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ABSTRACT 

This paper is centered around the use of stratified random sampling 
for estimating the total amount (inventory) of 239-240Pu and uranium in 
surface soil at ten "safety-shot" sites on the Nevada Test Site (NTS) and 
Tonopah Test Range (TTR) that are currently being studied by the Nevada 
Applied Ecology Group (NAEG). The use of stratified random sampling has 
resulted in estimates of inventory at these desert study sites that have 
smaller standard errors than would have been the case had simple random 
sampling (no stratification) been used. 

soil at A Site of Area 11 on the NTS. 
average concentrations of one or more of these isotopes in soil and vegetation 
and in soil profile samples at depths to 25 cm. 
between soil and vegetation concentrations of 235U and 238U at adjacent 
sampling locations is also examined using three different models. 

The applicability of stratified random sampling to the estimation of 
concentration contours of 239-240Pu in surface soil using computer algorithms 
is also investigated. 
different methods. The planning of field sampling plans for estimating 
inventory and distribution is discussed. 

Estimates of inventory are given for 235U, 238U, and 239-240Pu in 
Other results presented include 

The regression relationship 

Estimates of such contours are obtained using several 

1. INTRODUCTION 

The Nevada A p p l i e d  Ecology Group (NAEG), established by the Atomic 
Energy Commission (Nevada Operations Office) in July 1970, is currently 
engaged in an environmental sampling program for plutonium and other 
transuranics at 10 "safety-shot" sites on the Nevada Test Site (NTS) and 
the Tonopah Test Range (TTR) in the State of Nevada, U.S.A. At most of 
these sites a chemical explosive was detonated in close proximity to 
arrangements or assemblies of plutonium and/or uranium resulting in 
contamination of the surrounding soil and vegetation. The tests were 
conducted between 1954 and 1963 so that the contamination has been exposed 
to the effects of weathering in a desert environment for up to 21 years. 
The sites being studied on the HTS are Project 57 site in Area 13, G I B  site 
in Area 5, and A,  B, C, and D sites in Area 11 (Plutonium Valley). Those 
on the TTR are the 4 Roller Coaster sites known as Double Track and Clean 
Slates 1, 2, and 3. 
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Objec t ives  of t h e  c u r r e n t  NAEG program inc lude  e s t i m a t i n g  t h e  t o t a l  
amount ( inventory)  and geographica l  d i s t r i b u t i o n  of 239-240Pu and/or  235U 
and 23% i n  s u r f a c e  (0-5 cm) s o i l .  
samples have been c o l l e c t e d  du r ing  1973-74 us ing  s t r a t i f i e d  random sampling, 
wherein each s tudy  s i t e  w a s  f i r s t  d iv ided  i n t o  subregions  ( s t r a t a )  on t h e  
b a s i s  of g e n e r a l  a c t i v i t y  levels i n  t h e  s o i l ,  and w i t h i n  which s o i l  samples 
were c o l l e c t e d  a t  random l o c a t i o n s .  S t a t i s t i c a l  ana lyses  of r e s u l t i n g  d a t a  
have been r epor t ed  i n  [l], [2 ]  and [3] .  Some of t h e  s o i l s  d a t a  have a l s o  
been examined i n  [ 4 ]  r e l a t i v e  t o  t h e  des ign  of more e f f i c i e n t  f i e l d  sampling 
des igns  us ing  "double sampling". 

(i) t o  p r e s e n t  some 
ana lyses  of s o i l  and v e g e t a t i o n  d a t a  (p r imar i ly  234U, 235U, 236U, 238U, and 
239-240Pu) t h a t  have r e c e n t l y  become a v a i l a b l e  from A S i t e  i n  Area 11, and 
(ii) t o  d e s c r i b e  and d i s c u s s  t h e  f i e l d  sampling des ign  w e  have used f o r  
e s t i m a t i n g  inventory  and geographica l  d i s t r i b u t i o n .  
a n a l y s i s  is  such t h a t  c a r e f u l  a t t e n t i o n  should be  g iven  t o  t h e  use  of e f f i c i e n t  
f i e l d  sampling des igns  t h a t  hold down t o t a l  c o s t s ,  b u t  which s t i l l  y i e l d  
estimates of s u f f i c i e n t  accuracy and p r e c i s i o n  t o  m e e t  t h e  o b j e c t i v e s  of t h e  
s tudy .  
r e g r e s s i o n  and moving average ( n e a r e s t  neighbor)  e s t i m a t i o n  r o u t i n e s  are a l s o  
g iven  here .  

