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Figure 1 : Planned transects for soil sampling and gamma spectroscopy measurement 6 '2 
locations extending offsite from Rocky Flats.(see Figure 2 for onsite transect locations). a' 

Four transects extent out from the 903 Pad in the directions of 60°, 90°, 1200, and 1500 
to a distance of 16 krn beyond the plant boundary (approximately 20 km from the 903 
Pad). In-situ gamma spectroscopy measurements were planned at each of the soil sampling 

a 
sites and along 8 more transects spaced 100 north and south of each of the soil transects. 
The nearest undisturbed site to each of these macroplots was selected for sampling (See 
Figure 8a for location of sites actually sampled). 



Fizure 2: Plarlncd transects for so11 sanipling and gnninla spectroscopy nieasurtn~ent 
locations onsite a t  R F P  Three rrnnsects e\tent out from the 903 Pad in the directions of 
600, 900, and 1200 In-situ 3arnn)a spectroscopy rileasurcments \\,ere planned at each of 
the soil san~plins sires and along 6 more transccts spaced 100 nonh and south of each of 
the soil transects T1:e ncsrest undistilrbed site to each of these niacroplots was selected 
for sampling (See Ficure - Sa for location of sites nct~~ally sariipled). 



Figure  3 :  Community sampling locations (triangles) \$.ere selected at undisturbed sites in 
ten populated areas near the  RFP. Soil samples  \vere taken  for 0-3 cnl and 0-21 cnl 
dep ths  and in-situ g a n m a  nleasurements \vere taken at these locations. 



i:isurc 4: Map of 17 previous study arcns cast and s o i ~ t l ~  of the RFP boundary. Tllc arcas arc each approxin~atcly 114 section in size and . 
divided by land usc typc (pasture, tillcd cropland, ctc.). Tcn samplcs wcrc taken in cnch arca (0-5 cm dcptb) and cornposited to obtain 
a sirlglc I'u v;lluc ['or c;lcl~ ;11.ca. 
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Areas samplcd for litigation 
purposes between 1976-1977 (US 
DOE 1991a) 

Roclcy Flats Plant 
Portions of the litigation areas 
rcsamplcd by CSU-IIC bct~vccn 
1992- 1993. 

Addi tio11al arcas sampled 
adjacent to the RFP betwccn 
1976-1977 (US DOE 1991a) 

Portions of the adjacent arcas 
rcsamplcd by CSU-RG betwccn 
1992-1993. 

Notc: N12 was sampled in undisturbed 
land. H l 4  was sampled in the same arca 
but in  soil tilled for rcmcdiation 
purposes. Similarly, H13 was sampled in 
undisturbcd soil whilc H I 5  was samplcd 
in the tilled strips. 
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Figure 6: Microplot soil sampling diagram for vegetation, 0-3 nlm surface scrapes, and 7 
layer profile samples (each layer was 3 cm thick). Soils \\.ere sanlpled in this manner at I 
of the 4 microplots for offsite transect macroplots, and all microplots onsite. 

I 7 layer 
prollle 

3mm depth' 
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Figure 7: hiicroplot soil sampling diagram for vegetation, and 0-3 mm, 0-3 cm, and 0-2 1 
cm depth samples. Soils were sampled in this manner at 3 of the 4 microplots for offsite 
transect macroplots, community sample sites, and at backsround locations. 
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Figure Sa: Actual locations sampled offsite (dark squares) along four transecls for 
vegetation and 0-3 mm, 0-3 cnl, and 0-21 cm depth soils. These locations were the a 
nearest undisturbed properties to the planned offsite macroplots shown in Figure 1. 



Figure 8b: Actual locations snrnpled onsite (dark squares) along tllrec transecrs for 
vegetation and 0-3 mni soil scrapes, a n d  7 Inl.cr profile (0-3 1 CIII depth) soils. These 
locations \inere \,cry near to the planned locations sIlo\+.n in Figure 2 due to the undisturbed 
nature of the RFP buffer zone. 



Appendix D: Site cllaracteristics by macroplot for onsite, offsite, community, 
backsround, and previous study area locations. 
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IX 

CSU From Ihe 903 Pad Landuse Level Slope Slope Landform ' Soil 
Macroplot Direction Dislance Type' Dislurbed' Angle Direction Type TY peg 

# (Deg. T) (km) N.P,E,O.G.T (1 - 5) (degrees) (N,S,E,W) (l.m,v) (SL-CL-C) 

(n) 
AX1 
AX2 
AX3 
AX4 
AX5 
AX6 
8 x 1  
BX2 
BX3 
BX4 
ax5  
CX l  
CX2 
CX3 
CX4 
CX5 
CX6 
CX7 

(n) 
DXl  
DX2 
DX3 
DX4 
DX5 
DX6 
EX 1 
EX2 
EX3 
EX4 
EX5 
EX6 
FX1 
FX2 
FX 3 
FX4 
FX5 
FX6 
GX1 
G X2 
GX3 
(2x4 
GX5 
GX6 

MACROPLOTS - ONSITE TRANSECTS 

(n=l) (n= 1) (n= 1) (n=1) 
8 8 0.20 N 1 
92 0.33 N 2 
8 9 0.68 N,G 5 
9 1 1.21 N 1 
9 0 1.63 N 2.5 
91. . 2.29 N 1 
60 0.79 N 1 
5 9 1.15 N 2 
5 9 1.68 N 1 
6 0 2.26 N 2 
5 8 2.76 N,E? 2 
116 0.21 N 1 
11 3 0.32 N 2 
124 0.72 N 1.5 
121 1.22 N 2.5 
'I 21 1.61 N 2 
120 2.36 N 1 
121 2.76 N .T 5 

MACROPLOTS - OFFSITE TRANSECTS 

(n= 1 ) (n=1) (n=1) (n=1) 
9 0 2.76 N 2 
91 3.17 N 2 
9 3 4.28 P 1.5 
95 5.49 P 1.5 
96 10.55 N,P 1 
96 18.97 N,E? 2.5 
6 1 3.35 T,N 5 
61 4.14 N, E? 2.5 
59 4.66 P 2 
6 3 6.82 N,P 2 
5 5 12.60 N ,P 3 
56 17.36 N,P 2 
119 3.04 N 2 
118 3.66 N,P 1 

118 4.99 N,P 2 
121 7.19 N.E 2.5 
127 9.46 N,E 2 
114 18.35 N .E 2.5 
154 2.56 N,P 2 
155 3.27 P,E 2.5 
144 4.22 T,N 5 
,l 55 6.23 O,N 3 
149 11.76 N.P 1 
146 18.05 N,E 3 

(n=4) 
E 
S 
E 
S 

SSE 
SE 

NNE 
NE 
NE 
NE 
SE 
SE 
SE 

NNE 
E 

SE 

(n=4) 
ESE 
ESE 
NNE 

E 
NNW 

E 
S 

SE 
SE 
W 

NNW 
S 
E 

SE 
NE 

NNE 
W 
SW 
SE 
N .  

ESE' 
N 
N 
S 

(n=4) 
VCSL 
VCSL 
VCSL 

CL 
CL 
CL 

VCSL 
VCSL 
VCSL 

CL 
CL 
CL 
C L 
CL 
CL 
C L 
CL 

GCL 

(n=4) 
CL 
CL 

GCL 
GCL 
CL 
CL 
CL 
CL 

GCL 
CL 
CL 

GSL 
L 
L 

CL 
C 

CL 
L 

VCSL 
L 

GCL 
CL 
CL 
CL 



~ p p e n d i x  D: (Continued) 

&I 
. . CSU From the 903 Pad Landuse Level Slope Slope Landform ' Soil 

Macroplot Direction Distance Type' Disturbed' Angle Direction Type Type' 
# (Deq. T) (km) N,P,E.O.G.T (1 - 5) (degrees) (N,S.E,W) (t,m.v) (SL-CL-C) 

COMMUNITY SAMPLES 
(n=1) (n=1) (n=l)  
330 9.50 N 
181 17.82 N.P 
333 7.40 N,P 
314 7.60 N,P 
153 15.94 N,E 
141 12.61 N.E 
110 14.63 N 
9 3 19.68 N,E 
75 9.21 N,E 
6 7.21 N 

BACKGROUND LOCATIONS 
(n=1) (n=1) (n= 1) 

2 0 107.32 N 
3 79.03 N 
14 90.52 N,P 
3 73.51 N 
5 69.25 N 
9 68.86 P 

166 123.29 N 
162 58.47 P 
160 83.69 P 
34 3 24.24 N,P 

PREVIOUS STUDY AREAS 
(n=1) (n=l) (n=1) 
SE 3 to 4 T 
SE 2.5 to 3.5 P 
SE 4 to 5 N ,T 
SE 3.5 to 4.5 T 
NE 3 to 4 T 
NE 4 to 5 N 

ENE 3 to 4 N 
KE 4 to 5 P 
KE 3.5 to 4.5 
7 

P 
t 3 to 4 N.E 
E 3 to 4 N 
E 3 to 4 N 
E 3.5 to 4.5 N 
E 3 to 4 T 
E 3.5 to 4.5 T 

ES 3 to 4 T 
ESE 3 to 4 T 

(n=l) 
SSE 
W 

NW 
NNE 

E 
NW 
E 

NE 
ESE 

E 

(n= 1 0) 
W 
NE 

WSW 
ENE 

E 
WNW 

S 
E 

var 
E 

varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies 
varies. 
varies 
varies 

(n=1) 
Urn 
Um 
vim 
vim 

v 
Vmlv 
tlmlv 

t 
Um 
v 
t 

Vmlv 
Umlv 
Umlv 
Umlv 

t 
Um 

(n= 1) 
VCSL 

CL 
SL 

VCSL 
CL 
CL 
CL 
CL 

GCL 
CCL 

(n= 1 0) 
S L 

GCL 
C L 
CL 
L 

CL 
CL 
L 

S L 
CL 

(n= 1 0) 
GCL 

SL - CL 
GCL 
GCL 
CL 
C L 
C L 

GCL 
CCL 

L 
CL 
CL 

CL - GCL 
C L 

CL - GCL 
GCL 
CL 



~ p p e n d i x  D: ( c o n t i n u e d )  

KEY FOR SITE CHARACTERISTICS TABLE 
Landuse: 

N = currently natural area or unused and relurning l o  nalura! slate 
P = pastured recently ( c5yr ) 
E = may have been subject to erosion or deposition in past 20 yr. 
0 = old orchard ( unused for > 25 yr ) 
G = gravel borrow pit in the past ( c 20 yr ago ) 
T = tilled between 10 to 20 yr. ago 

Disturbance Level: 
1 = unused or moderate use in the past for pasture, natural grasses abundant. 
2 = heavy pasturing activities and\or high prairiedog activity, invader vegetation 

present but not dominant (eg. brome grass and broadleaf weeds). 
3 = some erosion or deposition noticable. 
4 = heavy erosion or deposition present 
5 = tilled land. 

Landform: 
t = Crest of flat topped hill or terraced area 
m = midslope 
v = Valley floor area 

Soil Type: 
VCSL=very cobbly sandy loam 
GCL=gravelly clay loam 
CCL = cobbly clay loam 
CL=clay loam 
C=clay 
L=loam 

Community Sampling Locations: 
KO1 = Boulder 
KO2 = Golden 
KO3 = Marshall 
KO4 = Eldorado Springs 
KO5 = Wheatridge 
KO6 = Awada 
KO7 = Westminster 
KO8 = Thornton / Northglenn 
KO9 = Broomfield 
K10 = Superior 

Background Sampling locations: 
ZO 1 Pawnee grasslands 
202 CSU Airport 
203 Weld County Line 
204 Dixon Reservoir 
Z05 SW Ft. Collins 
Z06 SE Ft. Collins 
207 Colorado Springs 
208 Castle Rock 
Z09 Monument 
Z10 Lefthand Reservoir 

Vegetation: 
# = common plant name (Scientific name) 
1 = yucca plants (Yucca glauca) 
2 = Western wheatgrass (Agropyron species) 
3 = blue grama (Bouteloua gracilis) 
4 = buffalo grass (Buchloe dactyloides) 
5 = cheatgrass (Bromus tectorum) 
6 = Japanese brome (Bromus japonicus) 
7 = mixed (Bromus species) 
8 = bluegrass (Poa species) 
9 = needle and thread grass (Stipa comala) 
10 = cactus (Opunlia polyacantha) 

# = common plant name (Scientific name) 
11 = peppergrass (Lepidium virginicum) 
12 = cactus (Echino cactus pexensif) 
13 = mixed broadleaf weeds (Plantains) 
14 = bindweed (Convolvulus awensis 
15 = goldenrod (Solidago canadensis) 
16 = mullein (Verbascum thapsus) 
17 = Thistle (Cirsium species) 
18 = ryegrass (Secale cereale) 
19 = fringed sage (Arlemisia frigida) 
20 = rabbit brush (Chrysothamnus nauseosu 
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. .. 
ABSTRACT 

The spatial distribution of plutonium was measured in  the 
environment east of the Rocky Flats Environmental Technology Site 
(RFETS) near  Denver, Colorado during 1992-1994. The study area was 
centered on the primary plume of plutonium contamination in the area, 
which mostly originated from the 903 pad. The area ranged from 200 m to 
19 krn from the 903 pad and swept an arc from 60" T to 150" T which covered 
a large portion of the populated areas near Rocky Flats. Based on a total of 
-1400 independent measurements, empirical equations were developed to 
mathematically describe the decrease in plutonium concentrations with 
depth into soil, distance from the 903 pad, and  hrection away from -90" T. 
These equations, combined with soil density measurements, were integrated 
over the study area to estimate the total plutonium inventory in soil. The 
inventory was adjusted for the quantity of fallout plutonium by subtracting 
the mean background plutonium which was measured along the Front Range 
of Colorado. The best estimate of the total plutonium ("380999240Pu) in the  study 
area attributable to the RFETS was 122 GBq (3.3 Ci), somewhat less than 
previously estimated by researchers in the 1970s. 

