234
U 234
U 234
U234
U 234
U 234
U 234
U234
U234
U 234
U234
U 234
U 224
U234
U234
U 234
U234
U 234

B.17

Result, plLi/g

1.25E+00
9.22E-01
9.17E-01
1.68E+00
1.16E+00
1.03E+00
9.26E-01
1.01E+00 P A
8.87E-01
2.17E+00
2.08E+00
1.94E+00
2.15E+00
1.03E+00
1.85E+00
1.8t1E+00
1.84E+00
1.17E+00
1.18E+00
9.61E-01
1.3BE+00
9.58E-01
2.19E+00
8.71E-01
1.04E+00
1.55E+Q0
1.04E+00Q
1.06E+00
9.43E-01
1.25E+00Q
1.09E+00
7.59E-01
9.92E-01
1.49E+00
1.05E+00
1.41E+0Q0
1.02E+00
2.17E+00
1.21E+00
1.71E+Q0
9.64E-01
1.24E400
9.03E-01
1.63E+00
1.84E+0Q0
1.91E+0Q
1.46E+00
1.36E+00
1.82E+00
1.15E+00Q
1.26E+00
1.09E+00
9.02E-01
1.1T1E+Q0
8.B7E-01
1.44E+00

Overal 'I- Errar

1.46E-01
1.10E-01
1.0BE-01
1.88E-01
1.31E-01
1,22E-01
1. 11E-01
1.18E-01

1,30E-01

2.32E-01

- 2.13E-01

2.14E-01
2.21E-01
1.20E-01
2.08E-01
1.94E-D1

" 1.92E-0N

1.32E-01
1,34E-01
1.20E-01
1.62E-01

" 1.28E-01

2.52E-01
1.13E-0
1.19E-01
2.23E-01
1.19E-01
1.19E-01
1.18E-01
1.46E-01
1.29E-01
1.25E-01
1,16E-01
1.59E-01
1.20E-01
1.50E-01
1.23E-01
2.40E-01
1.40E-01
1.89E-01
1.35E-01
1.35E-01
1.14E-01
1.82E-01
1.80E-01
2.11E-01
1.69E-01
1.52E-01
1.81E-01
1.40E-01
1.44E-01
1.24E-01
1.05E-01
1.48E-01
1.10E-01
1.66E-01



Track #
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TABLE B.2.

Constituent

U z3s
U 235
U 23s
U 238
U 235
U235
U 2as
U2as
U 235
U z3s
U 235
U 235
U 235
U 238
U235
U 238
U 235
U 235
U 235
U235
U 236
U 235
U 235
U 228
U 225
U 235
U 235
235
U 235
U 235
U 235
U235
U 235
U 235
U 235
U 23s
U 235
U 235
U235
U 235
U 238
U 238
U235
U 235
U 235
U 235
U 238
U 2as
U 235
U 235
U235
U 236
U 235
U 235
U 235
U 2as

B.18

{contd)

Result, pCifg

4.89E-02
3.94E-02
2.75E-02
4,64E-02
3.32E-02
' 2.6BE-02
2.75E-02
4.28E-02
 3.30E-02 ¢
1.00E-01
8.53E-02
5.81E-02
7.60E-02
1.94E-02
5.14E-02
5.50E-02
6.27E-02
3.75E-02
3.12E-02
3.76E-02
5.06E-02
3.61E-02
6.97E-02
3.06E-02
2.87E-02
2.63E-02
2.40E-02
3.00E-02
3.19E-02
5.24E-02
3.66E-02
2.11E-02
3.84E-02
5.42E-02
4.26E-02
4.15E-02
3.20E-02
7.98E-02
4.32E-02
3.50E-02
2.85E-02
3.87E-02
2.91E-02
6.56E-02
5.67E-02
3.13E-02
5.52E-02
6.57E-02
5.89E-02
4.76E-02
4.19E-02
5.48E-02
4.35E-02
2.B8E-02
2.55E-02
4.18E-02

Overall Error

1.71E-02
1.49E-02
1.21E-02
1.71E-02
1.32€-02
1.23E-02
1.25E-02

/ 1.53E-02

1.86E-02
2.50E-02
2.07E-02
1.93&-02
1.94E-02
1.05E-02
1.71E-02
1.71E-02
1.76E-02
1.40E-02
1.33E-02
1.58E-02
1.88E-02

' 1.72E-02

2.41E-02
1.27E-02
1.20E-02
1.93E-02
1,13E-02
1.23E-02
1.44E-02
1.81E-Q2
1,49E-02
1.98E-02
1.45E-02
1.60E-02
1.47E-02
1.35E-02
1.41E-02
2.35E-02
1.60E-02
1.43E-02
1.76E-02
1.37E-02
1.45E-02
2.04E-02
1.83E-02
1.41E-02
1.94E-02
1.90E-02
1.90E-02
1.80E-Q2
1.55E-02
1.67E-02
1,45E-02
1,.58E-02
1.29E-02
1.66E-02
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TABLE B.2. (contd)
Track # Canstituent .Result, pli/g Overall Error