More than  2000 s o i l  and v e g e t a t i o n  

The purpose of t h e  p r e s e n t  paper i s  twofold: 

The expense of plutonium 

Our l a tes t  e f f o r t s  a t  e s t i m a t i n g  concen t r a t ion  contours  us ing  polynomial 

2. METHODS 

2.1 Estzmating Inventory 

The geographica l  d i s t r i b u t i o n  of plutonium a t  t h e  safe ty-shot  sites 
i s  c h a r a c t e r i z e d  by h igh  a c t i v i t y  levels i n  t h e  immediate v i c i n i t y  of ground 
ze ro  (GZ) w i t h  concen t r a t ions  dec reas ing  r a p i d l y  wi th  d i s t a n c e .  Hence, i f  
n samples are c o l l e c t e d  a t  randomly chosen l o c a t i o n s  over  t h e  e n t i r e  area, 
t h e  r e s u l t i n g  s tandard  e r r o r  (S.E.) of t h e  mean (x) concen t r a t ion  p e r  u n i t  
area w i l l  be  l a r g e ,  as w i l l  t h a t  of t h e  estimate of inventory .  

estimates of inventory  w i t h  s m a l l e r  S.E.'s than  p o s s i b l e  w i t h  t h e  above 
approach, i s  known as s t r a t i f i e d  random sampling wherein t h e  study area i s  
d iv ided  i n t o  L s t ra ta  (subregions)  based on g e n e r a l  a c t i v i t y  levels i n  t h e  
s o i l ,  and where w i t h i n  each stratum, s o i l  samples are c o l l e c t e d  a t  random 
l o c a t i o n s  (see [3], Appendix A; [SI ,  Chapters  5 and 5 A  f o r  computat ional  
d e t a i l s ) .  
a s e p a r a t e  s t r a t u m  as i s  t h e  low a c t i v i t y  level  r e g i o n  f a r t h e s t  removed from 
GZ, w i t h  s e v e r a l  s t ra ta  demarcated a t  in t e rmed ia t e  a c t i v i t y  levels between 
t h e s e  two extremes (methods used t o  d e f i n e  s t r a t u m  boundr ies  are d i scussed  
below). When t h e . r a d i o n u c l i d e s  are d i s t r i b u t e d  about  GZ as descr ibed  above 
f o r  t h e  safe ty-shot  sites, w e  have found t h a t  t h e  mean concen t r a t ions  f o r  
t h e  v a r i o u s  strata (xh, h = 1, 2, ..., L) w i l l  vary  widely depending on the 
gene ra l  a c t i v i t y  level  of t h e  s o i l  w i t h i n  t h e  s t ra tum,  and t h a t  t h e  stratum 
S.E.'s ( S h / G ,  h = 1, 2, ..., L) w i l l  b e  smaller than  t h a t  f o r  t h e  estimate 
5F. A s  d i scussed  i n  [5]  (page loo ) ,  t h i s  is a s i t u a t i o n  where w e  might expect  
s t r a t i f i e d  random sampling to  r e s u l t  i n ' a  more p r e c i s e  estimate of inventory  
than  would be obta ined  wi thout  s t r a t i f i c a t i o n .  

A sampling des ign  w e  have found t o  be  gene ra l ly  e f f e c t i v e  i n  ob ta in ing  

In gene ra l ,  t h e  area immediately surrounding GZ i s  des igna ted  as 

. 
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A 

The estimate of inventory  Is us ing  s t r a t i f i e d  random samplicg i s  t h e  
The S.E.,of Is i s  t h e  sum of t h e  s t r a tum estimates of inventory  (Ah yh) .  

squa re  r o o t  of t h e  sum of t h e  s t r a tum inventory  va r i ances  (Ah sh /nh ) ,  where 
Ah is  t h e  area i n  square  meters of t h e  h t h  s t ra tum.  

samples t o  c o l l e c t  w i t h i n  each s t r a tum have been d iscussed  i n  d e t a i l  i n  [ 3 ]  
and [ 6 ] .  
(CPM) read ings  on a g r i d  system us ing  t h e  p o r t a b l e  FIDLER ( F i e l d  Ins t rument  
f o r  t h e  Determinat ion of how Energy Rad ia t ion )  wi th  a 5 i n .  NaI c r y s t a l .  
These counts  approximate t h e  plutonium contaminat ion i n  s u r f a c e  s o i l .  A t  A 
S i t e ,  where t h e  FIDLER could n o t  be  used due t o  background i n t e r f e r e n c e ,  s o i l  
samples were c o l l e c t e d  a t  
on a G e ( L i )  counter  f o r  24TAm. 

us ing  as a guide  t h e  optimum a l l o c a t i o n  formula given i n  [5] (Eq. 5.20). 
a l l o c a t i o n  depends on t h e  re la t ive  s i z e s  of s t r a t a  and on t h e  v a r i a b i l i t y  i n  
concen t r a t ions  from sample  t o  sample w i t h i n  strata.  Estimates of t h e s e  s t r a tum 
va r i ances  are requ i r ed  f o r  t h e  a l l o c a t i o n  formula. I d e a l l y ,  these  should be 
a v a i l a b l e  from p i l o t  s t u d i e s  conducted earlier a t  t h e  si tes t o  be  s t u d i e d ,  b u t  
o f t e n  such informat ion  does n o t  ex is t .  As discussed  i n  [ 6 ] ,  w e  lacked  such 