Plutonium depth distributions were similar to those reported by 
previous investigators. Approximately 50% of the total plutonium was in the 
top 3 cm of soil, and concentrations decreased rapidly with depth, e.g., -1% of 

-. . the total plutonium was in the 18-21 cm layer. The plutonium concentrations 
decreased very rapidly with &stance from the 903 pad, and power functions 
were used to describe the distance relationships. The main plume of 
contamination in the soil appeared to be between 90"-115" T from the 903 
pad, thus the  spatial distribution was similar to those previously reported 

No unusual deposits of plutonium were hscovered in the study area, 
and the spatial hstribution was as  expected. The observed mean (i 1 s.d.) 
level of global fallout plutonium of 2.1 L 0.8 Bq kg1 was not significantly 
different than plutonium levels measured in  soil samples collected in the 
center of ten communities surrounding the RFETS. 
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INTRODUCTION 

The Rocky Flats Environmental Technology Site (RFETS), formerly the 

Rocky Flats Plant,  located approximately 25 km northwest of Denver, Colorado, 

is a US Department of Energy facility with the former mission of manufacturing 

plutonium triggers for n u d e a r  warheads. Several incidents a t  the p l m t  led to 

contamination of the area with plutonium. This has  resulted in considerable 

concern for the health and safety of the  public living in the vicinity. Adverse 

publicity, concerned citizens, pending litigation, and regulatory mandates have 

all contributed to the need t o  quantify and understand the distribution, 

movement and  health risk of plutonium and other contaminants in the environs 

of the RFETS. A recent study indicated that ,  "Review a n d  analysis of the 

available d a s s d e d  and unclassified information indicates tha t  accidents having 

the greatest potential for off-site release of contaminants have been associated 

with plutonium. Such releases appear  to have been primarily associated with 

the 1957 fLre and  the leakage of plutonium contaminated oil from drums stored 

a t  the 903 Pad" (Chem Risk 1992). Researchers investigating possible plutonium 

releases from a 1969 fire a t  the p lan t  supported the conclusion tha t  the f i e s  

contributed to environmental contamination, but the 903 P a d  was the main 

source of off-site contamination (Krey and Hardy 1970; Hammond 1971; Seed et. 

al. 1971; Poet and hlartell 1972; CDH 1972; Krey. 1974; Krey 1976; Krey, Hardy 

and Toonkel 1977; Terry 1994) 

A study to investigate the distribution of plutonium in  the Rocky Fla ts  

ecosystem was conducted between 1972 and 1974 G t t l e ,  IV'hicker and Winsor 

1980). This work also concluded t h a t  wind erosion of contaminated soil fiom the 

903 pad was the chief mechanism of plutonium transport, a n d  tha t  soil 

contained 99.7% of the total plutonium inventory in the terrestrial ecosystem. 

Little (1976) examined plutonium concentrations in vegetation, litter, 

arthropods, small mammals and soil to a depth of 21 cm. He found that  

plutonium concentrations in soil decreased rapidly with depth and distance from 

the 903 pad, increased with decreasing particle size, and were quite variable 

Prelimirmr3v Draft 1 



Distribution of Pu in Soil near  Rocky  Flats Webb el. al. 0 

spatially. He also found that plutonium concentrations in vegetation and Litter 

were inversely correlated to downwind distance from the 903 pad and positively 

correlated to plutonium concentration in soil underneath. Webb (1992) repeated 

Little's study and concluded that plutonium concentrations in vegetation, litter, 

and 0-3 cm deep soil had significantly decreased on the same study plots over 

the 17 y interval between the studies. 

The primary purpose of the current study was to quantitatively assess the 

human and ecological risks posed by the presence of radionuclide contamination 

in the environment surrounding Rocky Flats. This paper reports the results of 

the spatial distribution of plutonium in the more heavily contaminated area to 

the east of the 903 pad and the RFETS. Of specific interest was the depth 

distribution of plutonium in soil, the relationship of plutonium inventory to 

distance and direction from the 903 pad, the total plutonium inventory in soils 

that resulted fiom historical RFETS releases, and estimates of spatial 

variabhty and uncertainty. 

METHODS 

Studv Area 

The Colorado State University-Radioecology Group (CSU-RG) study area 

was established in the eastern part of the RFETS buffer zone (-30 h2 area of 

land used t o  separate the public fiom plant operations) and in the northwestern 

part of the greater Denver metropolitan area. The area was in portions of 

Boulder, Jefferson, Adams and Denver Counties and included the Denver 

suburbs of Broomfield, Northglenn, Thornton, Westminster, Arvada, and Wheat 

Ridge (Fig. 1). The topography of the on-site lands is characterized by a series of 

flat, wind-scoured plateaus bvided by five separate water drainages (Little and 

Whicker 1978). The strongest winds are from the west and northwest (Rockwell 

1985). The off-site terrain is less severe than the RFETS site and generally 

slopes away from i t ,  with elevations ranging from 1 740 m to 1 550 m. Land uses 

ranged fiom high density residential to agricultural, including light industrial, 
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recreational and open space. Vegetation types and  level of disturbance varied 

with land use. 

S a m ~ l i n g  

The soil sampling plan was designed to provide data tha t  could be used to 

develop mathematical relationships between plutonium concentrations (and 

inventories) with distance and  du-ection from the  903 pad. Six to thirteen 100 m* 

macroplots (MP) were located along each of four transects and  were spaced a t  

exponentially increasing distances from the 903 pad. The transects originated a t  

the 903 pad, were spaced every 30" from 60" T to 150" T (true bearing), and 

extended to approximately 19 km from the origin (Fig. 1). Since accurate 

estimates of inventories depended on soil concentration profiles which had  not 

been disturbed, sites were selected in  natural,  undisturbed areas where possible. 

The CSU-RG was interested in evaluating the spatial sampling variance 

in the plutonium data  to enable quantification of uncertainty i n  the study 

results. To accomplish this, samples were replicated at four, randomly located, 

1 m2 microplots (mP) within each MP (Fig. 2). The  types and quantities of 

samples collected a t  each mP differed between on-site and  off-site locations, b u t  

generally the  sampling procedure was to: (1) Clip the standing vegetation a t  

ground level inside a 1 250 cm2 frame then scrape 3 mm of surface soil using a 

"CDH scraperA" inside the frame. (2) Clip the  standing vegetation a t  ground 

level inside a 625 cm2 frame then excavate a 25 cm long x 10 cm wide area of 

soil in 3 cm layers to a depth of 2 1 cm using a trench technique developed earlier 

(Lttle 1976, Webb 1992). (3) Clip the standing vegetation a t  ground level inside 

a 625 cm2 frame then excavate a 25 cm long x 15 cm wide area of soil to a depth 

of 3 cm (Three of the four mP a t  all off-site h P ) .  (4) Clip the standing vegetation 

a t  ground level inside a 625 cm2 frame then excavate a 5 cm long x 5 cm wide 

area of soil to a depth of 2 1 cm (Three of four mP a t  off-site hip). These samples 

* The scraper is a sampling jig developed by CDI-I (CDH 1972) 
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were assumed to reflect the total plutonium inventory a t  the site. (5) Collect site @ 
information, especially location data (Table 1) and soil density measurements 

(Appendix C) (Stone, Webb and Whicker 1994). 

I t  was important to compare the plutonium concentrations and 

inventories near  the RFETS to  levels at  various locations along the base of the 

Front Range of Colorado. Ten "background sites were selected a t  locations 

where only global fallout plutonium would be expected to occur (Fig. 1). Ten 

each of the following samples were collected and  cornposited a t  each background 

site: vegetation, 0-3 mm soil scrape, 0-3 cm deep soil, and  0-21 cm deep soil. 

Another important se,gment of the project was to measure the plutonium levels 

in the central par t  of the major communities surrounding Rocky Flats (Fig.1). 

These data  (Appendix C) wiU be used to evaluate the  level of risk to the citizens 

of each community. 

Analvsis 

The soil preparation procedure was to dry, sieve to <2 mm, homogenize, 

grind, split, and  package the samples for shipment to  an  escrow agent. The 

spec& procedures for analyzing soil and vegetation samples for plutonium were 

developed in prior projects (Webb 1992) and  modified for the current 

investigations. The most significant improvement in the analysis system was a 

batch-leaching procedure developed to accommodate soil sample sizes up to 50 g 

(Ibrahim, Webb and Whicker 1992). An internal tracer, 2d2Pu purchased directly 

Gom the National Institute of Standards and Technology (NIST), was added to 

each sampie and a reagent blank sample was processed with almost every batch 

of six to eight samples. Although the concentration calculation methods 

employed in the current investigation were based on earlier work (Sill 1971), t he  

uncertainty analysis included all sources of laboratory error in the concentration 

measurements, i.e., the reported uncertainty values are cumulative statistical 

estimates of the total error. The specSc procedures used during the project are  

in Appendix B. 

Prelinlirmry Dra fi 
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a Qualitv Assurance I Qualitv Control 

The Quahty Assurance 1 Quahty Control (QAIQC) Program had  the  goal of 

probiding confidence in the q u d t y  of the results, both by control of sample 

collection and analysis and by adequate replication to determine and quantify 

sources of variance a n d  error (Whicker et.  al. 1991). QNQC d a t a  are presented 

in Appendu A. 

The first component of the program was the utilization of an escrow agent 

to replace sample field codes, which contain location information, with 

randomized laboratory numbers. Thus, all samples were analyzed "in t h e  blind." 

Acid blanks were processed identically to, and along with,  the normal  

samples. One acid blank was processed with at  least 50% of the  batches of six to 

eight samples. The  blanks were useful in monitoring t h e  radionuclide levels or 

contamination of reagents, glassware, etc., and were used as  t h e  a n a l m c a l  

'%ackground for cdculating net concentrations. The distribution of activities in 

the blanks was  a s  expected (Fig. Al), i.e., heavily skewed towards lower values, 

with a few blanks tha t  h a d  significant activity. The median 2393240Pu activity for 

all acid blanks was 497 pBq (n = 146) and 75% of all t h e  blanks h a d  activities 

less than 1.9 mBq. All samples processed with acid blanks having activities 

greater than  5 mBq were reanalyzed. 

Approximately 5% of the samples were split after homogenization a t  the 

soil preparation laboratory, packaged identically to the  s tandard  samples, and  

sent through escrow to be used as  blind replicates. Replicate analysis was  a 

method to determine the degree of homogeneity of the  samples a n d  the level of 

analysis consistency by the laboratory. Sixty-seven pairs  of split samples have 

been completed. Approximately 69% of the pairs of '39.240P~ determinations were 

in a p e e m e n t  with one another (a = 0.005). The pairs which did not statistically 

agree were a t  23g3?"Pu concentrations over the entire range of concentrations 

observed, i.e., they \yere not clustered (Fig. A2). The discrepancy between 

replicated samples may have been due t o  inadequate homogenization or 

Prelirniruzry Draft 



Distribution of P u  in  Soil near  Rocky F l a ~ s  M'cbb el. al. ' 

laboratory error. Perfect homogeneity in plutonium contaminated soil samples is 

not always possible to attain.  

The CSU-RG participated in several interlaboratory comparison exercises, 

with the most significant being conducted by the International Atomic Energy 

Agency. This exercise provided a measure of the complete analytical accuracy of 

the  individual laboratories as  compared to laboratories throughout the world. 

Seven samples in four M e r e n t  exercises were analyzed (Table 2). The results 

indicated t h a t  t he  CSU-RG analysis method provided values which were in good 

agreement with the  international community of radionuclide investigators. 

RESULTS 

General Results 

Since 239Pu a n d  24OPu could not be resolved by the detector systems used 

during the project, al l  values reported a s  239Pu will also include 2 4 0 P ~ .  The 2 4 0 P ~  

activity is expected to be approximately 19% of the combined activity for RFETS 

plutonium (-6% by weight, Krey and Krajewski 1972), bu t  the ~ ~ O P U I ~ ~ ~ P U  ratio 

is expected to increase with distance Gom the 903 pad a s  global fallout 

plutonium increases in proportion to RFETS plutonium. 

Approximately 1 400 individual plutonium measurements were made 

during the project. Pu-239 concentrations decreased rapidly with depth into soil 

and distance from the  903 pad. The concentrations ranged fiom -40 kBq k g 1  to 

-4 Bq kg1 in 0-3 cm deep soil on the RFETS and ranged fiom -120 Bq k g 1  to 

background levels (-2 Bq kg-1) in soils off site. (The greatest off site 
.. concentrations oi Z 3 y ~ u  were in previously remehated  areas just east  of the 

RFETS.) The  main plutonium contamination plume seemed to be a p p r o ~ a t e l y  

due east  of the RFETS since concentrations were elevated in the 90" T direction 

and were generally less on the other transects. The z 3 9 P ~  and 2 3 8 P ~  

concentrations for each soil sample a re  Listed in Appendix C, and  mean and 

standard deviations for 239Pu concentrations i n  0-3 cm soil are pven  by h l P  in 

Table 3. 
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1 
i a Pu-239 concentrations measured in surface soils from background 
I 
Z locations ranged from 1.1 - 4.6 Bq kg1  with a mean value of 2.1 Bq kg1 (Table 

3),while concentrations of 239Pu in 0-3 cm deep soil taken from ten community 

I sites (Table 1) were slightly greater than background (mean value: 2.3 Bq kg*), 

I bu t  not significantly different (p = 0.17, htann-Whitney Rank Sum Test). 

I Speci5c trends in  the plutonium data were explored in greater detail through 

I statistical models as follows. 

Distribution of 239Pu i n  Soil with D e ~ t h  and Distance 

The distribution of 239Pu with depth into soil was examined for each h l P  

by regressing the natural  log of the  concentrations with the depth of the samples 

since previous works reported exponential depth dstributions of plutonium 

(Little 1976,  ebb 1992). A few I\P h a d  obviously been tilled, since the 

concentrations were not s igd5cant ly m e r e n t  between layers. The  undisturbed 

0: locations had  a mean slope (+ 1 sd) of -0.26 1 0.13 ern.'. The intercept values 

&om the regressions, however, ranged over several orders of magnitude and  

were correlated with distance from the 903 Pad  (discussed below). 

The rate of decrease in 2 3 9 P ~  concentration from the  surface was 

independent of the sample location (p > 0.05, Pearson Product Moment 

Correlation between slope, distance and  hrection from the 903 pad). To examine 

a generalized rate  of decrease in the study area, 39Pu concentrations i n  each 

layer were normalued to the 0-3 cm concentration for each soil profile. The 

m e d a n s  of the normalized values a t  each depth (Fig. 3) were then fit t o  

functions by trial and  error, bu t  the final  regression parameters were 

determined with commercial curve fitting software4. In the final regression, a 

total of 643 inhvidual  239P~ values were used to derive the depth relationship. 

The equation is: 

[:39PuId = [ 2 3 9 ~ u ] ~ . ~  ,m . 1-(1- 1.48e-06~7d-0. 13e-0195d)4 (Eq. 1) 

SigmaPlotB for \Vindo\t.s is a product o f  Jandcl Scientific, San Rafael, CA 94912-8920. 
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where [ 2 3 9 P ~ ] ~ . 3  =,,, i s  the concentration of 239Pu (Bq kgi) in 0-3 cm deep soil and • 
[B9Pu]d is the * 3 9 P ~  concentration a t  depth d (cm). 