1 Pu 238 2.70E-04 2.19E-04
2 Pu 238 3.24E-04 3.04E-04
3 Pu 238 1.93E-04 2.41E-04
4 Pu 238 8.83E-04 3.96E-04
5 Pu 238 1.94E-04 2.12E-04
6 Pu 238 4.21E-04 2.56E-04
7 Pu 238 4.09E-04 . 2.73E-04
8 Pu 238 3.14E-04 _° 2.91E-04
9 Pu 238 1.86E-04 2.30E-04
10 Pu 238 -1.60E-05 1.89E-04
11 Pu 238 2.15E-04 1.89E-04
12 Pu 238 1.81E-04 2.81E-04
13 Pu 238 1.07E-03 5.39E-04
14 Pu 238 5.84E-05 1.07E-04
15 Pu 238 1.69E-04 1.87E-04
186 Pu 238 4.57E-04 3.57E-04
17 Pu 238 2.27E-04 2.77E-04
18 Pu 238 5.48E-04 3.08E-04
18 Pu 238 6.53E-04 3.65E-04
20 Pu 238 3.37E-04 2.70E-04
21 Pu 238 6.74E-04  3.85E-04
22 Pu 238 1.01E-03 4.33E-04
23 Pu 238 7.18E-04 3.86E-04
24 Pu 238 5.52E-04 5.75E-04
25 Pu 238 7.29E-04 3.81E-04
26 Pu 238 7.27E-04 4.07E-04
27 Pu 238 1.15E-03 5.50E-04
28 Pu 238 2.23E-04 2.16E-04
29 Pu 238 1.84E-04 2.47E-04
30 Pu 238 3.84E-04 3.49E-04
31 Pu23gs . 8.18E-05 1.96E-04
32 Pu 238 1.82E-04 2.00E-04
33 Pu 238 9.09E-04 4.B9E-04
34 Pu 238 3.64E-04 3.11E-04
35 Pu 238 8.40E-04 4. 15E-04
386 Pu 238 8.75E-05 1.48E-04
ay Pu 238 3.27E-04 . 2.62E-04
as Pu 238 1.31E-04 2.09E-04
39 Pu 238 5.15E-04 3.53E-04
40 Pu 238 7.66E-05 1.28E-04
41 Pu 238 3.36E.04 2.91E-04
42 Pu 238 5.35£-04 2.73E-04
43 Pu 238 2.16E-04 2.1DE-04
44 Pu 238 4.21E-05 1.17E-04
45 Pu 228 2.62E-04 2.13E-04
45 Pu 238 1.30E-04 2.01E-04
47 Pu 238 1.56E-04 1.63E-04
48 Pu 238 1.11E-04 1.90E-04
49 Pu 238 1.01E-04 1.76E-04
50 Pu 238 1.37E-04 1.89E-04
51 Pu 228 1.15E-03 4.19E-04
52 Pu 238 2.53E-04 3.13E-04
53 Pu 238 4,76E-04 3.77E-04
54 Pu 238 4.98E-05 1.22E-04
55 Pu 23g 3.23E-04 2.59E-04
58 Pu 238 4,92E-04 3.27E-04

B.19
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TABLE B.2. ({contd)

Constituent

U 238
U 23s
U 238
U 238
U 238
U 238
U 238
U 238
U 238
U 238
U 238
U 233
U 238
U 238
U 233
U 238
U 238
U 238
U 238
U 238
U 238
U 238
U 233
U 238
U 238
U 238
U 238
U 238
U 2as
U 238
U 238
U 238
U 238
- U238
U 238
U 238
U 238
U 238
U 238
U 23s
U 238
U 238
U 238
U 238
U 238
U 228
U 238
U 238
U 238
U 238
U 238
U 238
U 238
U 223
U 238
U 228

B.20

Result, pCifq

1.18E+00
8.32E-01
8.30E-01
1.43E+00
1.08E+00
9.17E-01
8.65E-01
1.03E+00
7.96E-01
2.03E+00
1.95E+00
1.72E+00
2.02E+00
9.62E-01
1.86E+00

1.79E+00

1.75E+00
1.11E+00
1.05E+00
9.23E-01
1.32E+00
B.53&-01
1.98E+00
8.45E-01
9.42E-01
1.35E+00
1.06E+00
9.48E-01
9.13E-01
1.17E+00
1.03E+00
8.80E-01
8.67E-01
1.42E+00
9.48E-01
1.37E+C0
9.07E-01
1.97E+00
1.27E+D0
1.74E+0Q0
9.92E-01
1.16E+00
8.98E-01
1.68E+00
1.67E+00
1.76E+0Q
1.44E+00
1.47E+00
1.61E+00
1.15E+00
1.31E+00
9,59E-01
8.38E-01
1.05E+00
8.48E-01
1.34E+00

Overall

1.39E-01
1.07E-0t
9.94E-02

rrar

1.64E-01-

1.23E-01
1.10E-01
1.08E-01

- 1.18E-01

1.19E-01
2.19E-01
2.03E-01
1.93E-01
2.08E-01
1.12E-01
1.98E-01
1.91E-01
1.83E-01
1.26E-01
1.22E-01
1.16E-01
1.57E-01

- 1.17E-01

2.31E-01
1.01E-01
1.09E-01
1.99E-01
1.21E-01
1,08E-01
1.14E-01
1.38E-01
1.23E-01
1.14E-01
1.04E-01
1.52E-01
1.10E-01
1.45E-01
1.12E-01
2.20E-01
1.45E-01
1.91E-01
1.37E-01
1.27E-01
1.13E-01
1.86€-01
1.83E-01
1.96E-01
1.67E-01
1.62E-01
1.80E-01
1.398-01
1.48E-01
1.11E-01
9.81E-02
1.39E-01
1.05E-01
1.55E-01
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TABLE B.2.

Constituent

Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Pu

239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240
239,240

B.21

{contd)

Result, pCifg

9.82E-03
7.25E-03
7.33E-03
2.11E.02
5.32E-03
1.18E-02
1.73E-02
1.27E-02
1.91E-03
5.38E-04
4.98E.03
7.38E-03
3,30E-03
2.58E-03
2.21E-03
3.06E-03
5.21E-03
6.13E-03
8.73E-03
7.70E-03
1.40E-02
2.02E-02
1.19E-02
5.43E-04
8.12E-03
5.01E-03
1.00E-02

8.72E-03 -

3.58E-03
3.52E-03
5.01E-03
7.75E-03
1.24E-02
8.49E-03
9.81E-03
2.67E-03
1.17E-02
2.18E-03
4.9%9E-03
1.48E-03
7.87E-03
5.90E-03
8.31E-03
7.06E-03
1.69E-03
9.62E-04
3.15E-03
8.99E-03
6.35E-03
5.49E-03
7.18E-03
5.86E-03
6.58E-03
8,63E-04
5.30E-03
1.81E-02

Overall Error

1.66E-03
1.59E-03
1.50E-03
2.95E-03
1.22E-03
1.B0E-03
2.56E-03
2.14E-03
7.02E-04
4,12E-04
9.99E-04
1.99E-03
9.73E-04
€.87E-04
6.97E-04
9.34E-04
1.35E-03
1.20E-03
1.80E-03
1.53E-03
2.21E-03
2.83E-03
1.99E-03
5.74E-04
1.81E-03
1.19E&-03
1.85E-03
'1.63E-03
9.43E-04
9.44E-04
1.16E-03
1.52E.03
2.26E-03
'1.86E-03
- 1.74E-03
2.07E-04
2.01£-03
8.52E-04
1.15E-03
4 95E-04
1.65E-03
1.07E-03
1.68E-03
1.54E-03
5.38E-04
4.92E-04
6.83E-04
1.59E-03
1.23E-03
1.08E-03
1.23E-03
1.66E-03
1.59E-03
3.99E-04
1.18E-03
2.57E-03
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Potassium-40 ("'K) Concentrations in Soils
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APPENDIX C

SOIL SAMPLE TRACE METAL CONCENTRATION DATA
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JABLE C.1.