' information i n  Area 13 and i n s t e a d  assumed t h a t  t h e  c o e f f i c i e n t  of v a r i a t i o n  
c(= S h / n )  w a s  equa l  t o  1 i n  a l l  s t r a t a  and t h a t  Th was p r o p o r t i o n a l  t o  t h e  

The u s u a l  95% confidence l i m i t s  Is 5 2[S.E.(is)] are a p p r o p r i a t e  i f  Is 

2 

Methods used t o  d e f i n e  s t r a t u m  boundries  and determine t h e  number of 

B r i e f l y ,  s t r a t a  were determined by t ak ing  241Am count  p e r  minute 

r i d  i n t e r s e c t i o n s  and counted i n  t h e  l a b o r a t o r y  

The number of s o i l  samples nh c o l l e c t e d  i n  t h e  hth s t r a t u m  w a s  determined 
The 

median FIDLER read ing  i n  t h e  hth stracum. 
A 

is normally d i s t r i b u t e d .  The d a t a  from Area 1 3  were examined i n  [l], and f o r  
most s t ra ta ,  they f i t  t h e  lognormal d i s t r i b u t i o n  [7] b e t t e r  than t h e  normal. 
If d a t a  are lognormally d i s t r i b u t e d ,  a method i n  [ 8 ]  may b e  used t o  compute 
e x a c t  confidence i n t e r v a l s  f o r  t h e  inventory  I h  of each s t ra tum,  b u t  n o t  f o r  Is. 

2.2 Es t imat ing  Concentrat ion Contours 

S o i l  and Vegetat ion plutonium d a t a  a v a i l a b l e  from t h e  s t r a t i f i e d  random 
sampling f o r  inventory  were used i n  [3] t o  experiment w i th  e s t i m a t i n g  
concen t r a t ion  contours .  A computer program1 e n t i t l e d  SURFACE I1 w a s  used 
i n  t h i s  e f f o r t  [9]. B r i e f l y ,  the contour l i n e s  w e r e  e s t i m a t e d  using each 
plutonium concen t r a t ion  datum zi (i = 1, 2, ..., N; N = t o t a l  obse rva t ions  
over  a l l  s t r a t a )  each wi th  i ts  north-south,  east-west coord ina tes  x and y, 
r e s p e c t i v e l y .  
i n t e r v a l s  ( g r i d  nodes) on a g r i d  l a i d  over  t h e  s tudy  s i t e  us ing  a l o c a l  
weighted average of t r ends  o r  s l o p e s  i n  t h e  neighborhood around each g r i d  
node. 
i n  a g r i d  ma t r ix  of v a l u e s  Gg. 

Seve ra l  s ea rch  methods are a v a i l a b l e  on SURFACE I1 f o r  s e l e c t i n g  "nearby" 
d a t a  po in t s .  "NEAR" selects t h e  k n e a r e s t  d a t a  p o i n t s  wi thout  regard t o  
d i r e c t i o n  o r  d i s t a n c e  and w a s  used i n  [3]  wi th  k = 8. Est imated g r i d  matrices 
and contour  ( i s o p l e t h )  l i n e s  (obta ined  by l i n e a r  i n t e r p o l a t i o n  between t h e  ;g 
va lues  of t h e  g r i d  ma t r ix )  are g iven  i n  [3] f o r  s o i l  and vege ta t ion  f o r  t h e  
P r o j e c t  57 and GMX s tudy  sties. Other s e a r c h  methods a v a i l a b l e  inc lude  "QUAD" 
and "OCTANT", where t h e  area about  each g r i d  node i s  d iv ided  i n t o  4 o r  8 equal  

An es t imated  plutonium concen t r a t ion  1, is  obta ined  a t  r e g u l a r  

This  i s  a two-phase procedure descr ibed  i n  Appendix C of [9 ]  r e s u l t i n g  

Undergoing r e v i s i o n  a t  t h e  p r e s e n t  t i m e .  
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s e c t i o n s ,  r e s p e c t i v e l y ,  w i th  s p e c i f i e d  numbers of  d a t a  p o i n t s  r equ i r ed  i n  
each s e c t i o n  b e f o r e  zg w i l l  be  es t imated  a t  t h e  g r i d  node. 
("TREND"), which f i t s  a least  squa res  nth degree (n < 6) polynomial r e g r e s s i o n  
equat ion  ([15], Chapter 6; [16],  Chapter 4 )  t o  t h e  d a t a  i n  terms of t h e  
geographica l  coord ina te s  x and y ,  can a l s o  be used on SURFACE 11. 