Little (1976) described the relationship between plutonium concentrations 

and distance from the 903 pad as  a decreasing power function. The relationship 

for each transect in the current study was determined by regressing the natural 

log of the 0-3 cm 239Pu soil concentrations with the natural log of distance using 

a least absolute deviation, or LAD, technique (Narula and Wellington 1982, 

Mieke  and  Iyer 1982, hfielke 1986). The distance distribution equations for 0-3 

cm soil were compared to one another to examine the angular relationship of 

"9Pu concentrations (Fig. 4). The 239Pu concentrations on the 90" T transect were 

greater than  the U9Pu concentrations on any of the other transects for 

comparable distances fiom the 903 Pad.  The  0-3 cm concentrations on the 150' T 

transect (sampled only outside of RFETS property) were a t  or below the median 

background level (2.14 Bq kg1 in 0-3 cm soil taken along the Front Range of. 

Colorado- Appendix C) and  did not change s ignscant ly with distance. The 

equations for the plutonium concentrations with distance are: 

where [ 2 3 9 ~ u ] b , m  is  the a9Pu concentration (Bq kg l )  in 0-3 cm deep soil a t  

direction 0' (60" 5 O0 _< 150") and a t  distance D (0.2 km s D r 19 km). 

I t  was clear tha t  the distznce p o x e r  function multiplier and exponent 

varied with transect direction. These parameters were regressed against 

direction to form a general equation for 239Pu as a function of &stance and  

direction from the 903 pad. Again, trial and  error was used to find suitable 

models, then commercial software' was used to fit the multiplier and  exponent 

regressions to equations involving the direction angle 0. The general equation 
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developed for the 239Pu concentration in 0-3 cm deep soil a t  distance D (km) and  

hrection 0" T from the 903 pad is: 

This complex equation may be  broken down to examine the  model. The  

multiplier is  a double exponential with direction, thus the concentration falls off 

rapidly a t  first from the  peak angle, where the sine is maximized, then  decreases 

a t  a lower rate. Similarly, the exponent, or slope of the concentration us. 

distance equation, changes as an exponential function with direction. The  peak 

angle is 93" for the multiplier and  104" for the exponent. Why these differ, or 

whether they are really different, i s  not clear. 

The derived models for the depth (Eq. 1) and distance G q .  3) distributions 

of ~ S P U  in soil were combined to estimate the concentrations throughout the 

study area. The predicted v d u e s  were regressed with the 633 measured 

concentrations to estimate the error in the models (Fig. 5). The  fact t ha t  the 

intercept (0.08) was small, the slope ( 0.92) was near 1.0, and  the  regression 

coeEcient (r2 = 0.83) was highly s i g d c a n t  suggests Little consistent bias and 

reasonable accuracy of the model. The precision of estimation was  not so  good, 

however, as  the 95% confidence intervals for the population were only within a 

factor of 12.5 of the predicted value. 

2 3 9 P ~  Inventories in Soil 

One of the most important tasks of this project was to determine the  total 

amount,  or inventory, of plutonium in  the study area. The empirical equations 

derived above for the 239Pu concentrations a t  any depth, distance or  direction 

were combined and integrated to determine the 239Pu plutonium inventory. The 

concentrations were converted to actiblty per unit volume kith a soil density 

correction. The soil density was measured in 0-3 cm deep soil and in 3-6 cm deep 

soil throughout the study area and  a t  the background locations (Appendix C). At 

some sites the soil density was measured down to  12 cm. The  density of the 
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0-3 mm layer was estimated by d v i h n g  the dry soil weight by the estimated 

volume of the sampled area, i.e., 100 cm long x 50 cm wide x 0.3 cm deep, or 

1 500 cm3. The median soil density values were then regressed as  a power 

function of depth (Fig. 6). The equation that  was used to describe the soil density 

p, (g cm-3) as a function of depth d (cm) was: 

p, = 0.82 d0.2d (Eq- 4) 

This soil density equation is for prepared soil, i.e., the  density values were 

adjusted for the weight and volume of rocks in the sample. I t  is not a bulk soil 

density. This is appropriate for the inventory analysis since the plutonium 

concentrations were measured on soil samples with the  rocks removed. Again, 

the concentrations and densities were based on identically prepared soil 

samples, i.e., without rocks greater than  2 mm. 

An equation for the 2 3 9 P ~  soil inventory a t  any location in  the study area 

( I B e D )  was formed by integrating the concentration estimate at'any distance D 

and direction 0 (Eq. 1 and 3) combined with the soil density (Eq. 4) over the 

depth into soil. 

The depth integral on the right was evaluated using Simpson's Rule (Franklin 

1944) and equals 54 Gg km-2. It was also evaluated to infinite depth using a 

gamma function ~ 5 t h  the result of 55 Gg k m . 2 .  The results differed by only 1.5%. 

One may, therefore, estimate the inventory a t  any location in the study area by 

multiplying the 2 3 9 P ~  concentration in the 0-3 cm layer by 55 kg m.2, or 

This inventory model, which relied on empirical distance, direction and 

depth functions, was tested by predicting a 0-21 cm inventory a t  each h P  

outside the RFETS boundary and comparing those values to the 0-2 1 cm 

samples collected and analyzed. The concentration values from these samples 

were not used to derive the equations, thus they served as  a legitimate test of 
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the model. The soil density for the 0-21 cm sample was calculated by dividing * the weight of the prepared soil  by the estimated volume of 525 crns (5 cm x 5 cm 

x 2 1 cm). The results of the model prediction (Fig. 7 )  are in reasonable 

agreement with the estimated values. The 95% confidence intervals based on the  

regression analysis ranged from 20% to 500% of the predicted value. 

The total inventory was determined by integrating the previous equation 

(Eq. 6) throughout the study area. The total 239P~ inventory (1239) in a sector 

from 60-150" ranging from 0.1-20 km and to  a soil depth of 21 cm was estimated 

by: 

20Xm 150 
1239 (Bq) = 55 (Gg km-2) [239~u]E:$c ,d~~  

0.1 

The integral was evaluated using numerical methods on a spreadsheet. The 

total m9Pu in the study area was estimated to be 157 GBq (4.2 Ci). Using the 

same technique, the '39Pu inventory for the portion of the study area outside of 

a. the current RFETS boundaries was calculated t o  be 38.1 GBq. 

The estimated quantity of background, or global fallout, was calculated by 

multiplying the mean background 239Pu concentration in 0-3 cm soil 

(2.14 Bq kg1) by 55 kg rn-* and by the  total area integrated above (-314 km2) 

resulting in a t o t a l  fallout inventory of 37 GBq. The net 239P~ inventory in  the 

study area attributable to the RFETS is, therefore, -120 GBq (3.2 Ci). The 

fallout 2 3 9 P ~  outside the RFETS boundaries (-308 km? in the study area) was 

35.6 GBq. Therefore, the net 2 3 9 P ~  inventory estimate for RFETS plutonium in 

the off-site portion of the study area was 2.5 GBq (68 mCi). 

239Pu Concentration Ratios and Environmental Variance 

Examining relationships between 2 3 9 ~ ~  concentrations in  W e r e n t  

environmental compartments may provide the abllity to predict concentrations 

from samples which are easier to  sample and analyze, such as vegetation. 

Knouing the concentration in the 0-3 cm layer, for example, one may predict the 

concentration a t  any depth down to 2 1 cm with the empirical depth equation 
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derived above (Eq. 1). This comparative technique of using concentration ratios • 
(Whicker and  Schultz 1982) was first examined for the 239Pu values in two 

different particle sizes from the 0-3 mm soil layer. I t  was then examined for the  

isotopic ratios of 2 3 8 P ~  and 2 3 9 P ~ .  Finally, the concentration ratios between soil 

and vegetation were investigated, and  the preliminary results were reported 

earlier (Webb, Ibrahim and  Whicker 1994). 

T h e  0-3  mm soil samples were split and a portion was sieved to retrieve 

the  0-45 pm size fraction. The 0-45 pm particle size 239P~ concentrations were 

slightly greater than  the 0-2 mm particle size concentrations in 0-3 mm deep 

soil. The median concentration ratio was 1.25 (n = 91) for the primary study 

area. The 0-45 pm particle size to 0-2 mm particle size median concentration 

ratio was 1.49 for the  background area samples, bu t  it was not signrficantly 

different than  the primary study area ratios (hlann-Whitney Rank Sum Test, p 

= 0.125). 

The median ratio of 2 3 9 P ~  to Z38Pu in soil samples from the primary study 

area was -58 for 239Pu concentrations greater than  10 Bq kg] (Fig. 8). At 2 3 9 P ~  

concentrations less than 10 Bq kg', the ratio varied considerably and decreased 

with lower 239P~  concentrations. There was no statistical difference between the  

background isotopic ratios (median = 19) and  the primary study area ratios 

where the  239Pu concentrations were less than 10 Bq k g 1  (Mann-Whitney Rank 

Sum Test, p = 0.96). 

The degree of variation, attributable primarily to sampling, of *JgPu 

concentrations in 0-3 cm soil was compared a t  each 100 m2 Macroplot using the 

c~eEc ie r ; t  of variation, or CV* (Tabie 3). There was no correlation between CV 

and distance from the 903 pad (p = 0.99), nor was there a correlation between 

the CV and transect direction @ = 0.35). The median CV in  239Pu concentrations 

in 0-3 cm soil throughout the study area was  33%. Little (1.976) and Webb (1992) 

* The coelficient of variation, CV, is defined a s  the standard deviation + mean (Rosner 1986). 
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reported the CV in 0-3 cm soil concentrations near  the 903 pad as  73% and 36% 

respectively (n 2 8). 

DISCUSSION 

Plutonium D e ~ t h  Distribution in  Soil 

The complex equation reported for this  study (Eq. I), i n  i ts  present form, 

is simply a mathematical description of the  current plutonium depth structure. 

The two component exponential within Eq. 1 was required to model the  trend in 

the concentrations to decrease a t  a slower ra te  below -9 cm. Nonetheless, the 

observed rapid decrease in 39Pu concentration with depth into soil was similar 

to profiles reported by virtually all of the previous investigators of RFETS 

plutonium contamination (Krey and  hardy 1970; Krey, Hardy and Toonkel 1977; 

Little 1976; Webb 1992). 

Krey, Hardy and  Toonkel (1977) sampled very thin layers of soil a t  the 

surface (to a depth of several millimeters) and  recognized t h a t  the peak 

concentration of 239Pu occurred below the  surface of the  soil in a few plots on the 

RFETS. This is the first study, however, to  include 0-3 mm deep concentrations 

with the soil profile data in a n  area extending from the 903 pad to the populated 

regions near  Denver. Krey, Hardy and Toonkel(1977) suggested tha t  a 

universal equation may be used to describe plutonium depth profiles when they 

reported, "reasonable results obtained from the application of the diffusion 

equation . . . to all sites suggests a phenomenon which may be related more to the  

solubility or transportabihty of plutonium in  soil water than  to the 

characteristics of the soil." The current work supports this theory in tha t  a 

single equation (Eq. 1) reflected the profile reasonably well (Fig. 5) over a large 

range of soil types in the study area (Stone, Webb and Whicker 1994). 

The solubility factor may only be applicable to a short  length of time the 

plutonium was on the surface of the soil. The  basic structure of the proses have 

not changed significantly in over 20 y of plutonium-soil-water interactions. 

Webb (1992) suggested that the initial plutonium may have been in a more 
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soluble, chloride form when it was deposited, which would allow i t  to penetrate 

into the soil rapidly a t  first then bind to the soil. Regardless of the mechanisms 

which caused the observed depth structure, the plutonium appears to be bound 

to the soil and is not subject to transport other than with the soil. 

Svatial Distribution of Plutonium in Soil 

Little (1976) was able to model the decrease in plutonium concentrations 

with distance a s  a power function using limited data on two transects, each less 

than 500 m long. That model held quite well for this study over much greater 

distances and for several directions of plutonium dispersion (Eqs. 2). This study, 

however, may be the first to completely describe the spatial distribution of 

plutonium in surface soil near the RFETS using a single equation (Eq. 3). 

Although Equations 1 and 3 are complex and  completely empirical, they may be 

used to estimate 239P~ concentrations a t  sites within the primary study area 

domain which were not sampled. 

The basic spatial pattern of plutonium dispersion observed in this study is 

consistent with previous investigations. Krey and Hardy (1970) reported a rapid 

decrease in plutonium concentrations with distance from the 903 pad with the 

highest concentrations being in the east and southeast directions. One project on 

the RFETS concluded that, "The most important finding of the recent work is 

the possible overestimation of plutonium loading in soils in the southeast 

direction [from the 903 pad]" (Ltaor 1993). In the current study, the highest 

concentrations were estimated to be in the 93-1 14" T direction from the 903 pad 

(Eq.3) s-pporting the assumption tha t  the plutonium contamination plume was 

mainly to the east. 

The levels of plutonium in surface soil (0-3 mm and 0-3 cm depths) may 

have decreased from earlier studies as  indicated by the apparent decrease in 

inventory (discussed belo~v). Terry (1994) reported a steady decline in 2 3 S P ~  

concentrations throughout the RFETS and surrounbng area in 0-3 mm deep soi l  

since 1970. I t  was suggested that erosion may account for plutonium loss from 
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some sites on the RFETS (Webb 1992), but only minor erosion was observed on a 

few plots during the current study, although sites were not selected for sampling 

if they were heavily disturbed (Stone, Webb and \Thicker 1994). A dedicated 

study to investigate the  loss of plutonium from surface soil may be required to 

answer questions concerning the decrease in plutonium levels in the area. 

Concentration Ratios 

The adht ional  relationships for plutonium studied during this project 

were also similar to those found in previous work. The greater * 3 9 P ~  

concentrations found in small soil particles, for example, was  expected since 

Little (1976) was able to form significant plutonium concentration to particle 

size relationships for plutonium i n  soils collected near  the 903 pad. Likewise, 

the 239P~I23~Pu isotopic ratio in the  study area (-58) was predictable fiom earlier 

research G t t l e  1976, Webb 1992) where the median 239Pu to 238Pu ratio in 

surface soil on a plot near  the 903 pad was approximately 55. Webb (1992) 

hypothesized tha t  interferences from alpha emitting na tura l  ra&onuclides 

extracted with plutonium during analysis confounds the  239Pu to 236Pu isotopic 

ratio in low level samples, i.e., interferences artificially reduce the  ratio by 

adding counts to the 238P~ region of interest. This effect was observed in  the 

current study fiom the fact that  the  median isotopic ratio in background 

samples was only 19 (Fig. 8), but i t  was measured a t  -28 with mass 

spectroscopyv by Krey and  Krajewski (1972). 