Trace Metals in Soils (ug/kq)

Lead Mercury
Track # DL = 500 2 sD 400
1 52000 12468 ND
2 41000 9830 ND
a 41000 9830 ND
4 28000 6713 ND
5 38000 9351 ND
6 46000 11029 ND
7 42000 10070 ND
8 38000 9111 ND
9 25000 5894 ND
10 5000 1199 ND
11 23000 5514 ND
12 27000 6474 ND
13 27000 6474 ND
14 22000 5275 ND
15 23000 5514 ND
16 28000 8713 ND
17 48000 11508 ND
18 44000 10549 ND
19 29000 6553 ND
20 48000 11508 ND
21 43000 10310 ND
22 §4000 12947 ND
23 45000 11029 ND
24 14000 3357 ND
25 44000 10549 ND
26 45000 10789 ND
27 37000 8871 ND
28 39000 9351 ND -
29 21000 5035 ND
30 48000 11508 ND
31 42000 10070 ND
32 44000 10549 ND
33 45000 10789 ND
34 42000 10070 ND
35 73000 17502 ND
36 27000 6474 ND
37 47000 11269 ND
a8 36000 8631 ND
39 27000 6474 ND
40 10000 2398 ND
41 38000 9111 ND
42 38000 9111 ND
43 27000 6474 ND
44 295000 6953 ND
45 9200 2206 ND
45 12000 2877 ND
47 33000 7912 ND
48 34000 8152 ND
49 41000 ‘9830 ND
50 30000 7183 ND
51 32000 7672 ND
52 39000 9351 ND
53 41000 9830 ND
54 16000 3836 ND
5s 31000 7433 ND
56 48000 11508 ND

€.1

28D

Antimony
20000

EEEEEEE%EEEE%E%E%%%E5%6%%%5565%%%56%6%565%666655%%66%656

2S5




TABLE C.1.

c.2

Track # Barium 28D Berylllum 25D Cadmium 28D
2000 300 1000
1 88000 8791 ND 2000 519
2 80000 7483 ND 2000 519
3 75000 7982 ND 2000 519
4 78000 7792 ND 1600 260
5 58000 6793 ND ND :
8 87000 8691 ND 2000 519
7 20000 8991 ND 2000 519
8 84000 8392 ND 7 2000 519
9 68000 6793 . ND 1060 260
10 70000 6993 ND ND
11 85000 6494 ND ND
12 69000 6893 ND ND
13 60000 5994 ND ND
14 65000 6494 ND ND
15 53000 6793 ND ND
16 72000 7183 ND ND
17 §9000 6893 ND 1000 250
18 71000 7093 ND 2000 519
19 66000 65493 ND 1000 260
20 54000 5395 ND ND
21 56000 5594 NOD 1000 260
22 74000 7393 ND 2000 519
23 85000 6494 ND 1000 260
24 14000 1399 1100 110 ND
25 84000 8392 300 30 ND
26 83000 8292 ND NO
27 80000 7992 ND 1600 ‘260
28 84000 8392 ND 1000 280
2g 77000 7692 500 50 1000 280
30 81000 8092 400 40 ND
31 70000 6993 400 49 1900 250
32 81000 8092 ND 2000 519
33 " 80000 8991 ND 2000 519
34 76000 7592 ND 2000 519
35 110060 10989 300 30 2000- 519
36 120000 11988 400 40 ND
37 92000 9181 ND 2000 519
38 81000 8092 600 50 1000 280
39 28000 B791 500 50 ND
40 99000 9890 300 ao ND
41 64000 6394 ND ND
a2 - 70000 6993 ND ND
43 86000 8591 500 50 1000 280
44 79000 7882 400 40 ND '
45 44000 4398 ND ND
46 88000 9790 ND ND
47 95000 9491 800 80 1000 260
48 91000 9091 600 60 1000 260
49 83000 8292 500 50 ND
50 93000 9291 400 40 1000 260
51 87000 BE91 500 50 2000 519
52 68000 6793 300 30 ND
53 87000 6693 200 30 ND
54 84000 B392 ND ND
55 83000 8232 400 40 ND
58 92000 9199 500 50 1000 260




€.3

TABLE C.1. ({contd)
Track #  Calcium 258D Chromium 28D Coboit 28D
10000 2000 2000
1 5900000 943056 23000 5974 7000 1119
2 5600000 815184 21000 5195 6000 959
3 5100000 895104 20000 5455 8000 959
4 5400000 863136 18000 4875 7000 1119
L £800080 927072 22000 5714 7000 1119
6 4300000 783218 22000 5714 8000 1279
7 5000000 799200 25000 6494 9000 1439
8 4700000 751248 25000 6494 9000 1439
9 6300000 1006992 20000 5195 7000 1118
10 4900000 783216 12000 3117 5000 798
11 5300000 847152 21000 5455 7000 1119
12 5200000 B31168 26000 6753 7000 1119
13 4700000 7512438 25000 6494 6000 959
14 6300000 1006992 18000 4675 7000 1119
15 4600000 735264 31000 8052 7000 1119
16 4700000 751248 28000 7273 7000 1119
17 5000000 799200 29000 7532 7000 1119
18 5400000 863136 23000 5974 7000 1119
19 4800000 783216 28000 7273 7000 1119
20 3800000 607392 16000 4158 5000 798
21 4200000 671328 23000 5974 7000 1119
22 4500000 735264 24000 6234 7000 1119
23 4400000 7032986 23000 5874 8000 1279
24 9000000 1438580 25000 6494 10000 1598
25 5800000 895104 30000 7792 8000 1279
26 5800000 927072 25000 6494 8000 1279
27, 5700000 911088 88000 22857 7000 1119
28 5900000 943056 25000 6494 7000 1119
29 5500000 943056 19000 4935 9000 1439
30 5600000 B95104 24000 6234 7000 1119
31 4800000 767232 20000 5195 7000 1119
a2 5500000 878120 23000 5974 7000 1119
33 5400000 863136 27000 7013 7000 1119
34 5700000 211088 25000 6494 7000 1119
35 6200000 991008 27000 7013 7000 1119
38 5900000 943056 21000 5455 8000 12789
37 4900000° 783216 22000 5714 8000 1279
<¥:] 5200060 831188 26000 6753 7000 1119
3y 5100000 815184 21000 5455 7000 1119
40 3700000 591408 14000 3636 3000 1439
41 4500000 719280 18000 4575 8000 1279
42 4500000 719280 18000 4935 8000 1439
43 6500000 1038960 240090 6234 7000 1118
44 6800000 1086912 20000 5195 7000 1119
45 2900000 483536 15000 3898 7000 1119
46 4000000 639360 12000 3117 10000 1598
47 6100000 975024 21000 5455 8000 1279
48 7800000 1214784 27000 7013 8000 1279
49 6800000 1086912 24000 6234 7000 1119
50 6100000 975024 19000 4935 7000 1119
51 6100000 975024 20000 5195 7000 1119
52 4900000 783216 17000 4416 9000 1439
53 4900000 783218 17000 4418 8000 1279
' 54 4900000 783218 15000 3896 9000 1439
55 6400000 1022976 16000 4156 6000 959
56 7200000 1150848 240d0 8234 8000 1279