i n  [ 9 ] ,  b u t  w i l 3  n o t  b e  o p e r a t i o n a l  u n t i l  t h e  f a l l  of 1975 when a new manual 
w i l l  be  i ssued .  
by Matheron ( [ l o ] ,  [12] ,  [13]) .  The method r e q u i r e s  a s t r u c t u r a l  a n a l y s i s  t o  
estimate t h e  c o r r e l a t i o n  s t r u c t u r e  between p o i n t s  i n  t h e  f i e l d  a t  v a r i o u s  
d i s t a n c e s  a p a r t .  One advantage of Kr ig ing  over t h e  o t h e r  moving average 
methods d i scussed  he re  is  t h a t  a n  estimate of t h e  va r i ance  of can be  
computed, a l though i n  p r a c t i c e  i t  may only be  an  approximation f131. Also,  
t h e  s t r u c t u r a l  a n a l y s i s  r e q u i r e d  t o  use  Kriging g ives  an o b j e c t i v e  means of 
e s t i m a t i n g  t h e  optimum sea rch  r a d i u s  f o r  da t a .  

A t r end  a n a l y s i s  

F i n a l l y ,  a moving average method known as "un ive r sa l  Kriging" i s  d iscussed  

Kriging i s  based upon r e g i o n a l i z e d  v a r i a b l e  theory  developed 

E 

3. "A SITE" DATA 

The t h r e e  s t ra ta  e s t a b l i s h e d  a t  A S i t e  are shown i n  Fig. 11 of [3]. 
Both s u r f a c e  (0-5 cm) and p r o f i l e  (10 s e p a r a t e  samples i n  2.5 c m  increments  
down t o  25 cm) samples were c o l l e c t e d  w i t h i n  each s t ra tum.  A v e g e t a t i o n  
sample w a s  c o l l e c t e d  n e a r  each s u r f a c e  o r  p r o f i l e  sample ( u s u a l l y  w i t h i n  
5 f t )  as desc r ibed  i n  [ 2 ]  and are r e f e r r e d  t o  h e r e  as p a i r e d  observa t ions .  
Using t h e  optimum a l l o c a t i o n  formula i n  [5] and t ak ing  i n t o  account budget con- 
s t r a i n t s ,  20 s u r f a c e  s o i l  samples were c o l l e c t e d  a t  random l o c a t i o n s  w i t h i n  s t ra ta  
1 and 3, and 30 w i t h i n  s t r a t u m  2. Stratum 3 is  t h e  a r e a  immediately surrounding 
GZ. Most of t h e  uranium i n  t h e  device  w a s  235U. 

3.1 Radioisotope Concent ra t ions  

The d a t a  f o r  239-240Pu, 23% and 238U are s u m a r i z e d  i n  Table  I. The 
average 2 3 5 ~  concen t r a t ions  i n c r e a s e  from s t r a t u m  1 t o  s t r a t u m  3, r e f l e c t i n g  
t h e  preponderance of t h i s  i s o t o  e i n  t h e  device.  A s  expected,  a more modest 
i n c r e a s e  occurs f o r  238U. 
nearby B, C,  or  D sites i n  Plutonium Val ley  ([3],  Table  16) .  

decreases  w i t h  dec reas ing  d i s t a n c e  from GZ. 
f o r  239-240Pu a t  t h e  o t h e r  s a fe ty - sho t  s i tes  who a t t r i b u t e d  i t  t o  a 
d i f f e r e n t i a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  occur r ing  w i t h i n  t h e  f a l l o u t  p a t t e r n s  
of t h e  safe ty-shots .  
v e g e t a t i o n  (no r e s u l t s  are a v a i l a b l e  f o r  s o i l )  are about  100 t i m e s  less 
than  t h e  v e g e t a t i o n  means f o r  235U and 238U, and i n c r e a s e  moderately f o r  
s t ra ta  nea r  GZ. The (mean, S.E., n )  f o r  v e g e t a t i o n  234U i n  s t ra ta  1, 2, 
and 3 are (0.093, 0.027, 7), (0.55, 0.14, 20) ,  and (0.82 0.17, 6 ) ,  
r e s p e c t i v e l y ,  i n  u n i t s  of ng/g dry.  
0.0082, 7 ) ,  (0.20, 0.05, 20) ,  and (0.31, 0.065, 6 ) .  