Plutonium Inventory 

The total 239Pu inventory estimate of 157 GBq is considerably less than 

what was stated by previous investigators. Krey (1976) stated, "Because of the 

assumptions which were made and  insufficient data from .the plant site, the 

estimated 11 Ci [407 GBqJ of total plutonium released to the environment is  

' hhss spectroscopy is a more scnsitivc technique ahich is lcss alTeclcd by non-isotopic intcrfcrenccs. 
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uncertain. However, i t  agrees to within a factor of 2 of the 6.1 Ci [226 GBd (86g) @ 
of plutonium which Seed et. a!. (1971) estimated was lost to the soil." Poet and 

Martell (1972, 1974) felt that their 2 3 9 P ~  estimates were in good agreement with 

Krey and Hardy (1970) but they estimated an adh t iona l4  Ci [I48 GBql of 

RFETS plutonium out to 68 km in the northwest direction. Any further 

comparison to previous estimates of the total plutonium inventory would require 

a complete examination of the sampling, analysis, assumptions, and spatial 

extent of the earlier projects. 

The current estimate of 120 GBq of RFETS 239Pu outside of the 903 pad 

was calculated by reducing the total inventory by the estimated global fallout 

inventory . Subtracting the background in this manner relied on the assumption 

that fallout plutonium would be uniformly distributed u i th  distance and 

direction, and distributed with depth similarly a s  RFETS plutonium. Krey, 

Hardy and Toonkel(1977) showed exponential depth distributions of fallout 

plutonium in samples from New York, therefore i t  is conceivable that  fallout 

would behave similarly in the primary study area. The global fallout inventory 

was 24% of the total 2 3 9 P ~  inventory throughout the study area and >92% of the 

total in the off-site portion of the study area. 

The total inventory must include the 2 3 8 P ~  inventory as well. Since the 

levels of 239P~ were 58 times greater than 238P~,  the addition of the 3 8 P ~  

inventory would increase the 239P~ inventory by approximately 2% to 122 GBq. 

This amount is inconsequential compared t o  the estimated error in the 2 3 9 P ~  

inventory at  any given site, i.e., +500% I-20% based on regression analysis of 

off-site sai-npies p i g .  7).  However, the error in the total inventory estimate (from 

summing or integrating inventories over all the study area) is expected to 

decrease since the uncertainty of a sum is less than the sum of the uncertainties 

(Knoll 1979). 
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Table 1. Locations of sampling sites based on measurements using a global positioning system 
satellite receiver, USGSv topographic maps, and  aerial photographs. The values shown a re  
accurate to within 300 rn. (Continued on nes t  page.) 

h iac rop lo t  , F r o m  903 Pad 
Loca t ion  UTh i  Coord ina tesa  Di rec t ion  D i s t a n c e  

C o d e  a (De . T) (km) 
-45 1 48360 1 44 15509 88 0.2 

USGS is the US Geological Sunley 
a The cmrdinates listed arc from Zonc 13 of the Universal Transverse hlercator (UThl) system 
but they have not bcen corrected for the 1927 North American datum polyconic projection. 



Table 1 (Continued). Locations of sampling sites. 

From 903 Pad 
Location UThI Coordinates Direction Distance 

Code Location Easting (m) Northing (rn) @ e ~ .  T)  @ m) 
Background Locations 

Pa~nee  Grassland. Weld Co. 520524 
CSU Airport 487734 

Weld / Larimer County Line 50538 1 
Dixon Reservoir, Larimer Co. 487947 

Southwest Fort Collins 489303 
Southeast Fort Collins 494866 

Colorado Springs 5 13609 
Castle Rock 501481 
Monument 5 11224 

Lefthand Valley Res., Boulder Co. 4764 16 

Community Sample Locations 
Boulder 478656 4423727 
Golden 486018 439771 1 

Mars ha1 I 480047 4422093 
Eldorado Springs 477952 4420840 

Wheatridge 490677 4401214 
h a d a  _ 491362. 44056 15 

Westminster 497 184 4410443 
Thorton 1 Northglenn 50309 1 4414425 

Broomfield 492293 4417808 
Superior 484 127 4422542 



Table 2. Results of interlaboratory comparison esercises. .4tj values braere within statistical 
agreement (a = 0.05) with the  reported median value. Exercises were  concucted with the  
International Atomic Energy Agency (IAEA) (Ballestra et. al. 1991, Ballestra et. al. 1993) and  
the Republic of the hlarshall  Islands Nation M'ide Radiological S tudy  (Simon a n d  Graham 1993). 

Reported CSU-RG (e) 
S a m p _ l  e Statistic Value Value 

IAEA-367 n (a) 3 1 4 

239.240PU 
median (b) 38 39.8 
range (b) 2 4 -  51 36 - 45 

95% CI (c) 34.4 - 39.8 36.6 - 43.0 
IAEA-367 n 12 4 

median 0.08 0.03 
'"Pu ranee  0.02 0.26 0.0 0.17 

median 31.2 27.4 
r a n ~ e  18.5 - 51.1 24.8 - 29.4 

mean 
239.240pu 2445 2446 

95% CI 2246 - 2645 1875 - 3017 
hII-09S83a n 4 1 

mean 
239.240pu 669 674 

95% CI 632 - 704 623 - 725 
MI-09S83a n 3 1 

mean 
2 38 

77.3 73 
PU 95% CI 65.1 - 89.6 51.6 - 94.5 

MI-09S43.4 n 4 1 
mean 

239.240pu 3.7 3.7 
95% CI 3.48. 3.92 3.14 - 4.26 

IAEA- 135 n 43 4 
median 2 13 215 
r a n ~ e  176 - 278 194 - 233 

238 
median 4 3 43.4 

Pu  range  35 - 52 36.9 - 44.0 
95% CI 41.6 - 45.0 36.3 - 47.5 

(a) Some of t h e  reported values were rejected for statistical o r  quality control purposes, "n" is 

the number  of accepted values. 

(b) The m e b a n ,  mean,  and  range are  in Bq kg.' 

(c) The 95% Confidence Interval (CI) is also in  Bq kg-1. 

(d) Sample IAE.4-36s results \\ere reported a s  preliminary by the  I X . 4  

(e) CSU-RG is t he  Colorado State  University - Radioecology Group 



Table 3. The variation in 239P~ concentrations of 0-3 cm soil samples a t  each site was 
expressed as  the cocficicnt of variation, CV. 

h lac rop lo t  x J O P ~  Concen. (Bq kg-') 
Locat ion No. S t a n d a r d  CV (n\ - .  \-, 

C o d e  S a m p l e s  hlean Dev ia t ion  (96) 
AX1 3 33000 25 

V. 1u 3u 
Background 10 2.14 0.76 36 

(a) CV = Standard Deviation + hjean 
(b) Number of samples includes one or two replicates. 
(c) Not normally distributed (p e 0.05) 
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Figure 9. Boxplots are useful for describin both the central tendancy (median) f 0 and the distribution of the data  se t  being p otted. The features of boxplots a re  
explained in the diagram below along with some examples. 
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Boxplot y~ Individual data above the 90th percentile 
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y-value of the 50th 
percentile (%-ile) 

25th %-ile 

m crJ 
10th %-it 

0 \ Number of 
Samples 

X 
x-value of the 

data set 

Examples 

Normal Distribution A SI 
m - .tewed Distribution 



Appendix A: QA / QC Results 

APPENDrX A 

QA / QC Results 

The following two graphs show the results of a d d  blank analyses (Fig. Al)  
and replicate analyses (Fig. A2). 







Appendix C: Plutonium Concentration and Soil Density hleasurements 

APPENDIX C 

Plu ton ium Concentra t ion Measu remen t  D a t a  
a n d  

So i l  Density h ieasurement  D a t a  

The concen t ra t ion  values (Bq kg') for 238Pu and 239v*"Pu fisted as 2 3 9 P ~ )  as 
measured in the laboratory are listed in the following table. Error values (one 
standard deviation) are also included for each measurement. The table is 
organized into four main sections, and the data are grouped by macroplot. 

Locations On Rocky Flats Plant  Site ........... C 1 
Locations Off Rocky Flats Plant  Site ........... C13 
Background Locations .................................. C23 
Community Locations .................................. C24 

The soil  densi ty  measurements (g cm.3) for bulk soil (including rocks) and 
adjusted values (density for 0-2 mm particle size soil only) begin on page 
C26. This table is organized into three sections which are grouped by 
macroplot. 

.......... Locations in the Primary Study Area C26 
.................................. Background Locations C29 

Community Locations .................................. C30 

The Sample Location Codes are listed for reference to specific samples. 



Appendix C: Plutonium Concentration Measurement Data 

.-- . -. hiacro hIicro From 903 P a d  Dcpth n9Pu Concentration ="Pu Concentration Sample - - 
Plot Plot Dir Dis t in Soil hIVa S Db hl V* S Db Locntion 
Code No CDe ) (km) ( I B k ' )  m k ' )  C D k l )  q~ Code 

Locations On Rocky Flats Plant S i t e  
0-3 
3.6 
6-9 

18-21 
Veg 
0-0.3 
0-3 
3-6 
3.6 
6-9 
9- 12 
12-15 
15-18 
18.2 1 
0-3 
3-6 
6-9 

9-12 
18-21 
Veg 
0-0.3 
3-6 
6-9 

18-21 
Veg 
0-0.3 
0-3 
3-6 
6-9 

9-12 
12-15 
15-18 
18-21 
Veg 
0-0.3 
0-3 
0-3 
6-9 
9-12 
12-15 
15-18 
18-21 
I'cg 
0-0.3 
0-3 
3-6 
6.9 
9- 12 
12-15 
15-18 

(a) hieasured Value. (b) Standard Deviation (*) 0-45 11m ~)ar: icle si7.c c 1 
/ 



Appendix C: Plutonium Concentration Measurement Data 

hlecro hIicro From 903 Ped Depth Concentrst ion Conccntrntion Sample - - 
Plot Plot Dir Dist in Soil hlVa SDb hlV* S Db Loccltion 

Veg 
AX2 4 92 '0.33 0-0.3 

0-0.3' 
' 0-3 

3-6 
6-9 

9.12 
12-15 
15-18 
18-2 1 

A 1 89 0.68 0-0.3 
0-0.3' 

0- 3 
0- 3 
3-6 
6- 9 
9.12 
15- 18 
18-21 
Veg 

.kX3 2 89 0.68 0-0.3 
0-0.3 
0-3 
0- 3 
3-6 
6-9 

9-12 
12-15 
15-18 
18-21 
Veg 

AX3 3 89 0.68 0-0.3 
0- 3 
3-6 
6-9 
9-12 
12- 15 
15- 18 
18-21 
Veg 

- 0 3  4 89 0.68 0-0.3 
0.3 
3-6 
3-6 
6-9 
6.9 
9.12 
15-18 
Ye g 

AX4 1 9 1 1.21 0-0.3 

C B q  kc') mqkEl) fB& aq kjl) Code 

104.2 1 4.02 2.01 0.41 A.370 
97.13 23.60 1.58 0.80 AW3\,T4 

4639.32 624.61 69.77 12.33 AQlOO 
7152.60 1546.71 115.50 40.53 w 4 O P  
G256.75 998.66 92.14 21.71 AX2310 
5043.40 1967.47 89.04 37.32 AX2420 
1015.56 99.29 17.52 4.77 AX2430 

195.83 38.00 10.05 4.87 AS2440 
556.23 147.86 -0.09 0.02 m 4 5 0  

327.69 26.70 5.19 1.31 AS2460 
176.88 21.47 3.86 1.56 AX2470 
7 1.56 4.13 1.12 0.46 AX3100 

360.11 40.00 7.99 3.10 AX3lOP 
34.84 8.77 0.00 0.00 '4x3110 
76.36 3.26 0.86 0.27 AX3110 
21.02 0.64 0.43 0.09 AS3120 

3.53 0.43 -0.03 0.07 AX3130 
1.03 0.28 0.00 0.08 AX3140 
0.26 0.20 0.39 0.13 Ax3160 
0.67 0.33 0.65 0.22 AX3170 
2.36 0.12 0.04 0.01 '4x3111TU 

32.36 6.53 0.50 0.55 A-X3300 
59.17 1.49 0.78 0.13 AX3200 
77.88 4.25 0.49 0.29 AX3210 
49.01 2.28 1.18 0.30 AX3210 

11 1.87 7.98 3.09 0.81 AX3220 
15.95 2.84 0.68 0.48 .a3230 
7.65 0.77 0.09 0.12 AX3240 
2.29 0.3 1 0.32 0.11 .LY3250 
1.17 0.21 0.07 0.08 a 3 2 6 0  
0.54 0.09 -0.21 0.05 AX3270 
4.03 0.23 0.03 0.04 .LX32I'FU 

37.81 0.72 0.60 0.06 '4x3300 
211.85 14.37 5.01 1.06 AX3310 
135.51 10.41 3.50 0.94 AX3330 
61.54 7.28 0.38 0.51 AX3330 

7.22 1.69 -0.08 0.02 AX3340 
11.46 0.69 0.16 0.17 AX3350 
1.07 0.44 0.03 0.12 AX3360 
0.62 0.10 0.13 0.05 A.3370 
5.38 0.38 0.17 0.04 AS33ITU 

167.34 13.51 2.12 0.52 AS3400 
25.8.5 2.55 0.94 0.42 AX3410 
15.96 3.78 -0.07 0.02 A53430 
17.41 1 . 5  0:34 0.21 AX3420 
11.28 3.16 0.31 0.68 ~X3-130 
17.72 1.40 0.50 0.2OAX3430 
14.52 1 0  0.4G 0.16 AS3440 

1.98 0.16 0.18 0.05.kY3160 
5.4G 0.43 0.07 0.03 AS3JI'FU 

952.50 76.31 19.10 3.74 A\r4100 

(a) hleasured Value. (b) Standard Deviation (3 0-45 pm particle size 
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i Appendix C: Plutonium Concentration Measurement Data 

hiacro hlicro From 903 Pad Depth W Q h  Conccnrretion ="I% Concentration Sample 

Plot Plot Dir Dist in Soil hlV* S Db hlV. S D b  Locelion 
Code h'o mer) (km) (cm) 