TABLE €.1. (contd)
Track 2  Copper 2Sh lron 28D Magnesium 28D
2900 2000 10000
1 31000 9810 23000000 96502340 4500000 5678316
2 25000 7353 20000000 7872020 4700000 4867128
3 230090 7882 19000000 8391600 4200000 £4486548
4 32000 10230 20000000 8391600 4800000 5330664
5 38000 12148 21000000 8811180 4900000 5678318
] 22000 7033 18000000 7972020 4800000 5562432
7 23000 73583 19000000 7972020 5000000 5794200
8 21000 8713 180000G0 7552440 4700000 ‘5446548
9 39000 124868 22000000 89230760 4700000 5448548
10 15000 4795 18000000 7552440 4200000 4887128
11 34000 10868 22000000 9230780 4800000 5330664
12 31000 8810 24000000 10669320 4800000 5562432
13 27000 8631 23000000 9650340 4400000 5098898
14 40000 12787 21000000 8811180 4700000 5446548
15 23000 7353 29000000 12187820 4500000 5214780
18 25000 7892 26000000 10909080 4400000 5098856
17 31000 9910 28000000 11748240 4700000 5446548
18 31000 89810 22000000 9230760 4500000 5339664
19 28000 8951 27000000 11328660 4900000 5678318
20 21000 5713 13000400 5454540 3300000 3824172 -
21 27000 8631 17000000 7132880 3900000 4519476
22 23000 7353 18000C00 6713280 4406000 5098896
23 30000 9580 18Q0000¢ 7552440 4200000 4867128
24 23000 7as53 26000000 10903080 7600000 8807184
25 32000 10230 25000000 10489500 4900000 5678318
26 35000 11189 230046000 8650340 -4900000 5678316
27 25000 7992 23000000 9650340 4700000 5446548
28 34000 108869 24000000 10069920 5300000 8141852
29 19000 6074 26000000 10902080 5200000 8025968
30 28000 8951 21000000 8811130 5309000 6141852
31 27000 8831 19000000 7972020 4800000 5562432
32 30000 9590 21000000 8811180 5000000 5794200
33 390000 9580 20000000 8391600 5200000 6025988
34 25000 9271 25000000 10489500 5000000 5794200
35 29000 9271 21000000 8811180 5800000 B489504
38 25000 7992 23000000 96850340 5000000 5794200
a7 20000 6394 18000000 7972020 4800000 5562432
38 28000 8951 26000000 10909080 4500000 5214780
395 19000 6074 20000000 8391600 5100000 5310084
40 10000 3197 22000000 9230760 3500000 4055940
41 28000 8312 15000000 79872020 4300000 4983012
42 25000 7992 20000000 8391600 4300000 4983012
43 25000 7892 21000000 8811180 5100000 5910084
44 314000 9810 21000000 8811180 4900000 5678316
45 2000 2877 -1800Q000 7552440 3400000 3940056
46 14000 4478 18000000 7972020 3500000 4055940
47 28000 8951 23000000 9650340 5100000 5910084
48 31000 9910 25000000 104898500 550090040 6373620
49 30000 9550 250000460 10489500 4800000 5562432
50 230Q0 7353 18004000 7552440 5000000 5794200
51 15000 4795 200000400 8391800 5800000 6721272
52 30000 9590 17000000 7132860 4800000 5330664
53 32G¢00 10230 18000000 7552440 4300000 4383312
54 18000 5754 17000000 7132860 4500000 5214789
55 18000 5754 18C00000 755244¢ 4700000 54486548
56 28000 BS951 24000000 10069920 5100000 5910084

C.4



TABLE C.1. ({contd)
Track # Manganass 25D Nickel 28D Potasslum 28D
1000 3000 30000
1 300000 41958 17000 4415 1600000 671328
2 280000 36364 18000 4156 1700000 587412
3 260000 39181 16000 48675 1400000 713286
4 430000 60140 18000 4676 1000000 419580
5 330000 46154 18000 45675 1100000 461538
8 260000 36364 18000 4675 1200000 503496
7 260000 36364 18000 4875 /1200000 5034986
8 270000 37762 17000 4416 1300000 545454
9 290000 40559 15000 3896 1200000 503496
10 270000 37762 12000 3117 810000 339850
11 280000 29161 17000 4416 1000000 419580
12 270000 ar7e2 20000 5195 1200000 503496
13 270000 37762 16000 4156 890000 373426
14 310000 43357 17000 4418 1000000 419580
15 260000 36364 19000 4935 1000000 419580
16 270000 37782 18000 4875 1200000 503496
17 280000 39161 16000 4158 1300000 545454
18 340000 47552 17000 4416 1200000 503498
19 300000 41958 18000 4675 1100000 461588
20 150000 20979 11000 2857 710000 297902
21 170000 23776 14000 3636 840000 352447
22 190000 26573 15000 3898 1100000 461538
23 190000 26573 15000 3ags 950000 398601
24 370000 51748 18000 4875 1300000 545454
25 300000 41958 17000 4416 1500000 629370
26 380000 53147 17000 4416 1200000 503496
27 260000 36364 13000 3377 1400000 587412
28 250000 40559 18000 4675 1500000 629370
29 310000 43357 15000 3896 1100000 461538
30 280000 39181 17000 4418 1400000 587412
31 230000 32168 15000 38986 1100000 461538
32 260000 36364 17000 4418 1300000 545454
.33 220000 30789 18000 4875 1400000 587412
14 250000 34965 17000 4418 1400000 587412
35 290000 40559 18000 4875 1900000 787202
36 330000 46154 14000 3636 1600000 671328
a7’ 290000 40559 16000 4156 1300000 545454
38 250000 34965 15000 3896 1000000 419584
39 280000 39161 18000 4675 1200000 503496
40 220000 30769 9000 2338 520000 260140
41 260008 36364 14000 3636 1300000 545454
42 270000 37762 15000 3896 1200000 503496
43 310000 43357 18000 4158 1600000 671328
44 280000 39161 15000 3896 1400000 587412
45 160000 22378 12000 3117 690000 289510
46 450000 64338 11000 2857 850000 356643
a7 380000 53147 18000 41585 1500000 629370
48 330000 46154 18000 4875 1700000 713286
a9 290000 40559 14000 3836 1500000 629370
50 270000 37762 14000 3636 1500000 629370
51 260000 36364 15000 - 3896 1400000 587412
52 250000 34968 16000 4156 1400000 587412
53 250000 34965 16000 4156 1200000 503496
54 240000 33566 14000 3636 1100000 461638
55 250000 34965 11000 2857 1600000 671328
58 320000 44755 16000 4156 1600000 671328