The q39-240Pu levels are low compared wi th  t h e  

The r a t io  of v e g e t a t i o n  mean t o  soil mean f o r  235U and 238U (Table  I) 
This w a s  a l s o  r e p o r t e d  i n  [2]  

The average concen t r a t ions  of 234U and 236U f o r  

These r e s u l t s  f o r  236U are (0.025, 

Pe r sona l  communication wi th  J. C. Davis, Kansas Geologica l  Survey, 
Un ive r s i ty  of Kansas, Lawrence, Kansas. 
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3.2 Inventory 

Table  I1 g ives  t h e  es t imated  i n v e n t o r i e s  of 2 3 5 ~  9 
238u, and 239-240pu 

i n  s u r f a c e  s o i l  a t  A S i t e .  
t h e s e  i n v e n t o r i e s  are A 1  = 125,592, A2 = 7,714 and A 3  = 475 squa re  meters. 
S u f f i c i e n t  d a t a  is  n o t  
i nven to ry  of 235U o r  23gU con t r ibu ted  by t h e  device  as opposed t o  t h a t  
occu r r ing  n a t u r a l l y .  
is  r e f l e c t e d  i n  t h e  r e s u l t s  of Table 11. 

The e f f i c i e n c y  of s t r a t i f i e d  random sampling i n  e s t i m a t i n g  Is r e l a t i v e  
t o  t h a t  ob ta ined  by t ak ing  samples a t  random l o c a t i o n s  over  t h e  e n t i r e  area 
can be measured by t h e  r a t i o  

The s i z e s  Ah of t h e  3 st rata  used t o  compute 

r e s e n t l y  a v a i l a b l e  t o  a c c u r a t e l y  estinate t h e  

The f a c t  t h a t  most uranium i n  t h e  dev ice  w a s  235U 

g =  S.E. us ing  s imple  random sampling (no s t r a t a )  
S.E. u s ing  s t r a t i f i e d  random sampling 9 

where t h e  numerator S.E. is  approximated us ing  Eq. 5A.27 i n  [5]. 
t h e  v a l u e  of R w a s  8.6, i .e.,  i f  s i m  l e  random sampling (no s t r a t a )  had been 
used t o  estimate t h e  inventory  of 23$J, t h e  S.E. of t h a t  estimate would have 
been about  8.6 t i m e s  l a r g e r  than  t h e  S.E. r e p o r t e d  f o r  235U i n  Table 11. 
For 238U t h e  va lue  of R w a s  a more modest 1.3 r e s u l t i n g ,  b a s i c a l l y ,  from 
smaller d i f f e r e n c e s  i n  s t r a t u m  average concent ra t ions .  
239-240Pu w a s  on ly  0.82 s i n c e  t h e  s t ra ta  boundries  do n o t  d i v i d e  t h e  area 
i n t o  d i f f e r e n t  plutonium concen t r a t ion  zones. We no te ,  however, from [3] 
t h a t  R f o r  plutonium a t  t h e  o t h e r  s tudy  sites ranged from 1 t o  6 wi th  a 
median of 3. 

For 235U 

The r a t i o  R f o r  

3 . 3  P r o f i l e  Samples and S o i l  Vegetat ion Comparisons 

Four p r o f i l e  samples from A S i t e  are c u r r e n t l y  a v a i l a b l e  f o r  s tudy  
(Fig. 1). 
depth  can b e  desc r ibed  by t h e  sum of two exponen t i a l  terms, t h e  parameter 
e s t i m a t e s  be ing  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  a = .05 o r  less. 
t e r m  d e s c r i b e s  t h e  r a p i d  decrease  i n  t h e  f i r s t  5 cm, whi le  t h e  second term 
f i t s  t h e  much s lower rate of d e c l i n e  a t  g r e a t e r  depth.  
d e a l  of v a r i a b i l i t y  between p r o f i l e  samples a t  d i f f e r e n t  l o c a t i o n s  ([3] 
g i v e s  239 240Pu concen t r a t ions  for  p r o f i l e s  a t  o t h e r  sa fe ty-shot  sites) 
a r i s i n g  perhaps from mechanical d i s tu rbance  by roden t s  o r  man, o r  from 
t h e  occurrance  of d i f f e r e n t  s o i l  types  a t  depth over t h e  area. F igure  1 
shows t h a t  except  poss ib ly  f o r  t h e  p r o f i l e  53 f e e t  from GZ, 238U s u r f a c e  
concen t r a t ions  are n o t  g r e a t e r  than  t h o s e - a t  depth,  due presumably t o  
t h e  f a c t  t h a t  most 238U p r e s e n t  i s  n a t u r a l  uranium. 

v e g e t a t i o n  samples i s  examined i n  Fig. 2 f o r  235U. 
c o r r e l a t i o n  i s  0.93 f o r  235U and 0.35 f o r  238U. 
f o r  235U could b e  r e l a t e d  t o  t h e  preponderance of t h i s  i s o t o p e  i n  t h e  
device.  Three models have been f i t  t o  t h e  d a t a  i n  Fig.  2. Two of t h e s e  
are  weighted l i n e a r  express ions  through t h e  o r i g i n ,  i.e., y = f31x and 
y = B2x, ( [14] ,  p. 167) where 