AX4 1 9 1 1.21 0-0.3" 
0-3 
3-6 
6.9 
12-15 
12-15 
15-18 
18-2 1 
Veg 

'4x4 2 9 1 1.21 0-0.3 
0-3 
3-6 
6.9 
9- 12 
9-12 
12-15 
15-18 
18-2 1 

AX4 3 9 1 1.21 0-0.3 
0-0.3" 
0-3 
3-6 
6-9 
6-9 
9-12 
9-12 
12-15 
15-18 
18.2 1 
Veg 

AX4 4 9 1 1.21 0-0.3* 
0-3 
3-6 
6.9 
9-12 
12-15 
15-18 
18-21 
Ve g 

AX5 1 90 1.63 0-0.3 
0-3 
3-6 
6-9 
9- 12 
12-15 
15- 18 
18.21 
Ire g 

AX5 2 90 1.63 0-0.3 
0-0.3" 
0-3 

(Bq k g . 9  q k CRq kp.1) Code 

21.52 11.14 1.24 .AUY4!0P 
121.55 12.58 2.30 AX4110 
19.2 1 3.34 0.45 Ax4120 
3.31 0.64 0.11 AX4130 
0.22 0.06 0.01 AX4150 
0.27 0.14 0 . 0 2 A X 4 1 5 0  
0.27 0.07 0.02 AX4160 
0.18 0.03 0 . 0 2 A X 4 1 7 0  
2.47 0.23 0.10 AX4lVFU 
44.12 9.95 2.24 AX4200 
35.90 8.40 0.89 AX4210 
20.58 3.69 0.57 A54220 
4.18 0.92 0.17 AX4230 
0.86 0.57 0.05 AX4240 
0.76 0.58 0.05 AX4240 
0.68 0.36 0.05 AX4350 
0.25 0.57 0.04 AS4260 
0.17 0.27 0.03 AX4370 
40.71 10.17 2.62 AX3300 
65.77 14.73 3.50 AX430P 
38.21 6.89 0.89 AX4310 
15.17 1.77 0.52 AX4320 
0.79 0.42 0.04 AX4330 
1.01 0.61 0.05 AX4330 
8.39 1.57 0.34 . a 4 3 4 0  
0.52 0.41 0 . 0 4 A X 4 3 4 0  
0.20 0.27 0.03 kY4350 
0.38 0.24 0.03 AX4360 
0.23 0.25 0.03 AX4370 
18.46 1.34 0.36 PIS43VFU 
31.61 14.51 1.55 AX44OP 
123.05 3.94 3.00 AX4410 
30.29 4.49 1.07 AX4420 
2.85 1.78 0.10 AX4430 
2.96 1.14 0.14 AX4440 
2.08 1.22 0.10 AX4450 
0.57 0.20 0.04 AX4460 
3.04 -0.00 0.00 kY4470 
0.10 0.04 0.00 kY441TU 
17.59 2.82 0.41 kY5100 
48.45 3.79 1.01 kY5llO 
3.67 0.92 0.19 AX5120 
0.49 0.34 0.03 AX5130 
0.13 0.10 0.02 AS5140 
0.05 0.06 0.00 k .5150  
0.02 0102 0.00 AS5160 
0.09 0.12 0.03 AX5170 
0.92 0.23 0.05 AX51VFU 
4.16 3.04 0.10 AX5200 
9.27 3.70 0.38 AY520P 
30.66 1.51 1.16 hY5210 

(a) hfcasured Value. (b) Standard Deviation (') 0-45 pm particle size C3 
- 



Appendix C: Plutonium Concentration Measurement Data  

hfacro hGcro From 903 Ped Depth  v9Pu Concentrntion n ' h  Conrcntrnt ion Sernple - 
Plot Plot Dir Dist in Soil h1ir* S D b  hIV* S D b  Location 

(cm) (Bq k p l )  fBq kg.') (Bq k . 1 )  mq ke.l) Code 

AS5 2 90 1.63 3-6 75.9G 4.40 1.52 0.16 AS5330 
6-9 15.15 0.24 0.33 0.02 AX5230 

9- 12 4.02 0.20 0.10 0.03 A.52.10 
12-15 2.4G 0.13 0.08 0.02 AY5350 
15-18 1.91 0.09 0.09 0.02 a 5 2 6 0  
18-21 0.73 0.06 0.12 0.02 a 5 2 7 0  
Veg 2.76 0.12 0.04 0.01 AX52VFU 

14x5 3 90 1.63 0-3 303.5 1 19.74 5.53 0.44 AX5310 
3-6 95.97 9.49 1.62 0.27 A55330 
6-9 35.45 1.35 0.60 0.06 a 5 3 3 0  
9- 12 3.83 0.61 0.22 0.09 AX5340 
12-15 6.30 0.90 0.20 0.09 A55350 
15-18 5.02 0.18 0.13 0.02 AX5360 
18-2 1 4.60 0.16 0.07 0.01 AX5370 
Veg 60.1 1 6.55 0.74 0.18 A553x'FU 

-4X5 4 90 1.63 0-0.3 100.20 10.64 1.49 0.36 ,k~sJOO 
0-3 184.63 18.76 3.14 0.52 .4X5410 
3-6 15.62 2.16 0.46 0.21 .LY5420 
6-9 20.22 0.56 0.37 0.04 AS5430 
9- 12 12.69 0.39 0.33 0.04 AX5440 
12- 15 5.79 0.47 0.16 0.06 AX5450 
15-18 1.97 0.11 0.03 0.02 AX5460 
18-2 1 1.79 0.10 0.06 0.02 .a5370 
Veg 1.99 0.19 0.45 0.08 .4X541'FU 

. a 6  1 91 2.29 0-0.3 114.68 2.22 1.79 0.06 AX6100 
0-0.3' 93.22 16.27 2.08 0.87 .4>;6lOP 

0-3 151.72 7.88 2.61 0.26AX6110 
3-6 51.99 2.91 0.97 0.13 ky6lZO 
6-9 4.58 0.21 0.21 0.04 AX6130 

9-12 1.02 0.05 0.04 0.00 AX6140 
12-15 0.71 0.05 0.11 0.02 AX6150 
15-18 -0.07 0.04 0.06 0.02 .LX6160 
18-21 0.15 0.02 0.21 0.02 .LX6170 
Veg 5.66 0.70 0.27 0.09 AX61VFU 

.4X6 2 91 2.29 0-0.3 142.33 11.02 3.32 0.56 AX6200 
0-0.3' 137.81 14.46 3.47 0.69 AX62OP 

0-3 131.60 12.76 2.26 0.42 AX6210 
3-6 123.45 6.95 1.86 0.22 P3;6230 
6-9 30.59 0.99 0.5'7 0.06 AS6230 
9- 12 6.33 0.18 0.11 0.02 AX6240 
15-18 1.82 0.09 0.17 0.02 .LY6260 
18-21 0.83 0.06 0.05 0.01 AX6270 

AX6 3 9 1 2.29 0-0.3* 153.03 4.65 2.63 0.14 kY530P 
0-3 91.15 4.14 1.36 0.21 .LX6310 
3.6 3 1.80 1.51 0:31 0.06 PLY6320 
6-9 9.25 0.4 1 0.31 0.0.5 AX6330 

9- 12 3.G9 0.11 0.15 0.02 .LX6340 
12-15 0.94 0.03 0.02 0.00 AX6350 
15.18 0.6.1 0.04 0.01 0.00 AX6360 
18-2 1 0.65 0.07 0.00 0.01 AX6370 
I'cg 3.35 0.20 0.13 0.03 kS63VFU 

(a) Xieasured lraluc. @) Standard Deviation (*) 0-45 pm particle size C4 



i Appendix C: Plutonium Concentration Measurement Data  
I 
i 

1 hfacro hficro From 903 Pad Depth 3 9 P u  Concentration abPu Concentrntion Sample 
! - 
! Plot Plot Dir Dist in Soil hlVa S D b  hIV. S Db Location 

Code No fDeg) (krn) (cm) CBQ kp.9  mq kg.!) CBq kg.') CDq kp' )  Code 
! 
i 

AX6 4 9 1 2.29 0-0.3* !43.8! 8.58 2.07 0.30 /L?;~JOP 
I I 0-3 85.27 5.35 1.54 0.21 AS6410 

3.6 11.66 0.49 0.00 0.16 AX6420 
6- 9 2.93 0.14 0.10 0.02 a6430 

9-12 1.36 0.06 0.66 0.04 fi6-140 
9-12 16.35 0.4 1 1.06 0.06 AX6440 

t 12-15 0.85 0.06 

I 
0.09 0.02 Ax6350 

15-18 0.49 0.04 0.1 1 0.02 AS6360 
18-21 0.33 0.05 0.01 0.01 AX6370 

i Veg 5.10 0.62 0.1 1 0.05 AS64WU 
BX 1 1 60 0.79 0-0.3 176.95 10.3 1 3.11 0.26 BSllOO 

I 0-0.3* 177.02 6.89 2.36 0.56 BXllOP 

j 0-3 146.46 9.29 2.04 0.27 BSlllO 

I 3-6 72.36 1.91 1.24 0.08 BS1120 

I 
6-9 38.98 1.11 0.68 0.06 BXll30 
9-12 10.36 0.32 0.20 0.03 BSll40 

I 12-15 3.31 0.13 0.9 1 0.07 BXll50 
15-18 2.23 0.08 0.07 0.01 BXll60 
18-21 0.72 0.05 0.34 0.04 BXllYO 
ireg 1.28 0.08 0.07 0.02 BX11VFU 

BX1 2 60 0.79 0-3 150.58 25.68 2.88 0.90 BX1210 
3-6 118.45 4.25 2.31 0.18 BX1220 
6-9 45.03 1.12 0.67 0.06 BXl230 

y ..'... 
9- 12 18.27 0.42 0.37 0.03 BXl240 

- ,-. 9- 12 19.32 0.54 0.34 0.04 BX1230 

0 
12-15 3.10 0.18 0.07 0.03 BXl250 
15-18 5.52 0.2 1 0.11 0.02 BX1260 
18-21 2.91 0.12 0.12 0.02 BX1270 
Veg 4.91 0.35 0.32 0.06 BX12WU 

BX1 3 60 0.79 0-0.3 203.30 29.58 3.34 0.66 BX1300 
0-0.3* 37 1.65 16.58 10.14 1.06 BS130P 

0.3 194.82 15.01 5.19 1.48 BX1310 
3-6 27.66 5.84 0.48 0.36 BX1320 
6-9 47.63 4.42 0.83 0.23 BS1330 

9- 12 37.48 0.92 0.85 0.05 BS1340 
12-15 5.51 0.57 0.79 0.17 BX1350 
15-18 16.76 0.49 0.28 0.04 BX1360 
18-21 141.97 10.48 2.24 0.33 BS1370 

BX1 4 60 0.79 0-0.3 309.49 21.39 6.13 0.53 SX1300 

0.3 113.86 4.60 1.72 0.17 BSl3 lo  
3-6 75.23 10.1 1 1.64 0.49 BSl-120 
6-9 55.11 6.7 1 0.17 0.13 BX1430 

9- 12 48.46 4.57 0.55 0.21 BSl440 
12-15 24.85 0.75 0.60 0.06 BS1350 
12-15 30.80 0.85 0.60 0.05 BSl450 
15-18 21.80 0.58 0.87 0.06 BSl460 
18.2 1 48.12 1.43 0.77 0.08 BS147O 
\:eg 78.30 4.35 1.53 0.13 BSl-IkTU 

BS2 1 5 9 1.15 0-0.3 133.93 2.97 2.27 0.08 BY2100 
0.3 136.9 1 7.G2 2.58 0.26 B-WllO 
3.6 12.9G 0.37 0.3 1 0.03 1352120 

(a) hleasured Value. (b) Standard Deviation (7 0-45 Frn particle size C5 



Appendix C: Plutonium Concentration Measurement Data 

hl sao  hGcro From 903 Pad Depth =~Pu concent ra t ion  nal'u Concentration Sample 

Plot Plot Du Dist in Soil SDb 

(a) hfeasured Value. &) Standard  Deviation (9 0 -45  prn particle size CG 



Appendix C: Plutonium Concentration Measurement Data 

Macro 
Plot  
Code - 
BX3 

hlicro From 903 Pad Depth avPu Concentrat ion alPu Conccnt rn~ion  Sample 
Plot Dir Dist in Soil hlV* S Db blV* SDb Localion 

(Bq kg11 CRq k g 9  mq k g ) )  (nq k g 9  Code 

0 
3 59 1.68 9-12 2.12 0.14 0.13 0.03 BS2.340 

12-15 0.55 0.03 0.09 0.01 BX3350 
lreg 0.33 0.02 0.00 0.00 BS33VFU 

4 59 1.68 0-0.3 38.23 3.50 0.71 0.13 BX3400 
0-0.3" 54.40 2.86 2.20 0.37 B.Y34OP 

0-3 45.83 7.06 1.05 0.31 Bs34lo 
0- 3 20.08 3.13 0.36 0.15 BX3410 
3-6 3.30 0.70 0.15 0.09 BS3420 
6-9 7.51 1.16 0.35 0.13 BX3430 
9-12 0.89 0.07 0.02 0.01 BX3440 
12-15 0.98 0.07 0.14 0.02 BX3450 
15-18 0.38 0.04 0.14 0.02 BX3460 
18-21 0.15 0.03 0.02 0.00 BX3470 

Veg 0.70 0.04 0.04 0.00 BX34VFU 
1 60 2.26 0-0.3 7.35 0.89 0.10 0.05 BX4lOO 

0.3 16.84 1.48 0.32 0.07 BX4110 
3-6 5.29 0.26 0.15 0.02 BS4120 
6-9 0.66 0.04 0.02 0.00 BX4130 
9-12 0.2 1 0.03 0.04 0.03 BX4140 
12-15 0.12 0.04 -0.00 0.01 BX4150 
15-18 0.05 0.0 1 0.00 0.00 BX4160 
18-21 0.04 0.01 0.03 0.00 BX4170 

Veg 0.87 0.04 0.10 0.01 BX411TU e 
2 60 2.26 0-0.3 18.28 0.57 0.55 0.04 BS4200 

0-0.3" 27.36 2.28 1.48 0.51 BX420P 
0-3 13.03 0.73 0.74 0.08 BX42lO 
3-6 1.66 0.11 0.02 0.00 BX4220 
6-9 0.81 0.05 0.02 0.00 BS4230 
9- 12 0.22 0.02 0.01 0.00 BX4240 
15-18 0.29 0.03 0.02 0.00 BX4S60 
18.2 1 0.06 0.0 1 0.05 0.02 B54270 
Veg 0.43 0.02 0.18 0.01 BS421'FU 