C.5




C.e

TABLE €.1. ({contd)
Track # Sliver 2SD Sodlum 28D Tin 258D
2000 30000 10000

1 ND 460000 137862 ND
2 ND 510000 143856 NOD
3 ND 480000 152847 ND
4 ND 410000 122877 ND
5 ND 540000 161838 ND
8 ND 390000 116883 ND
7 ND T 440000 131868 ND
8 ND 400000 119880 ND
9 ND 570000 170829 ND
10 ND 240000 71928 ND
11 NO 420000 125874 ND
12 ND 380000 113886 ND
13 ND 390000 116883 ND
14 ND 540000 161838 ND
is ND 280000 77922 ND
16 ND 350000 104895 ND
17 ND 330000 298301 ND
i8 ND 520000 155844 ND
19 ND 370000 110889 ND -
20 ND 320000 96504 ND
21 ND 330000 98901 ND
22 ND 330000 98901 ND
23 ND 320000 95904 ND
24 ND 860000 257742 ND
25 ND 400000 119880 ND
26 ND 500000 149850 ND

.27 ND 490000 1468563 ND
28 ND . 400000 119880 ND
29 ND 640000 191808 ND
30 ND 390000 116883 ND
R | ND 360000 107892 ND
32 ND 440000 131888 ND
33 ND 410000 122877 ND
34 ND 480000 137862 ND
35 ND 450000 1348865 ND
36 ND 3000090 89910 ND
av ND 320000 95904 ND
38 ND 320000 95804 NO
39 ND 290000 86913 ND
40 ND 240000 71928 ND
41 ND 340000 101898 ND
42 ND 320000 95904 ND
43 ND 780000 233768 ND
43 ND 760000 227772 ND
45 ND 170000 50949 ND
48 ND 200000 59940 NDY
47 ND 540000 161838 ND
43 ND B40000 251748 ND
49 ND - 810000 242757 N
50 ND 820000 245754 ND
51 ND 830000 248751 ND
52 ND 320000 285904 ND
53 ND 380000 107892 ND
54 ND 260000 77922 ND
58 ND 920000 275724 ND
55 ND 770000 230769 ND
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C.7

T C.1. {contd)
Track # Vanadlum 25D Zine 28D
aonoo 1000

1 56000 8951 300000 89910
2 47000 7672 270000 71828
3 48000 7512 240000 80919
4 48000 7672 220000 65934
5 - 53000 8472 270000 80919
6 46000 7353 260000 77922
7 43000 6873 - 250000 74925
8 43000 6873 2403000 71928
9 55000 8791 170000 50949
10 44000 7033 63000 18881
11 §6000 8951 160000 47952
12 81000 9750 160000 47952
13 51000 9750 150000 44955
14 53000 8472 170000 50949
18 75000 11983 130000 38961
16 69000 11029 150000 44955
17 59000 11029 230000 68931
18 58000 9271 260000 77922
19 69000 11029 190000 56943
20 30000 4795 280000 83916
21 41000 6553 240000 ° 71928
22 36000 5754 300000 89910
23 43000 6673 250000 74925
24 48000 7672 50000 14985
25 64000 10230 230000 88931
28 59000 9431 250000 74925
27 61000 8750 200000 59940
28 55000 8791 240000 71928
29 77000 12308 180000 53946
30 50000 7992 270000 80919
31 44000 7033 270000 80919
32 50000 7992 260000 77922
33 43000 7872 290000 86913
34 65000 10390 2600090 77922
35 51000 B152 260000 77922
36 52000 8312 180000 - 53946
37 41000 6553 260000 77922
as 67000 10709 230000 68931
ag 48000 7672 170000 50949
40 70000 11189 96000 28771
41 42000 6713 220000 65934
42 47000 7512 240000 71928
43 55000 8791 180000 56943
a4 54000 8631 200000 59940
45 46000 7353 100000 28970
46 49000 7832 110000 32967
47 57000 9111 220000 65934
48 70000 11189 240000 71928
49 67000 10709 270000 80919
50 44000 7033 200000 59940
51 54000 B631 220000 65934
52 37000 5914 240000 71928
53 42000 6713 260000 77922
54 35000 5594 110000 32967

.55 48000 7672 150000 44955
56 66000 10549 280000 83916
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APPENDIX E

DOSE CALCU NS

The potential radiation doses were calculated from several exposure
scenarios involving particles of %°Co recovered during a recent river survey.
The dose calculations include inhalation, ingestion, and direct skin exposure
for an insoluble steilite particle. The deposition of the particle in the
respiratory tract through inhalation, as a function of particle size, was
predicted and the resulting dose from the deposition was calculated based on
the recently accepted International Council on Radiation Protection { ICRP)
respiratory tract model. The dose from ingestion of the particle (swa]]owing
through the mouth) was calculated using MIRDOSE, an internal dosimetry com-
puter code that assumes that the particle does not dissolve within the body.
External doses from various realistic exposure scenarios were determined using
the skin dose computer code VARSKIN 2. Before discussing the results of the
dose calculations, a discussion of regulatory guidance for public exposure to
‘discrete radioactive partic1és {(DRPs} and the 1ikelihood of exposures to DRPs
is appropriate. '

E.1 RADJATION DOSE GUIDANCE

There js no special guidance for skin contamination with DRPs for mem-
bers of the public. The guidance for doses to the public in DOE Order 5400.%
limits the effective dose equivalent (EDE) to the maximally exposed individual
(MEI) from all pathways from U.S. Department of Energy (DOE) sources to
100 mrem/yr EDE. The weighting factor for the skin dose recommended by the
ICRP for large areas of skin contamination is 0.01. To contribute an EDE of
100 mrem/yr, the dose averaged over 100 cm® of the skin would have to be
10 rem/yr.