For two of t h e s e  p r o f i l e s  t h e  decrease  i n  concen t r a t ions  wi th  

The f i r s t  

There i s  a g r e a t  

The r e l a t i o n s h i p  between uranium concen t r a t ions  i n  p a i r e d  s o i l  and 

The h ighe r  c o r r e l a t i o n  
The es t imated  l i n e a r  
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and t h e  t h i r d  i s  t h e  usua l  unweighted l i n e a r  r e g r e s s i o n  model. flodel 3 
g i v e s  t h e  b e s t  f i t  t o  t hese  235U d a t a  and t o  t h e  238U d a t a  as w e l l  (no t  
shown). 
sugges t  t h a t  c a l c u l a t i o n  of such r a t i o s  wi thout  f i r s t  p l o t t i n g  t h e  d a t a  
and checking f o r  adequate  f i t s  can g ive  misleading r e s u l t s .  
f i t s  u s ing  B 1  and $2 were a l s o  r epor t ed  i n  [ 3 ]  f o r  239-240Pu concen t r a t ions .  
Model 3 w a s  a l s o  f i t  t o  t h e  l o g s  of t h e  d a t a  bu t  t h e  r e s u l t i n g  f i t s  were 
poor ( c o r r e l a t i o n s  of 0.77 and 0.11 f o r  2 3 5 U  and 238U, r e s p e c t i v e l y ) .  

The poor f i t s  us ing  t h e  commonly used r a t i o  estimates $1 and 82 

Equally poor 

4. ESTIMATION OF PLUTONIUM CONCENTRATION CONTOURS 

E s t i m a t e s  of 239-240Pu concen t r a t ion  contours  i n  s u r f a c e  s o i l  have 
been obta ined  h e r e  us ing  NEAR, QUAD, and TREND. The i r  re la t ive performance 
is eva lua ted  by computing two l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s :  ( i )  p ,  t h e  
c o r r e l a t i o n  between observed and es t imated  239-240Pu concen t r a t ions  Z i  and 
z i ,  r e s p e c t i v e l y ,  a t  N s o i l  sample l o c a t i o n s 3  (i = 1, 2,  ...) N ) ,  and ( i i )  
PB, t h e  c o r r e l a t i o n  between Z i  and t h e  r e s i d u a l  z i  - ;i. 
be  n e a r  1 and pg  near  0. p measures t h e  goodness-of-fi t  of 2 i  t o  z i  i n  t h a t  
i f  p = 1, then  Z i  = z i  f o r  a l l  i = 1, 2,  ..., IJ. PB i s  a measure of an 
e s t i m a t i o n  b i a s  found i n  [3]  t o  be  p r e s e n t  when NEAR w a s  used on s o i l  and 
v e g e t a t i o n  d a t a  of P r o j e c t  57 and t h e  GMX s i te .  For t h i s  p a r t i c u l a r  kind 
of b i a s ,  l a r g e  p o s i t i v e  r e s i d u a l s  z i  - 2-i tend t o  be  a s s o c i a t e d  w i t h  l a r g e  
z i ,  and s m a l l  p o s i t i v e  ( o r  nega t ive )  r e s i d u a l s  w i th  s m a l l  z i .  
is p resen t ,  pB tends t o  be g r e a t e r  than  zero.  
of t h i s  b i a s  i s  t o  exaggera te  t h e  e x t e n t  of t h e  es t imated  d i s p e r s i o n  of 
plutonium away from t h e  GZ area. Other k inds  of b i a s  can be  p r e s e n t  even 
when PB = 0, so t h a t  t h e  computation of pB must be  supplemented by p l o t s  
of t h e  r e s i d u a l s  z i  - s i  ve r sus  t h e  observed z i .  

Table 111. Cal-Comp p l o t s  of the estimated plutonium contours for analyses 
A 1  through A4 are g iven  i n  [3] .  
QUAD and NEAR do about  equa l ly  w e l l  i n  p r e d i c t i n g  observed Pu concen t r a t ions ,  
cons iderably  b e t t e r  than  TREND, and r a t h e r  impress ive  ga ins  i n  goodness-of- 
f i t  can b e  achieved by working i n  loge  u n i t s  r a t h e r  than  i n  t h e  o r i g i n a l  scale 
f o r  a l l  t h r e e  methods. TREND a l s o  tends  t o  g ive  wi ld  estimates i n  t h e  
boundr ies  of t h e  s tudy  s i t e  (Fig. 3 ) .  