3 60 2.26 0-0.3" 11.95 0.84 0.40 0.15 BS43OP 
0-3 7.21 0.69 0.20 0.06 BS4310 
3-6 3.29 0.08 0.07 0.00 BS4330 
9-12 1.35 0.16 0.03 0.03 BX43-10 
12-15 0.9 1 0.07 0.05 0.01 BS4350 
15-18 0.19 0.02 0.13 0.01 BS4360 
18-2 1 0.09 0.02 -0.00 0.00 BX4370 
l'e g 1.52 0.05 0.05 0.00 BS43WU 

4 60 2.26 0-0.3 18.13 0.93 0.50 0.07 BS4JOO 
0-3 53.33 3 21 1.09 0.11 BS4410 
6-9 3.11 0.44 0.07 0.04 BX4430 
9-12 17.78 5.07 0.34 0.26 BX4440 
12-15 0.31 0.05 0.01 0.01 EX4150 
15-18 0.47 0.05 0.04 0.01 BS4460 

(a) hlcasured \'aluc. @) Standard Deviation (*) 0-15 prn particlc size C7 



Appendix C: Plutonium Concentration hleasurement Data 

h l a a o  hLicro From 903 Pad Depth PSPU Concentration ~ * P u  Concentration Samplo 
Plot Plot Dir Dist  in Soii hnf* SDb hnl* S D b  Location 

c q r  ( D k c l )  C B k I )  C B q k c )  0 q k e . l )  Code 

BS5 1 58 2.76 6-9 0.55 0.04 0.06 0.01 BS5130 
9- 12 
12- 15 
15- 18 
15- 18 
18-21 
Veg 

BS5 2 58 2.76 0-0.3 
0-0.3' 

0- 3 
3-6 
6- 9 
9- 12 
12- 15 
15- 18 
18-21 
18-2 1 
Veg 

BS5 3 58 2.76 0-0.3" 
0- 3 
3-6 
6-9 
9- 12 
12-15 
15- 18 
18-21 

BS5 4 58 2.76 0-0.3 
0-0.3* 

0-3 
3-6 
6-9 
9- 12 
12-15 
15-18 
18-21 
Ire g 

CS 1 1 116 0.21 0-0.3 
0-0.3' 

0-3 
3-6 
6-9 
9- 12 
12-15 
15- 18 
18-21 
jreg 

CS1 2 116 0.21 0-0.3 
0-0.3" 

0-3 
3-6 
6-9 

(a) hleasured Value. (b) Standa rd  Deviation (3 0-45 pm particle size C8 



Appendix C: Plutonium Concentration Measurement Data 

hIacro hlicro From 903 Pnd 
Plot Plot Dir Dist 

No Code (Dep) 

CX1 2 116 0.21 

CXl 4 116 0.21 

Depth 
in  Soil 
(cm) - 
9-!2 
15-18 
l'eg 
0-3 
3-6 
6-9 

9-12 
12-15 
15-18 
18-2 1 
0-0.3" 

0-3 
3-6 
3-6 
6-9 
9-12 
12.15 
15-18 
18-21 
l'e g 
0-0.3 
0-0.3* 

0-3 
6-9 
9-12 
9- 12 
12-15 
15-18 
18-2 1 
Ire g 
0-0.3 
0-0.3* 

0-3 
3-6 
9-12 
12-15 
15-18 
18-2 1 
lreg 

0-0.3* 
0-3 
3-6 
6-9 

9-12 
12-15 
15-18 
18-21 
0-0.3 
0- 3 
6.9 

9-12 

""Pu Concentration "'pu Conccn~ration Sample 

hlVa S D' hl V a  S Db Location - 

@q k ~ . ' )  CBq kp.1) mq kp.1) (Bq kp.l) Code - 
687.30 90.72 8.40 3.36 csin:o 

(a) hleasured I'alue. Q Standard Dcviaiion (*) 0-45 p m  particle rirc c9 



Appendix C: Plutonium Concentration Measurement Data 

hfacro hficro From 903 Ped D e p ~ h  n9Pu Concentration 38Pu Concentration Sample 
Plot Plot Dir Dist in Soil hfV* S Db hl\'. S Db Location 
tNo CB k 1) CBq k r l )  (Bq kg.') @q kg.') Code - 

CN2 4 113 0.32 12-15 383.22 41.32 13.00 3.67 C-X.2450 

(a) hIeasured Value. (b) Standard Deviation (*) 0-45 pm particle size clo 



Appendix C: Plutonium Concentration hleasurement Data 

hlacro hIjcro From 903 Pad Depth =@Pu Concentrslion P'Pu Conrcntrntion Sample 
Plot Plot Dir Dist in Soil  hlV* S Db hlV* S Db Location 
Code No CDe ) (km) (crn) a I q k p . 9  (Bqkgl)- Code 
CX4 1 121 1.22 15-18 2.9G 0.20 0.06 0.02 0x4160 

(a) hieasurcd Yalue. (b) Standard Deviation (') 0-45 pm particle sizc 



Appendix C: Plutonium Concentration Measurement Data 

hfacro hlicro From 903 Fed Depth '39Pu Conrentretion nTr\~ Concentration Sample 
Plot Plot Dir Dist in Soil blVa SDb hl V a  S Db Location 
Code No (De ) &m) (cm) ) a q  kc.]) Code 

CS5 3 121 1.61 6-9 8.60 1.15 0.21 0.09 C55330 
6-9 
9-12 
Ve g 

1.61 0-0.3 
0-0.3' 

3-6 
6-9 

9- 12 
12-15 
12-15 
18-2 1 
Veg 

2.36 0-0.3 
0-3 
3-6 
6-9 
9-12 
12- 15 
15-18 
18-2 1 

2.36 0-0.3 
0-0.3* 

0-3 
3-6 
6-9 
9-12 
12-15 
15-18 
18-21 
ire g 

2.36 0-0.3 
0- 3 
3-6 
6-9 
9-12 
9-12 
12- 15 
15- 18 
18-2 1 
Veg 

2.36 3-6 
6-9 
9- 12 
12- 1.5 
15-18 
18-21 
\'eg 

2.7G 0-0.3 
0-0.3* 

0- 3 

(a) hleasured l'aluc. (b) Standard  Deviation (*) 0-45 pm particle size cl2 



Appendix C: Plutonium Concentration Measurement Data 

h f e n o  hlicro From 903 Pad  D e p ~ h  w9Pu Conccnt r~ t ion  =Vu Concentrntion Sample - 
Plot Plot Dir Dist in Soil hlVa S Db hl V a  S Db b c a t i o n  
Code No (Deg) (km) 

CX7 1 121 2.76 3-6 3.65 0.38 0.05 0.03 CS7120 
6-9 5.05 0.25 0.09 0.03 CX7130 
9-12 2.44 0.06 0.37 0.02 CS7140 
12-15 3.39 0.18 0.11 0.02 CX7150 
18-21 6.33 0.17 0.47 0.03 CX7170 

Veg 0.23 0.01 0.00 0.00 CX71i'FU 
CX7 2 121 2.76 0-0.3 4.18 0.23 0.04 0.04 CX7200 

0.3 2.15 0.09 0.17 0.02 '2x7210 
3-6 5.87 0.28 0.10 0.02 C57220 
6-9 3.56 0.12 0.33 0.03 CX7230 
9- 12 2.56 0.11 0.19 0.02 CS72.10 
Veg 0.38 0.02 0.04 0.00 CX72lFU 

CX7 3 121 2.76 0-0.3 3.10 0.36 -0.04 0.05 CX7300 
0-0.3' 1.77 0.51 -0.11 0.09 CX73OP 

0-3 5.39 0.43 0.14 0.04 CX7310 
3-6 3.49 0.18 0.09 0.02 CX7320 
6-9 7.05 0.80 0.12 0.05 03330 
9-12 5.44 0.21 0.10 0.01 CX73-IO 
12.15 3.68 0.10 0.52 0.03 CX7350 
15-18 16.51 1.04 0.33 0.06 CX7360 
18-21 0.63 0.03 0.18 0.02 CX7370 
Veg 0.38 0.03 0.06 0.01 CX73VFU 

CX7 4 121 2.76 0-0.3 2.28 0.19 -0.05 0.03 CX7400 

-. . - ,' 0-0.3' 2.15 0.17 0.03 0.03 CX740P 
0-3 7.06 0.80 0.14 0.05 CX7410 
3-6 4.37 0.23 0.24 0.04 CX7420 
6-9 3.33 0.22 0.05 0.02 CX7430 

9- 12 4.53 0.21 0.12 0.02 CX7440 
12-15 28.83 2.14 0.88 0.12 CX7450 
15-18 6.57 0.18 0.21 0.02 CX7460 
Vee: 0.18 0.03 0.04 0.01 CS74WU 

Locations Off Rocky Flats Plant Site 
DX1 1 90 2.76 0-0.3 66.03 2.53 1.09 0.07 DSllOO 

(a) hleasurcd Valuc. (b) Standard Deviation (3 0-45 pm ~)ar l i c le  size C13 



Appendix C: Plutonium Concentration Measurement Da t a  

hlacro hLcro From 903 Pad Depth a m9Pu Concentr~tion "*PU Concentration Sample 
Plot Plot Dir Dist in Soil hf\'* SDb hlV* S D b  Location 
Code No CDe (km) (cm) ) Code 
DS1 4 90 2.76 0.3 116.90 8.84 2.20 0.27 DSl-llo 

0-2 1 
17eg 
0.0.3 
0-0.3" 
0.3 
3-6 
6.9 
9-12 
15.18 
18-2 1 
Veg 
0-0.3 
0-0.3* 

0- 3 
0-3 
0-2 1 
Veg 
0-0.3 
0.3 

0-2 1 
Veg 
0-0.3 
0-0.3" 
0.3 

0.2 1 
i re g 
0-0.3 
0- 3 
3-6 
6-9 

9-12 
12-15 
15-18 
18-21 
Veg 
0-0.3 
0-0.3 
0-0.3* 

0- 3 
0-2 1 
0-0.3 
0- 3 

0.21 
I'eg 
0-0.3 
0-0.3 
0-0.3' 

0-3 
0-2 1 
I'cg 

(a) hleasurcd ITalue. fi) Standard Deviation (3 0-45 pm particle size C 14 



Appendix C: Plutonium Concentration Measurement Data 

hlacro hLicro From 903 Pad Depth "OPu Concentration "BPu Concentration Sample 

Plot Plot Dir 
- 

Dist in Soil hiV* S Db h1Va SDb h l i o n  
Code No m e  ) (km) (cm) k p )  Code 

DX4 1 95 5.49 0-0.3" 10.13 0.60 0.32 0.09 DX4lOP 
6-9 0.37 0.04 0.00 0.00 0x4130  

9.12 0.00 0.03 0.03 0.01 DS4140 
12-15 0.11 0.01 -0.00 0.00 DX4150 
15-18 0.06 0.02 0.05 0.01 DS416O 
18.21 0.05 0.01 0.00 0.00 DS4170 

Veg 1.52 0.63 0.09 0.04 DX4lWJ 
DX4 2 95 5.49 0-0.3 3.93 0.10 0.11 0.01 DX4200 

0-0.3* 4.47 0.31 0.09 0.08 DX420P 
0-3 5.7 1 0.19 0.39 0.03 DX4210 

0.2 1 0.85 0.05 0.23 0.02 DX42FO 

Veg 1.14 0.44 0.02 0.03 D X 4 2 W  
DX4 3 95 5.49 0.3 8.58 0.31 0.24 0.02 DX4310 

0-2 1 3.10 0.19 0.05 0.02 DX43FO 
Veg 0.60 0.34 0.02 0.02 DX43W 

DX4 4 95 5.49 0-0.3 4.81 0.17 0.09 0.01 DS4400 
0-3 6.85 0.09 0.18 0.00 DX4410 
0-3 8.18 0.30 0.04 0.03 DX43 10 

0-2 1 1.22 0.06 -0.10 0.02 DX44FO 

Veg 1.17 0.52 0.07 0.04 D X 4 4 W  
DX5 1 96 10.55 0-0.3 1.76 0.07 0.06 -0.01 DX5100 

0-0.3* 9.53 0.56 0.24 0.04 DX510P 
0-3 2.38 0.10 0.19 0.03 DX5110 
6.9 0.16 0.03 -0.08 0.02 DX5130 

12-15 0.09 0.02 -0.00 0.01 DX5150 
18-21 -0.21 0.04 -0.00 0.03 DX5170 
Veg 0.17 0.02 0.05 0.01 D X 5 1 W  

DX5 2 96 10.55 0-0.3 1.06 0.08 -0.10 0.06 DX5200 
0-0.3" 5.36 0.66 0.37 0.13 DX5POP 

0-3 2.45 0.07 0.05 0.01 DX5210 
0-2 1 0.29 0.02 0.07 0.01 DX52FO 

Veg 0.20 0.02 0.0; 0.01 D X 5 2 W  
DX5 3 96 10.55 0-0.3 1.99 0.10 0.10 0.02 DX5300 

0-0.3* 4.13 0.20 -0.23 0.12 DX530P 
0-3 1.85 0.09 0.08 0.01 DX5310 

0-2 1 0.50 0.04 0.04 0.01 DX53FO 
Veg 0.09 0.01 0.04 0.01 D X 5 3 W  

DX5 4 96 10.55 0-0.3 2.33 0.12 0.07 0.02 DX5400 
0-0.3* 4.34 0.2 i 0.09 0.13 DS540P 

0-3 2.85 0.12 -0.06 0.06 DX5-I 10 
0-2 1 0.48 0.06 -0.11 0.06 DS54FO 
ITeg 0.02 0.00 0.10 0.01 DS54iI-J 

DS6 1 96 18.97 0-0.3 1.49 0.04 0.25 0.01 DXSlOO 

0-0.3* 1.91 0.10 0.18 0.03 DXSlOP 
0.3 1.25 0.07 0 : l j  0.02 DX6110 
6-9 0.07 0.00 0.34 0.02 DS6130 

12-15 0.02 0.00 0.67 0.03 DS6150 
18-2 1 0.00 0.00 0.32 0.03 DX'6170 
Vcg 0.19 0.02 0.18 0.02 DS61i21 

DX6 2 96 18.97 0-0.3 1.56 0.06 0.12 0.01 Ds6200 

0-0.3* 2.03 0.13 0.17 0.03 DS620P 

(a) Measured Value. (b) Standard Deviation (') 0-45 pm parliclc sizc C15 



Appendix C: Plutonium Concentration Measurement Data  

<. 
h l a n o  hlicro From 903 Pad  Depth "OPu C o n c c n t r ~ ~ i o n  DaPu Conrentrat ion Sample 