Evaluating and recording radiation doses from skin contamination of
workers is addressed in the new DOE Radiclogical Centrol Manual (DOE 1992).
This report does not address the potential health effects of such exposures.
The guidance in the DOE Radiological Control Manual for areas <10 cml states
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that the dose is to be "averaged over the 1 cm® receiving the maximum dose;
not added to any other dose equivalent, extremity or shallow dose equivalent
(skin) recorded for the annual dose equivalent; and recorded in a person’s
radiation dose record as a special entry.” '

The National Council Radiation Protection and Measurements (NCRP) issued
Report No. 106 in 1989: Limit for Exposure to Hot Particles on the Skin
(NCRP 1989). This report, which addresses only occupational exposure, dis-
cusses health effects from irradiation by beta particles. The report
describes the principal effect as ulceration of the skin and not skin cancer,
and defines a conservative, threshold limit of 1 E+10 beta particies
(75 uCi-hr) for ulceration, based on the dose recesived at a depth of 100 um.
The cells in the nasal passage and the skin are not very sensitive to
radiation-induced cancer, viz. a risk of 7 E-07 cancers per rad {7 E-05.
cancers per Gy}, and therefore the recommendations for dose Timits are based
on deterministic effects.

If radiation doses are extremely high, irradiated tissues can develop
burns and other openings called ulcerations. A threshold for ulceration was
defined as 230 krads (2300 Gy) evaluated at a depth of 100 um. A highly |
radicactive particle that remained Tong enough in the nasal passages or on the
skin could lead to such radiation burns and ulceration. At somewhat lower
doses temporary cosmetic changes would occur. The report stated that "ulcera-
tion of a minute area of skin;, such as that which may occur near the threshold

for acute deep ulceration, is not considered to be a -severe nonstochastic
 effect." It is not clear how the discussion on health effects and the reconm-
mended 1imit presented in the NCRP report should be translated into guidance
for exposure of a member of the public to DRPs on the skin.

A research study involving new experimental work and a literature review
was performed by Pacific Northwest Laboratory for the Electric Power Research
Institute (EPRI 1992). The authors of this study recommended a different
threshold for effects from exposure to DRPs than that given in the NCRP
report. The new threshold was based on a new endpoint for skin disruption,
"acute necrosis,"” and given as 10 krads (100 Gy), based on the dose averaged
over 1 cn’ at a depth of 70 pm. The authors state that "for stellite parti-
cles, which are low-energy beta emitters, the possibility of severe damage is
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remote and the area of the skin subject to potential damage would not be
casmetically unacceptable." Once again, the intent of this report is to
address the occupational arena, and application to the general public is not
straightforward.

However, in contrast to the recommendations in the EPRI report that
would alTow some minor skin damage to occur, many éxperts feel that any open-
ings in the skin of an occupational worker are unacceptable. Such openings,
while not of a health concern, would prevent the worker from entering a con-
taminated area. The trend seems to be toward keeping the limit at 1 E+10 heta
particles (75 uCi-hr) as published in NCRP (1989). This limit is used by the
U.S. Nuclear Regulatory Commission (NRC) in its modified enforcement policy,
thus establishing a de facto DRP dose 1imit. Because this 1imit is below the
dose necessary to produce any skin damage, it seems prudent to use the same
limit for the general public. Lowering the limit does not provide an
increased level of protection because of the deterministic nature of the risk,
and, therefore, a lTower 1imit is not necessary.

At its April 1993 meeting in Washington, D.C., the ICRP approved a new
madel of the respiratory tract in which they have adopted a weighting factor
of 1 F-05 for the portion of the nose that is most 1ikely to receive a sig-
nificant dose from a DRP (James et al. 1991). It is possible to use the
respiratory tract model to predict the EDE from a DRP that has been inhaled.
If the dose to the nasal region is higher than the dose to any other body
organ, the nose is further weighted by a factor of 0.025 when its contribution
to the EDE is determined. Therefore, the dose to the nasal passages receijved
by a member of the public from a DRP lodged there would have to be 4 E+03 rem
before the EDE' 1imit of 0.1 rem were reached. At doses of this magnitude,
significant damage to the tissues of the nose would occur. Thus, the EDE from
a particle in the nose should not be the limiting value of acceptable dose.
Instead, for exposure of the public to DRPs, a Timit of 10'® beta particles
(75 uCi-hr) is considered appropriate.
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E.2 LIKELIHOOD OF EXPOSURE

A study by Schwendiman indicated that the potential for inhalation or
pickup of small particles from the ground was very low (Schwendiman 1958). 1In
his study, he scattered fluorescent particles on dry ground and vegetation on
the Hanford Site. Although this study is not direcp}y applicable to the loca-
tion where the two cobalt particles were found, it might be applicable to a
scenaric where the particles were contained in dry shoreline sediment. The
probability of the particles becoming airborne from wet sediments should be
lass, -

The Tikelihood of exposure to DRPs along the Hanford Reach of the
Columbia River is reduced by the small number of such particles found in the
several river surveys performed over the years. The Jikelihood of exposlre is
further reduced because these particles are not mobile in air or water.” In
addition, any particles that were present but not detected were probably
covered by or buried in sediment. The particles will adhere to the sediment,
and the sediment acts as an effective shield. For example, a l—mm'1ayer of
sediment between a particle and the bare skin is sufficient to reduce the skin
dose by a factor of 30, and no significant dose is expected from a particle
that is buried below 1 cm of sediment.