The smaller number of samples f o r  QUAD re la t ive  t o  t h a t  f o r  NEAR o r  
TREND (Table 111) occurs  because a l a r g e  p ropor t ion  of g r i d  node estimates 
z could n o t  be  made due t o  i n s u f f i c i e n t  d a t a  p o i n t s  w i t h i n  t h e  p re sc r ibed  

The ẑi are computed by SURFACE I1 by backward double l i n e a r  i n t e r p o l a t i o n  
from t h e  es t imated  g r i d  va lues  2g. 
a t  g r i d  nodes, wh i l e  t h e  ẑi are estimates a t  t h e  random sample l o c a t i o n s .  

4The g r i d  matrices A6, A8, A10, All, and A13 were estimated on t h e  t ransformed 
v a t u e s  z' = logez and contours  p l o t t e d  f o r  s p e c i f i e d  va lues  of  z' such t h a t  
ez = 0.5, 1.0, 1.5, ..., etc., nCi/g. 

A 

I d e a l l y ,  p should 

When t h i s  e f f e c t  
A s  d i scussed  i n  [ 3 ] ,  t h e  r e s u l t  

Values of p and P B  obta ined  u s i n g  NEAR, QUAD, and TREND are given i n  

Analyses A6 and A10 are shown i n  Fig.  3. 4 

A 

g 

Note t h a t  sg refers t o  Pu estimates 
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f4  

d i s t a n c e  f r o m . t h e  g r i d  node ( foo tno te  d ,  Table 111). Since  SURFACE I1 
w i l l  p r i n t  o u t  t h e  es t imated  g r i d  mat r ix ,  t h e  u s e r  can t e l l  when i n s u f f i c i e n t  
d a t a  e x i s t s  t o  meet t h e  s e a r c h  c r i te r ia  s p e c i f i e d .  
c o r r e l a t i o n  c o e f f i c i e n t )  which g ives  t h e  pe rcen t  of t h e  t o t a l  v a r i a b i l i t y  
of t h e  observed plutonium va lues  z i  expla ined  by t h e  e s t ima ted  r e g r e s s i o n  
equat ion ,  i s  cons iderably  l a r g e r  when logar i thms r a t h e r  than untransformed 
d a t a  are used (Table 111). 

R2 ( square  of t h e  m u l t i p l e  

5. DISCUSSION 

S t r a t i f i e d  random sampling i s  more e f f i c i e n t  than  s imple random sampling 
f o r  e s t i m a t i n g  inventory  a t  t h e  safe ty-shot  sites. 
t r a n s u r a n i c  f i e l d  s t u d i e s  i n  d e s e r t  as w e l l  as less xer ic  climates f o r  
e s t i m a t i n g  a t o t a l  o r  mean depends on whether s t r a t a  can be cons t ruc t ed  
f o r  which s t ra ta  means vary  widely and within-s t ra tum va r i ances  are small  
relative t o  t o t a l  v a r i a b i l i t y .  S t r a t i f i e d  random sampling i n  conjunct ion 
w i t h  an  a p p r o p r i a t e  a lgo r i thm such as QUAD, can a l s o  achieve  reasonably 
good f i ts  t o  observed d a t a  p a r t i c u l a r l y  when t h e  d a t a  are transformed t o  
loga r i thms ,  Fur ther  improvements i n  e s t i m a t i n g  contours  w i l l  depend on 
t h e  development of optimum computing a lgor i thms (Kriging ?) and b e t t e r  
sampling p lans .  

(perhaps on a g r i d )  r a t h e r  than  random sampling w i t h i n  s t r a t a .  Biased 
estimates might r e s u l t ,  however, and e s t i m a t i n g  va r i ances  becomes more 
d i f f i c u l t  (Chapter 8 i n  [5]).  "Double sampling" ( [5] ,  Chapter 1 2 )  should 
a l s o  be  considered as a method of i n c r e a s i n g  t h e  e f f i c i e n c y  of f i e l d  
sampling. The r e s u l t s  i n  [4]  are encouraging i n  t h i s  regard.  There i s  
a clear need f o r  u s ing  inexpens ive  f i e l d  d e t e c t i o n  ins t ruments  t o  ga the r  
in format ion  on t h e  d i s t r i b u t i o n  of r ad ionuc l ides  be fo re  f u l l  scale sampling 
begins .  