Plot Plot Dir Dist in Soil hl  Va S Db hlV* S Db Location 
Code NO Cne ) (km) ,,, g (em) - aq kg') mq kg-') aq ks.1) (Bq kg1) Code 

DS6 2 96 18.97 0-3 2.09 0.09 0.22 0.02 DS62lo 

(a) hieasurcd I'alue. (b) Standard Deviation (*) 0-45 pm particle size C1G 
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Appendix C: Plutonium Concentration Measurement Data 

blacro hlicro From 903 Pad Depth p9PU Concentration ='Pu Conrcntration Sample 
P l o ~  Plot Dir Dist in Soil hIVa S Db hl\'* S Db Location 

No Code m e g )  &mm) (cm) l f 3 q  kgl!q k a l )  aq k e l )  (Bq kp-1) Code 

EX2 3 61 4.14 Veg 0.42 0.03 -0.0j 0.02 E.U2CZT 
0-0.3 
0-0.3* 

0.3 
0-2 1 
\reg 
0-0.3 
0-0.3* 

0-3 
0-21 
Veg 
0-0.3 
0*0.3* 

0.3 
6-9 

12-15 
18-21 
Veg 
0-0.3 
0-0.3 
0- 3 
0-2 1 
0-0.3 
0-0.3* 
0-2 1 
Veg 
0-0.3 
0-0.3* 
0-2 1 
Veg 
0-0.3 
0-0.3' 

0.3 
3-6 
6-9 

9- 12 
12-15 
15-18 
18-21 
0-0.3 
0-0.3' 

0-3 
0-2 1 

Veg 
0-0.3 
0-0.3' 

0.3 
0.3 
0-2 1 
0-0.3 
0-3 

(a) hleasured \'aluc. (b) Standartl Deviation (3 0-45 pm ~ ~ a r t i c l c  size C17 



Appendix C: Plutonium Concentration Measurement Data 

hfacro hZicro From 903 Pad Depth n 9 P ~  Concentrntion papU concentration Sample 
Plot Plot Dir Dist in Soil hlV. SDb hIV* S Db Localion 

No (De 9) (cm) a m )  Code CBq kgr) Oq kg-1) CDq kg') mq kg.') Code 

EX4 4 63 6.82 0-21 0.88 0.05 -0.08 0.04 Ex44FO 

(a) hleasured i7aluc. (b) Standard Deviation (*) 0-45 pm particle size C 18 



Appendix C: Plutonium Concentration Measurement Data 

I . . 

I 
Afacro hlicro From 903 Pad Depth DgPu Concentretion ='Pu Concentration - Sample 

Plot Plot Dir Dist in Soil A1 V a  S Db hlVa SDb Location 

1 Code No (Do ) (km) &q (B k ~ ' ~ )  mq _ kg.!) (Bq kc!) Code 

FX1 2 119 3.04 \leg 2.43 1.64 0.16 0.07 FX11L'U 
0.0.3' 28.68 1.28 0.58 0.12 FS120P 

0-3 12.43 0.55 0.28 0.04 FX1210 
! 

i 
0.2 1 4.17 0.35 0.11 0.04 FX12FO 
0-2 1 3.44 0.18 0.07 0.03 FS12FO 

I \'eg 6.00 2.42 0.12 0.06 FX12LT-J 
FX1 3 119 3.04 0-0.3 18.13 1.10 0.37 0.06 FX1300 

0.0.3* 28.55 1.35 0.53 0.08 FS130P 
0- 3 21.93 3.49 0.57 0.18 FS1310 
0.2 1 3.03 0.28 0.09 0.03 FX13FO 
\leg 4.64 2.43 0.17 0.08 FX13W 

FX1 4 119 3.04 0-0.3 20.28 2.29 0.36 0.11 FX1400 
0- 3 16.60 2.57 0.13 0.08 FXl410 
0.2 1 12.36 0.28 0.10 0.01 FX14FO 

j Ire g 1.60 1.39 0.84 0.34 FS14LT-J 
FX2 1 118 3.66 0-0.3 18.43 0.66 0.27 0.05 FQ100 

8 
0- 3 23.53 1.01 0.45 0.07 FX2110 
3.6 2.13 0.13 -0.11 0.06 FX2120 
6-9 0.73 0.05 0.09 0.02 FX2130 

9.12 0.32 0.03 0.19 0.02 FS2140 
12-15 0.25 0.02 -0.05 0.01 FX2150 
1s-18 0.49 0.03 0.03 0.00 FU160 
18-21 0.39 0.05 -0.11 0.04 FX2170 

! . . 
.... 

FX2 2 118 3.66 0.0.3 13.96 1.90 0.07 0.0'7 FX2200 
0-3 49.95 2.84 0.86 0.10 FX2210 

0-2 1 1.75 0.22 -0.08 0.05 FX23FO 
1 FX2 3 118 3.66 0-0.3 12.94 0.65 0.24 0.04 FX2300 

0-0.3' 15.12 0.58 0.52 0.10 FX230P 
0- 3 28.43 0.97 0.59 0.07 FX2310 

FX2 4 118 3.66 0.0.3 24.85 1.27 0.80 0.08 FX2400 
0-3 17.42 2.82 0.44 0.18 FdX2410 

0.2 1 3.05 0.10 -0.07 0.06 FX24FO 
\'e g 2.26 0.21 0.09 0.00 FX24W 

FS3 1 118 4.99 0-0.3 15.48 1.24 0.23 0.06 FX3100 
0-0.3* 9.57 0.45 -0.02 0.14 FX310P 

0.3 11.92 1.44 0.07 0.07 FX3110 
6.9 0.92 0.07 -0.02 0.02 FX3130 

9-12 0.79 0.04 -0.02 0.03 FX3140 
12-15 0.36 0.02 -0.01 0.01 FX3150 
18-21 0.08 0.02 -0.07 0.03 FS3170 
I'eg 0.1 1 0.0 1 0.00 0.00 FS31~21 

FX3 2 118 4.99 0-0.3 8.2 1 0.17 0.06 0.04 FS3200 
0.3 11.46 0.32 0.21 0.03 FX3310 

0.2 1 2.25 0.10 -0.03 0.03 FX33FO 
I'cg 1.15 0.07 q.03 0.01 FX32\21 

FX3 3 118 4.99 0.0.3 4.24 0.61 -0.03 0.05 FX3300 
0-0.3" 15.1 1 0.31 0.46 O.OG FX330P 

0-3 0.22 0.02 0.00 0.00 FS3310 
0-2 1 0.68 

FX3 4 
0.03 0.00 0.01 FX33FO 

118 4.99 0-0.3 9.43 0.22 0.13 0.02 FS3400 
0-3 7.04 0.4 l 0.07 0.04 FX3110 

(a) Measured Value. Standard Deviation (*) 0-45 prn p-irliclc size C19 



Appendix C: Plutonium Concentration Measurement Data 

Alaao Micro From 903 Pad Depth m9Pu Conrentrntion 3aPu Concentration Sample 
Plot Plot Dir Dist in Soil hi\!& SDb A l l ' &  S Db Location 

Code m e g )  (km) (cm) mq k p )  @q kc') Orl ke.1) IBq ks.') Code 
FS3 4 118 4.99 0-2 1 0.99 0.05 -0.07 0.03 FS3-iFO 

Veg 
0-0.3 
0-0.3' 

0-3 
0- 3 
3-6 
6-9 
9- 12 
12-15 
15-18 
18-2 1 
\reg 
0-0.3 
0-0.3" 

0-3 
0-2 1 
0-2 1 
0-0.3 
0-0.3" 

0-3 
Veg 
0-0.3 
0-0.3' 

0-3 
Veg 
0-0.3 
0-0.3' 

0-3 
3-6 
6-9 

12-15 
12-15 
18-2 1 
18-21 
0-0.3 
0-0.3* 
0- 3 
0-2 1 
0-0.3 
0- 3 
0-3 
0.2 1 
i'eg 
Veg 
0-0.3 
0-0.3" 

0-3 
0-21 
0-0.3 
0-0.3' 

(a) hieasured Value. @) Standard  Deviation (*) 0-45 pm particle size C20 



Appendix C: Plutonium Concentration Measurement Da ta  

hlacro hljcro From 903 Pad Depth =*Pu Concentration =IIPu Concentration Sample 
Plot Plot Dir Dist in Soil hlV* S Db hlVa S Db Location 
Code No O e  ) Otm) (cm) ) mq kr.1) (Bq kg.') (13q k~.') - Code 

FX6 1 114 18.35 0-3 0.15 0.00 0.03 0.00 FX6llO 
3-6 0.08 0.00 0.01 0.00 FN6120 
6-9 1.64 0.04 0.03 0.00 FN6130 

9.12 0.03 0.00 0.01 0.00 FS6140 
12-15 0.26 0.01 0.19 0.01 FS6150 
15-18 0.04 0.00 0.02 0.00 FN6160 
18.21 0.24 0.01 0.06 0.00 FN6170 
Veg -0.05 0.06 0.00 0.00 FX61W 

FX6 2 114 18.35 0-0.3 0.33 0.03 0.04 0.00 FX6200 
0-O.3* 0.25 0.08 0.39 0.05 FX620P 

0.3 0.25 0.02 0.02 0.00 FX62lO 
0.2 1 0.14 0.00 0.00 0.00 FX62FO 
0.2 1 0.0 1 0.00 -0.00 0.00 FX62FO 
Veg -0.17 0.09 -0.00 0.00 FX62W.J 

FX6 3 114 18.35 0-0.3 0.46 0.04 0.04 0.01 FX6300 
0.0.3* -0.02 0.08 0.22 0.03 FX630P 

0-3 0.09 0.01 0.06 0.00 FX6310 
0-2 1 0.03 0.00 0.04 0.00 FX63FO 
17e g 0.06 0.03 0.02 0.03 FX63W 

FX6 4 114 18.35 0-0.3 0.31 0.05 0.05 0.02 FX6400 
0-0.3" 0.39 0.10 0.17 0.04 FX640P 

0-3 0.30 0.22 -0.05 0.02 FX6410 
0-2 1 1.82 0.06 0.04 0.00 FX63FO 
Veg 

.. . 

0.02 0.05 
... 

0.04 0.02 FX64VU 
GX1 1 154 2.56 0-0.3 3.63 0.11 0.12 0.02 G S l l O O  

0.0.3'' 5.21 0.24 -0.81 0.23 GXllOP 
0-3 2.76 0.14 -0.05 0.06 GX1110 
3-6 0.79 0.07 0.06 0.02 GX1120 
3-6 0.42 0.05 0.43 0.04 GXll30 
6-9 0.20 0.02 0.00 0.01 GX1130 

12-15 -0.02 0.04 -0.03 0.06 CX1150 
18-21 -0.05 0.04 -0.02 0.06 GS1170 
Veg 0.09 0.01 0.08 0.00 GXllkU 

(3x1 2 154 2.56 0-0.3 4.53 0.15 0.13 0.02 GX1200 
0-0.3* 6.35 0.21 -0.27 0.14 CX12OP 

0-3 3.4 1 0.15 -0.01 0.06 CX121O 
0- 3 3.16 0.18 -0.11 0.09 GX1210 
0-2 1 0.48 0.06 -0.07 0.06 GX12FO 

o x -  ? 
lreg 0.31 0.03 0.05 0.01 CS12\'U 

U A ~  3 154 2.56 0-0.3 4.35 0.17 0.14 0.02 CN1300 

0-3 5.31 0.36 0.10 0.03 GN1310 
0-21 1.11 0.07 0.08 0.02 CX13FO 

GX1 4 154 2.56 0-0.3* 7.55 0.21 -0.13 0.12 CS14OP 
0- 3 3.31 0.37 -0.05 0.08 GSl410 
0-2 1 1.01 0.09 -0.,06 0.06 GNI4FO 
Ireg 0.42 0.04 0.07 0.00 CNl4lW 

GX2 1 155 3.27 0-0.3 0.46 0.02 0.03 0.00 G);2100 
0-0.3" 0.53 0.08 -0.47 0.12 C U l O P  

0-3 2.08 0.09 -0.01 0.06 Cs211O 
0-3 1.26 0.07 1.11 0.08 CS2110 
(3-9 0.05 0.04 -0.13 0.05 CS.2130 

(a) hfcasured Ya l l~c .  (b) Standard Dcvia~ion ("') 0-45 pm particle size 



Appendix C: Plutonium Concentration Measurement Data 

h f a a o  hlicro From 903 Pad Depth 3 9 h  Concentrntion PePu ConcenLrntion Sample  

Plot Plot Dir Dist  in Soil hlY* S Db hlV* S Db L o a t i o n  
Code No (De \ (km) (em\ e rnq kg-1) CBq kp.1) (Bq ke.1) (Br l  k p . 9  Code 

GS2 1 155 3.27 12- 15 -0.07 0.0.1 -0.10 0.05 GdQl50 
18-2 1 -0.00 0.01 0.06 0.02 G B 1 7 0  
Ire g 0.04 0.00 0.03 O . O O G s 2 1 ~ ~  

GS2 2 155 3.27 0-0.3 0.37 0.02 0.07 0.01 GZ2200 
0-0.3" 0.31 0.05 -0.20 0.12 GdQ20P 

0-3 0.23 0.04 -0.03 0.05 G U 2 1 0  
0.21 0.22 0.06 -0.07 0.06 GS22FO 

GS2 3 155 3.27 0-0.3 0.75 0.05 0.03 0.01 (32300 
0-0.3" 0.77 0.1 1 0.05 0.06 GU30P 

0- 3 0.80 0.05 0.11 0.02 GU3lO 
0-2 1 0.59 0.07 0.03 0.02 G-Q3FO 

GX2 4 155 3.27 0-0.3 0.92 0.04 0.28 0.02 c ~ 4 0 0  
0-0.3 0.94 0.03 0.04 0.00 G.U400 
0-0.3* 1.31 0.11 -0.43 0.11 GS24OP 

0- 3 1.24 0.14 0.03 0.05 G.U410 
GX3 1 144 4.22 0-0.3 0.35 0.02 0.04 0.02 GX31OO 

0-0.3 0.40 0.04 0.02 0.01 GS3100 
0-0.3* 0.91 0.13 0.14 0.05 GX310P 

6- 9 -0.00 0.05 -0.00 0.03 GS3130 
6-9 79.13 5.19 1.62 0.15 GX3130 

12-15 0.38 0.02 -0.05 0.02 GX3150 
18-21 0.07 0.02 0.38 0.04 GX31TO 
Veg 0.07 0.00 0.00 0.00 GX31V.J a. GS3 2 144 4.22 0-0.3 0.4 1 0.03 -0.02 0.02 GS3200 