E.3 RADIATION DOSIMETRY

According to the supplied information, the particles recovered were
stellite (with a typical density of 8.3 g/cms), and their activity was 1.7 uCi
and 16 uCi. Experience with other stellite DRPs that occur in commercial
nuclear power plants indicates that they are essentially insoluble in the
gasirointestina] (61} tract or in any other bodily fluids. Based on measure-
ments performed by Battelle on DRPs isolated at commercial power reactors, the
specific activity of stellite averages 6 x 10* uCi/mm®. From the specific
~activity for stellite particles, the two particles were estimated to have
physical diameters of 30 um and 70 um, respectively. The aerodynamic diam-
eters of particles of this physical size and density were used in the computer
code LUDEP (Birchall et al. 1991} to determine the probability of their
inhalation.. The aerodynamic diameter of the two particles, which is even
bigger than the physical diameter, is too large for them to enter the lung.
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Therefore, the exposure modes with the highest potential radiation dose
rates were found to be those that postulated lodging of the 16-uCi particle in
the nasal passages (40 rad/hr averaged over 1 cm’ at depth of 40 um) and
direct contact of that particle with bare skin (30 rad/hr averaged over 1 cm’
at depth of 70 um). The potential radiation doses from other scenarios were
also cé]cu1ated, including ingestion of the 1nso]ubf; particles, the dose to
several body organs from the passage of the particles through the GI tract,
and dose rates to the skin from exposure through intervening layers of clath.
In addition, a calculation was made of the dose to lung tissues from inhala-
tion of a stellite particle small enough to penetrate into the Tungs.

E.4 INHALATION OF A SMALL PARTICLE

The dose to Tung and the extrathoracic (ET) region from inhalation.of a
DRP depends on the diameter of the particle. To determine the possible
effects of inhaiation of a DRP, three particle sizes were considered: parti-
cles with a physical diameter greater than 10 um, a particle with a diameter
of 5 um, and a particle with a diameter of 1 gm. The activity of a particle
with a diameter of 10 um is 50 nCi, the activity of a particle with a diameter
of 5 um 1s 6 nCi, and the activity of a particle with a diameter of 1 um is
50 pCi. A stellite particle with a diameter of 5 um would probably be barely
detectable during a ground survey conducted with a GM meter. The dose from a
1-pum particle was deemed to be too small to warrant calculation.

According to the ICRP model, when a person is exposed to a stellite par-
ticle that is larger than 10 um there is a 50% probability that the particle
will be deposited in the ET region. The probability of deposition in the
anterior part of the nose (ET1) region is equally likely as deposition in the
naso- and oropharynx (ET2) region. Particles that are deposited in ET1 usu-
ally remain there for an average time of about 1 day. They are eventually
removed either physically or by sneezing. The average residence time in the
ET2 region is about 0.2 hr. Particles that are deposited in ET2 are
eventually swallowed.

Using the LUDEP code, doses were calculated for deposition in both the
ET] and ET2 regions. In the following dose calculations, it was assumed that
particies would remain in the various compartments for a time equal to twice
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the average. For a particle that is deposited in the ETl region, the
potential committed dose factors are about 8 rad/d/uCi to the nose and

0.2 rad/d/uCi to the naso- and oropharynx. Therefore, the calculated
committed dose from a 16-uCi particle spending 2 days in the ET1 region was
calculated to be 250 rad. This same particle would contribute 6 rad to the
naso{;and'oropharynx.. Clearly the limiting organ ddse is that to the nose.
If tﬁé regulatory Timit for public exposure to these particles were the same
as thé Timit for occupational exposure, i.e., 75 uCi-hr, then the 1imit would
be exceeded for the 16-uCi particle. When credit is taken for self-absorption
as permitted in NCRP (1989), the exposure from the 1.7-uCi particle in the
nose would be very close to the NCRP Timit expressed as 1 E+10 beta particles
emitted from the surface of the particle.

Committed doses from a 16-uCi particle in the ETZ region were calcylated
to be 20 rad to the naso- and oropharynx and 10 rad to the nose. For parti-
cles that are deposited in the ET2 region, the naso- and oropharynx dose is
limiting. The EDE associated with a particle deposited in the ET2 region was
estimated to be <1 mrem, well below the radiation guide for exposure of a _
member of the public,

~ Inhaled particles of sufficiently small size can also deposit in the
bronchial (BB} region. Stellite particles ranging in size from 5 to 10 um
have a small probability of deposition in that region (0.4% maximum)}. The
activity associated with a 10-um particle is calculated to be 50 nCi. The
dose factor to the BB region from a ®°Co particle deposited there was calcu-
lated to be 60 prad/hr/nCi. Therefore, the dose rate from a 10-um particle
in the BB region would be 3 mrad/hr. In the ICRP model, transport from the
BB region is composed of twoe components, fast transport where particles have
an average residence time of 0.1 d and a slow transport with an average resi-
dence time of about 1 month. However, the probability of s]ow transport is
only 0.7% of the probability of fast transport.

When coupled with the short time that particles are predicted to remain
in the BB region (probably 5 hr or less), the total dose (<20 mrad) from a
10-pm particle will not produce any adverse deterministic health effects. In
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addition, the contribution to the EDE from such a particle in the BB region
would be <1 mrem, a dose well below the radiation guides for exposure of a
member of the pubiic.

The probability of a 10-um particle depositing in the BB region and
transporting quickly is only 0.004. Because of its/}ang residence time (up
to 2 months), the potential dose from a slow-transporting particle in the
BB region would be about 300 times that of a fast-transporting particle or
just under 5 rad. However, the probability of the particle lodging there is
only about 7 E-03 times the probability for deposition in the fast BB region,
or 3 E-05., These probabilities must be coupled with the low probability of
inhaling the particle.

In summary, if particles stay in the nose for 2 days, then those that
are about 1.7 uCi (corresponding to a physical diameter of 30 um) can deliver
doses to the nose that approach a 1imit of 75 pCi-hr. Particles of this size
will not be deposited in the Tung. The dose equivalent from a DRP deposited
in either the ET or the BB region does not appear to be a health concern.