Its e f f e c t i v e n e s s  i n  o t h e r  

One approach t h a t  might be i n v e s t i g a t e d  i s  t h e  use  of sys t ema t i c  sampling 
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. . TABLE I .  ESTlK4TEOa COHCEIITil4TlOfIS OF 239-240Pu, 235U. AN0 '% I N  
WWn SOIL A110 ASSOCIATED VEGETATION SANPLES FRON A S I T E  OF ARU 11. 
U S  

Vegetatlon 
Clean t S.E. Range 

1.5 t 0.57 0.056 7.3 
0.64 f 0.099 0.23 1.9 
- 1.0 t 0.38 p.13 2.8 
0.98 t 0.21 0.13 7.3 

4.1 t 1.3 0.795 13.1 
2.45 178 49 t 12 

74 r 16 37.8 135 

- Soi l  
n man 2 s . E . ~  Range 2 - 

12 5.92 t 2.16 0.96 - 25.8 12 
14 1.46 t 0.335 0.12 - 4.1 18 
9 32.4 d 31.4 0.10 - 284 9 

35 11.0 t 8.07 0.10 - 284 36 

14 .M.O 9 13.9 2.4 - 210 12 
14 1.090 t 454 52 - 5,500 20 
10 17.2M t 7.090 270 - 67.oM) 6 

- 
0.25 
0.44 
0.032 
0.089 

0.14 
0.045 
0.0041 

- 

14 1,670 t 198 155 - 2.630 12 
14 2.120 t 206 1.410 - 4,160 20 
10 11.700 t 3.610 1.820 - 36.300 6 

41 t 5.1 8.57 71.3 
72 t 8.8 18.2 158 
81 t 11 35.7 114. 

0.025 
0.034 
0.w9 

'Preliminary estimates; 502 o f  resul ts have been reported. %.E. - standard error = r/&. 

T W E  11. LSTIPATEOa INVElnORY OF 235u. '1. AN0 239-240Pu I N  SURFACE SOIL 
(0-5 cm DEPTH) AT A SITE OF AREA 11. NTS 

l latural Uranim + Safety-Shot Uranium , 

Estimated Percent Confidence Limits On cb o f  
nean Inventory + S.E. Inventory Inventory (gram) Inventory 
(gram/n2) (cram3 

0.00142 % 0.000698 178: 88 17 -12 368 1.8 

5 3 2 %  us - 51 - 24 1.640 - 
1.045 2 274 100 457 1J3P 1.6 

0.0952 :O.W645 734 : 65 I SP( 874 0.33 

Estimated 95: 

i n  S t r a t a  lower Upper Estimate -- 
0.0434 % 0.0168 335 % 130 32 54 616 1.5 

1.3 1.12 +0.473 

0.0754 2 0.00910 9.470 2 1.140 90 7.m 11.900 0.45 

1.08 0.725 0.249 344 + 118 
'lo.wx,: 1.150 100 . 8.020 13.0M) 0.68 

- 611 - '7 - - 3  - 
(uCi/rn2) (Curies) ' (Curies) 

0.265 :0.0955 0.0333 2 0.0120 96 0.00688 0.0597 1.2 
0.0674 2 0.0153 0.00052 2 O.OOO12 1.5 0.00026 0.00018 0.86 

2.4 -= o.00279 - 1.77 + 1.73 O.MXI841 2 o.woBz2 - 2.8 
P.0347 - 1.012 99.9 0.0083 0.061 2.0 

n 

14 
14 
10 

38 

14 
14 
10 

38 

- 

- 

- 

Isotope 

23% 1 

2 .  
3 

.rota1 
- 

2% 1 
2 
3 

Total 
- 

. 

A1 
A2 
A3 
A4 
AS 
A6 
A7 
M 
4'1 
A10 W 
A1 1 w 
A13 W 

. .  

112 rax 

Area 13' 
Arc' 13 

1 Area 13 
uu 
ou 
O r X  

I M 
I 011 

rax 

1IEAR 
THLIIU~ 

Original  
Or ly lnal  
Or ig inal  
Or lgfnal  
Or lq inal  

109 
Original  

109 
Origlnal  

109 
109 

0r i r ) inal  
109 

16 
16 
13 
11 
11 
11 

e 
e 

11 
11 
11 
11 

7 

b i  1 0.90 0.64 W 
5011 0.58 0.81 0.34 

0.93 0.81 M 
I Ell 0.72 0.79 NA 

s o i l  n.77 0.79 NA 
Sol 1 0.98 0.22 tlA 
50l1 0.70 0.81 NA 
Soil 0.96 0.33 NA 
h i 1  0.54 0.04 0 . 3  
Soil 0.93 0.36 0.87 
Sol 1 0.90 0.44 0.01 
Veg 0.92 0.60 NA 
vcg 0.98 0.34 M 

R 
HA 

102% 

'6th degrea p o l y m t r l .  b 4 t ~  d c g r n  polynuntrl. 'N4 = not rppllcable. 
f o r  AS, wrlna dfrtanca to nearest 8-la po in t  wit be 1. SO ft.; M a t m a  search rad!LU 0 500 ft. 
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mU A N D  1-U CONCENTRATIONS IN SOIL 
PROFILES. A SITE. AREA 1 1  

FIGURE 1 

VEGETATION VS SOIL 
235U (pg /g  DRY) 

AREA 11. A SITE 

CORRELATION = 0.93 

SOIL 

FIGURE 2 
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