.. . 0-0.3 0.33 0.04 -0.06 0.02 GX3200 
0-3 0.37 0.04 -0.05 0.02 GX3210 
0-2 1 -0.33 0.03 0.05 0.04 GX32FO 
Veg 0.03 0.00 0.05 0.00 G X 3 2 W  

GI3 3 144 4.22 0-0.3 0.35 0.03 0.01 0.00 GX3300 
0-0.3 0.37 0.03 0.06 0.01 GX3300 
0-0.3' 0.45 0.03 0.29 0.03 GX330P 
0-2 1 0.51 0.05 0.05 0.01 GX33FO 
Veg 0.02 0.00 -0.00 0.00 GX33i'U 

GS3 4 144 4.22 0-0.3 0.35 0.02 0.09 0.01 GX34OO 
0-0.3* 0.45 0.07 -0.00 0.06 GX34OP 

O- 3 0.4 1 0.03 -0.04 0.02 GX3410 
0-2 1 0.43 0.03 0.00 0.02 GX34FO 
Ire g 0.21 0.02 0.10 0.01 G S 3 4 W  

GS4 1 155 6.23 0-0.3 1.25 0.07 0.03 0.01 GX4lOO 
0-0.3" 0.82 0.13 -0.10 0.12 GX410P 

0-3 1.34 0.08 0.06 0.02 G X 4 l l O  
6-9 0.49 0.04 0.02 0.01 CX.1130 

12- 15 0.13 0.02 0.02 0.01 GX4150 
18-21 0.02 0.02 0.09 0.02 GSJ17O 
Ire g 0.17 0.01 0:23 0.02 GX4lkTJ 

GS4 2 155 6.23 0-0.3 0.61 0.05 0.04 0.01 G X J O O  
0.0.3 0.65 0.05 0.02 0.01 '2x4200 
0-0.3" 0.53 0.05 0.0'1 0.04 GX420P 

0-3 0.50 0.03 0.01 0.00 GS4210 
0-2 1 0.12 O.O*i -0.07 0.04 GS42FO 

GS4 3 155 6.23 0.0.3 0.48 0.04 0.03 0.01 CS4300 

(a) hfeasured Value. (b) S t a n d a r d  Deviation (*) 0-45 pm particle sizc c22 
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Appendix C: Plutonium Concentration hfeasurement Data 

hlacro hljcro From 903 Pad  Depth 3QPU Concentration ="Pu Concentrat ion Sample 
Plot Plot Dir Dist in Soil hlV* S Db hl V a  S D b  Location 
Code No CDe ) (km) (em) ) Code 

GX4 3 155 6.23 0-0.3" 0.55 0.03 0.04 0.01 GS430P 
0-3 1.16 0.07 
0.2 1 0.22 0.02 
\leg 0.07 0.00 
0-0.3 0.58 0.05 
0-0.3" 0.63 0.07 

0-3 0.50 0.04 
0.2 1 0.21 0.02 
0-0.3 1.91 0.06 
0-3 1.81 0.08 
6-9 0.16 0.02 

12-15 0.06 0.00 
18-21 0.02 0.00 
18-21 0.03 0.00 
Veg 0.30 0.0 1 
0-3 1.14 0.07 
ITeg 0.05 0.0 1 
0- 3 1.01 0.05 
0-2 1 0.33 0.02 
Veg 0.09 0.0 1 
0-0.3 0.92 0.03 
0-3 1.20 0.03 
0-2 1 0.34 0.03 
Veg 0.07 0.02 
Veg 0.11 0.02 
0-0.3 0.11 0.02 
0-3 0.07 0.02 
6-9 0.10 0.0 1 

12-15 0.01 0.02 
18-2 1 0.27 0.03 
Veg 0.02 0.00 
Veg 0.01 0.00 
0-0.3 0.12 0.02 
0-3 0.13 0.02 
0-2 1 0.10 0.02 
Veg 0.02 0.00 
0-3 0.14 0.02 
0-21 0.09 0.01 
Veg 0.0 1 0.00 
\leg 0.00 0.00 
I T e ~  0.03 0.00 

Background Locations 
0-0.3 0.86 0.04 
0.0.3" 2.13 0.12 

0-3 1.20 0.08 
0-2 1 0.22 0.02 
Veg 0.27 0.03 
0-0.3 1.52 0.06 
0-0.3* -0.44 0.28 

0- 3 2.10 0.05 
0.21 0.45 0.02 

0.01 ex4310 
0.00 GS43FO 
0.00 GS43VU 
0.03 GS4400 
0.05 GS43OP 
0.01 GS4310 
0.00 GX44FO 
0.01 GS5100 
0.01 Gs5110 
0.00 (3x5130 
0.00 GS5150 
0.00 GS5170 
0.00 GS5170 
0.01 GS51VU 
0.02 GS5210 
0.02 GS5ZW 
0.01 ex5310 
0.00 GS53FO 
0.00 GX53kU 
0.00 GS5300 
0.00 GS5310 
0.00 GS54FO 
0.00 CS53\U 
0.00 GS53W 
0.01 GXSlOO 
0.02 GS6llO 
0.03 GS6130 
0.03 GX6150 
0.02 GX6170 
0.01 GX61W 
0.00 Gs6nvu 
0.01 GS6300 
0.00 0x6310 
0.01 GS63FO 
0.00 GS63iT-J 
0.03 CS6410 
0.01 GS63FO 
0.01 CS6-l\U 
0.01 G X 6 3 W  
0.00 GX64\'U 

0.01 ZOlCOO 
0.07 ZOlCOP 
0.02 ZOlClO 
0.01 ZOlCFO 
0.01 ZOlCiTJ 
0.02 z02coo 
0.17 ZOSCOP 
0.01 z02c10 
0.01 ZOSCFO 

(a) hleasurcd I'aluc. (b) Standard Dc\viation (3 0.45 pm particle size C23 



L. 
Appendix C: Plutonium Concentration Measurement Data 

... 
hlacro Micro From 903 Pad Depth n 9 h  Concentrstion "'Pu Concentration Sarnplc 

Plot Plot Dir Dist in Soil hIV* S Db hi\:* S Db b a t i o n  
Code No (Dee) ( k m ) r n )  IDq k p )  fBqkp1)  

202 110 3 79.03 \leg 0.08 0.00 0.00 0.00 ZO2CiU 
203 1-10 14 90.52 0-0.3 1.62 0.09 0.05 0.02 ZO3COO 

0-0.3* 2.65 0.20 
0- 3 1.46 0.05 
0.2 1 0.33 0.02 
\!eg 0.42 0.09 
0-0.3 1.29 0.08 
0-0.3* 1.75 0.11 

0- 3 2.10 0.10 
0-2 1 0.49 0.04 
0-2 1 0.46 0.04 
Veg 0.05 0.0 1 
0-0.3 2.33 0.12 
0-0.3" 2.15 0.14 

0-3 2.10 0.10 
0-2 1 0.51 0.04 
Veg 0.57 0.04 
0-0.3 0.96 0.06 
0-0.3" 1.07 0.05 

0-3 1.14 0.06 
0-21 .0.43 0.03 
0-2 1 0.49 0.03 
Vet3 0.08 0.02 
0-3 3.29 0.07 
Veg 0.72 0.14 
0-0.3 1.51 0.05 
0-0.3" 14.35 0.59 

0-3 3.22 0.13 
0-2 1 0.48 0.03 
0-2 1 0.62 0.03 
0-0.3 1.43 0.10 
0-0.3" 4.59 0.37 

0-3 2.07 0.08 
0-0.3 2.47 0.12 
0-0.3* 2.76 0.26 

0-3 2.70 0.11 
0-2 1 3.27 0.15 

C o m m u n i t y  L o c a t i o n s  
0-3 2.00 0.08 
0-2 1 0.56 0.05 
0.3 1.17 0.05 
0-2 1 0.56 0.03 
0-3 2.58 0.10 
0-2 1 0.77 0.05 
0-3 3.66 0.15 
0- 3 1.12 0.05 
0-2 1 0.51 0.03 
0.3 1.41 0.0*1 
0-2 1 0.39 0.02 
0- 3 1.91 0.08 
0-2 1 0.67 0.02 

0.08 ZO3COp 
0.01 Z03C10 
0.04 ZO3CFO 
0.06 ZO3Cw 
0.02 ZO-iCOO 
0.02 ZOJCOP 
0.02 ZO4ClO 
0.01 ZO4CFO 
0.01 ZO4CFO 
0.01 ZO4ClW 
0.09 ZOSCOO 
0.09 ZOSCOP 
0.09 zosc10  
0.01 ZOSCFO 
0.02 zoscw 
0.01 ZO6COO 
0.02 Z06COP 
0.01 ZO6ClO 
0.00 Z06CFO 
0.01 ZOSCFO 
0.02 ZOGC\TJ 
0.01 Z07C10 
0.03 ZO7Cl;V 
0.00 ZOSCOO 
0.08 ZOSCOP 
0.03 ZOSClO 
0.00 ZO8CFO 
0.00 Z08CFO 
0.02 Z09COO 
0.08 ZO9COP 
0.02 Z09ClO 
0.02 ZlOCOO 
0.05 ZlOCOP 
0.02 ZlOClO 
0.02 ZlOCFO 

(a) hicasured \'aluc. (b) Standard Deviation (*) 0.15 pm par~iclc size C23 



Appendix C: Plutonium Concentration Measurement Data 

hfacro hlicro From 903 Pad Dcpth ~ P P u  concentration n'Pu concentration Sample 
Plot Plot Dir Dis t in Soil hNa SDb hl Va SDb b a t i o n  
Code No (krn) (cm) CB _e_g k 1) Cod0 
IiO8 1 93 19.68 0-3 1.03 0.05 0.17 0.02 IiOSllO 

0-2 1 0.38 0.03 0.26 0.02 l<O81FO 
KO9 1 75 '9.21 0- 3 3.82 0.12 0.19 0.02 1iO9110 
KO9 1 75 9.21 0-3 3.64 0.14 0.24 0.02 KO9110 

! 0.2 1 1.03 0.10 0.09 0.03 KO9lFO 
KlO 1 6 7.21 0-3 2.55 0.11 0.17 0.02 KlOllO 

I 
0.2 1 1.04 0.03 0.11 0.01 KlOlFO 

! 

(a) hfcasurcd Value. (b) Standard Deviation (*) 0-45 pm particle size 



Appendix C: Soil Density Measurement  Data  

Soil Density Data 

hiacro From 903 P a d  Depth  Soil Density Sample 
Plot Direction Dis t in Soil B u l k  Adjusredd Location 
M e  _ ( D e a V .  t m )  (cm) (R crn9 ( e ~ r n . ~  ) Code 
AV 2 100 0.3 0- 3 0.83 0.81 AN2D 1 

(c) Bulk density includes rocks. (d) Adjustccl density is for soil, 0-2 m m  size. C2G 



Appendix C: Soil Density Measurement Data 

hiacro From 903 Pad  Depth Soil Density Saml~ lc  
Plot Direction Dist in Soil Bulkc 
Code (D_ 

Adjustcdd Location 
ca.  r) n; ( ) cm-3) Code 

FS3 129 5.3 0- 3 1.21 1.19 FS3D 1 

FX2D2 
FX3D 1 
f53d2 
FX4D 1 
FX4D2 
FX5D 1 
FX5D2 
FX6D 1 
FX6D2 
GE3D 1 
GE3D2 
GE3D3 
gn1d1 
gn1d2 
GN3D 1 
GN3D2 
GN3D3 
GN3D4 
GN4D 1 
GN4D2 
G S l D l  
G S  1 D2 
GSPD 1 
g52d2 
g53d1 
GS3D 1 
g53db 
g53d2 
G S l D l  
GX 1D2 
GX2D 1 
g52d2 
GX3D i 
GX3D2 
GX4D1 
GX4D2 
GS5D 1 
GX5D2 
GSGD 1 

3-6 1.41 1.41 G X ~ D ~  
Background Locations 

ZO 1 20 107.3 0-3  1.39 1.37 ZO lOD 1 
3-G 1.50 1.48 Z010D2 
0-  3 1.19 1.16 ZOl lDl  
3.G 1.62 1.50 ZOl lD2 

(c) Bulk density includes rocks. (d) Adjusted density is for soil. 0.2 mm size. 



.'. Appendix C: Soil Density Measurement Data 

3Iacro From 903 Pad Depth Soil D c n s i ~ \ -  Sample 
Plot Direction Dist in Soil Bulkc Atliustcdd Location 
Code (cm) ( crn.3) (C cm-9  Code 
ZO 1 0-3  1.53 1.49 ZOlD 1 

Z01D2 
Z0205D 1 
Z020SD2 

ZOPD 1 
Z02D 2 
Z032D 1 
Z032D2 
Z040D 1 
Z040D2 
Z054D 1 
Z054D2 
ZO5D 1 
Z05D2 
Z061D1 
Z061D2 
Z062D 1 
Z062D2 
Z062D3 
Z062D4 
Z062D5 
Z062D6 
Z062D7 
Z06D 1 
Z06D2 
ZO'iD 1 
Z07D2 
Z081D 1 
Z081D2 
Z085D 1 
Z085D2 
Z090D 1 
Z090D2 
Z093D 1 
Z093D2 
ZlOODl 

3-6 1.55 1.05 Z100D2 
6-9 1.47 1.31 Z100D3 
0-3 1.03 0.95 Z103D1 
3-6 1.60 1.10 Z 103D2 
6.9 1.17 1.01 Z 103D3 

Community Locations 
I\O 1 330 9.5 0-3 0.94 0.92 I\OlDI 

3-6 1.61 1.21 1i01D2 
KO2 181 17.8 0.3 1.14 ' 1.13 I\O?D 1 

(c) B u l k  density incl~rdcs rocks. ((1) Adj~lstcd dcnsity is for soil, 0.2 mm size. 
- - 

C30 



Appendix C: Soil Density hjeasurement Data  
5 

hlacro From 903 Pad Dcpth Soil Dcnsity Sample 
Plot Direction Dist in Soil B u l b  Adiustcdd h a t i o n  
Code e ~ .  ( v  cm.3 crn.3) Code 
IiO5 153 15.9 0- 3 0.54 0.52 Ii05D 1 

(c) Bulk density includcs rocks. ((1) A(liuslcd densit,. ic fnr cnil n.9 mm c;-n r ' g  1 