E.5 INGESTION OF A PARTICLE

The impact of ingesting the insoluble particles was evaluated by calcu-
lating potential radiation doses to the various organs in the body from pas-
sage of the particles through the GI tract. Calculations were performed with
the computer code MIRDOSE (Watson et al. 1984). This code uses the ICRP GI

tract model to calculate radiation dose to several organs of the body from the

gamma radiation ("crossfire”) emitted from the radionuclide while it passes
through the tract with no absorption into the bloodstream. The resuits of the
MIRDOSE calculation are listed in Table E.1. The code does not generate an
EDE. However, the EDE can be calculated from the standard set of organ-dose
weighting factors adopted by the U.S. agencies concerned with radiation
protection. The calculated EDEs are listed at the bottom of the table; both
values are less than the DOE stochastic limit of 100 mrem. The health effects
of concern from exposure to such DRP are clearly deterministic
(nonstochastic).
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TABLE E.1. Calculated Radiation Doses from Ingestion of ®°Co Particles

mrad
Target Organs L7 uCi 16 uCi
_ /// _

Adrenals <0.5 5
Brain <0.5 <0.5
Breasts <0.5 1
Gall Bladder Wall 2 : 20
Lower Level Intestine 32 300
Small Intestine 7 69
Stomach 2 23
Upper Level Intestine 15 , 140
Heart Wall : <0.5 ‘ 2
Kidney : 1 10
Liver 1 | 7
Lungs <0.5 ' 2
Muscle ' 1 :
Ovarijes 8 74
Pancreas 1 9
Red Marrow 1 13
Bone Surface 1 6
Skin <0.5 3
Spleen 7
Testes 1 7
Thymus <0.5 1
Thyroid - <0.5 <0.5
Urinary Bladder Wall 2 23
Uterus 3 32
Remainder 1 10
Effective Dose Equiv. 6 60
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E.6 [EXTERNAL EXPOSURE

A second set of calcutlations was performed using the computer code
VARSKIN 2 (Durham 1992), written for the U.S. Nuclear Regulatory Commission to
calculate dose to skin from DRP. Calculations were performed for a number of
exposure scenarios: a particle that is inhaled intg the nose, a particTé that
comes into contact with bare skin, a particle that resides in a person’s
pocket, a particle that Ties below a person’s sleeping bag, and the penetrat-
ing (deep) dose.

The calculations were performed assuming that the particles had an
activity-to-volume ratio of 5.6 E+4 uCi/mm®, determined based on gxperience .
with stellite DRPs found at U.S. nuclear power plants. The geometry of the E
particles was assumed to be cylindrical with a thickness equal to its o
diameter. Thus, the 1.7-uCi particle had a thickness and diameter of 30 um,
and the 16-uCi particle had a thickness and diameter ‘of 70 um. The cylindri- ;
cal geometry model was chosen to maximize the accuracy of the calculations.

E.6.1 Exposure Scenarijos

As stated above, a particle that is inhaled through the nose must reside
in the ET1 region if any regulatory 1limit is to be approached. Because the
depth of the sensitive layer of cells in the nose is 4 mg/cm?®, dose was cal-
culated at that density thickness. The doses calculated using VARSKIN 2
differ from those performed using LUDEP for a number of reasons. First, LUDEP
assumes that the activity is spread uniformly throughout the region, while
VARSKIN 2 assumes that the source is a particle. Second, LUDEP does not
account for particle self-absorption, while this effect is modeled in
VARSKIN 2. Finally, the dose calculated by VARSKIN 2 represents the maximum
dose to 1 cm® of tissue in the ET1 region.

To simulate the dose to the sensitive Tayer of cells on the skin, a den-
sity thickness of 7 mg/cm® was chosen. This depth is accepted by interna-
tional standards committees as the depth at which to calculate skin dose.

To simulate the dose to skin (at a depth of 7 mg/cm?) from a particle
that has become lodged in a pocket, a layer of clothing was calculated as
being placed between the particle and the skin. The clothing was assumed to
have a thickness of 0.4 mm and a density of 0.7 g/cm®. These data were
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obtained from typical coverall material used in nuclear power plants and
represent a conservative value for the thickness of clothing.

The dose to skin from a particle Tocated below a sleeping bag was deter-
mined by choosing a clothing thickness that would completely stop the beta
radiation emitted from the particle. In thjs case,tg clothing thickness
equivalent to two layers of coverall material was sufficient to stop all beta
radiation.

The penetrating dose from gamma radiation was calculated by choosing a
skin ‘depth of 1 cm. Note that the penetrating dose is calculated to be
absorbed by a Timited area of the skin and not distributed over the entire
bady. The penetrating dose should not be used as the dose to the whole body.

E.6.2 Results

The doses calculated using VARSKIN 2 represent conservative estimates of
dose rate to the skin averaged over 1 cm’. The calculated numbers are the
maximum possible dose rates for the given scenarios. The results of the
calculations are presented in Table E.Z2,

TABLE E.2. Absorbed Doses from ®°Co Particles®

rad/hr
1.7 uCi 16 LuCi

Scenario : Beta Total Beta Total
Basal cells in nasal passage 7.3 7.6 38 41
Contact with bare skin 4,4 4,7 23 26
Skin through a pocket 0.11 0.34 0.47 2.6
Skin through sleeping bag 0.0 0.18 0.0 1.7
Deep dose (1 cm) 0.0 0.019 . 0.0 0.18

(a) Calculated using the VARSKIN 2 code.
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E.7 CONCLUSIONS

Based on calculations using LUDEP, MIRDOSE, and VARSKIN 2, and based on
available regulatory guidance, the dose-l1imiting exposure scenario is a par-
ticle that is inhaled into the front part of the nose, where the particle may
remain for as long as 48 hr. For a 48-hr residence time, the maximum dose to
the nose was calculated by the VARSKIN 2 code to be 2000 rad (41 rads/hr x 48
hr) for the 16-uCi particle and 360 rad for the 1.7-uCi particle. If the
regu]atory'limit for public exposure to these particles was the same as the
Timit for occupational exposure, i.e., 75 uCi-hr, then the 1imit would be
exceeded by about a factor of ten for the 16-uCi particle. The exposure from
the 1.7-uCi particle in the nose would be very close to the NCRP limit
expressed as 1 E+10 beta particles emitted from the surface of the particle
when credit is taken . for self-absorption as permitted in NCRP (1989). .

To fully understand the 1ikelihood of a DRP exposure, a detailed radia-
tion survey of the accessible areas élong the Columbia River would be prudent.
One method of making this determination is to perform a thorough contamination
survey of the publicly accessible banks of the Columbia River. An appropriate
instrument and scan speed that w111;a110ﬁ detection of particles which have an
activity of 1 uCi or more should be used. Partic]és with activities less than
1 uCi should not, in all probability, pose a health hazard and would not
rasult in exposure of the public in excess of limits.
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