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GENERAL STATISTICAL CONSIDERATIONS* 

L. L . EBERHARDT AND R. 0. GILBERT 

ABSTRACT 

, The h igh sampl ing  va r iab i  1 i ty encountered i n  environmental p l  utonium 
. studies along w i t h  h igh ana l y t i ca l  costs makes i t  very  important t h a t  e f -  

f i c i e n t  sampling plans be used. However, e f f i c i e n t  s a q l i n g  depends on -. 

e x p l i c i t  and simple statements o f  the ob ject ives of the study. When there 
are m u l t i p l e  object ives,  as i n  the NAEG study, i t may be d i f f i c u l t  t o  de- 
v i se  a whol ly  su i t ab le  sampl ing  scheme. Sampling f o r  Tong-term changes i n  . .. 
plutonium concentrat ion may a1 so be complex and expensf ve. Further at ten- 
t i o n  t o  problems associated w i th  compositing samples i s  recommended, as i s  
the cons is tent  use o f  random sampling as a basic technique. 

This r epo r t  i s  concerned w i t h  some general considerat ions having t o  do 
'\ 

w i t h  the quan t i t a t i ve  aspects o f  environmental p lutonium studles. A longer 
-..- - .  

and more de ta i l ed  analysis i s  being prepared as a separate repor t ,  and the 

pa r t i cu l a r s  of our s t a t i s t i c a l  work on NTS s o i l  samples appear under another 

heading i n  t h i s  progress repor t .  - 

. *Text o f  a t a l k  fo r  the 1973 NAEG Plutonium Program ~ m f o n a t i o n  ~ e e t i n g  a t  
Las 'Vegas, Nevada, October 2-3, 1973. This paper i s  based on work 
performed under United States Atomic Energy Commissim Contract AT(45-1)-1830. 



8 -'-.... 
.: The h igh v a r i a b i l  i t y  from sample t o  sample and the considerable cos t  'of 

accurate plutonium analyses make i t  essent ia l  t o  seek o u t  and use e f f i c i e n t  

sampl i n g  procedures. Much o f  the re levan t  s t a t i s t i c a l  sampl i ng  methodology 

can simply be described as procedures for  sa t i s f y i ng  p a r t i c u l a r  ob ject ives 

a t  a minimum cost. An important problem i n  environmental plutonium studies 

i s  t h a t  the ob ject ives o f  such inves t iga t ions  may n o t  be spec i f i ed  a t  a l l  

c lea r l y ,  o r  may be mu1 t i p l e  and complex i n  nature.   here i s  thus a need t o  

try t o  p i n  down these ob ject ives and t o  see whether su i t ab le  sampling pro- 

cedures can be devised and executed i n  the f i e 1  d. 

/ '  

Mater ia l  and Methods -. 
- 

. . 

Our i n t e r e s t  i n  the quan t i t a t i ve  aspects . o f  environmental surveys f o r  

plutonium contamination i n i t i a l l y  arose . . i n  connection w i t h  studies a t  the  

Nevada Test S i t e  under the auspices o f  the Nevada Applied Ecology group. 
. . 

Our main e f f o r t  thus f a r  has been concerned w i t h  s t a t i s t i c a l  aspects o f  sam- 

p l  i n g  s o i l s '  f o r  plutonium, and some p r e l  iminary d e t a i l s  appear i n  a r epo r t  

by Eberhardt and G i l b e r t  (1972). ' We were a1 so asked t o  make some sugges- 

t i o n s  about s t a t i s t i c a l '  aspects o f  a survey f o r  plutonium on Eniwetok At01 1 , 

and have benefi ted from the oppor tun i ty  t o  v i s i t  and discuss environmental 

p l u to ' ~ i um studies a t  LOS Alamos and Colorado State Univerr  i ty. The method- 

ology involved here l a r g e l y  depends on the s t a t i  stica.1 technology developed. 

fo r  survey sampl i ng  , as. described for  example by Cochran '(1963). We have 
\ 

a1 so depended on r e s u l t s  concerning the lognormal d i s t r i b u t i o n  summarized 
' 

by Ai tch ison and Brown (1966) 

. Unfortunately, the best-devel oped s t a t i s t i c a l  techno1 ogy has t o  do w i t h  

est imat ing i p e c i f i c  quan t i t i es  o f  some substance, wh i l e  the compelling issue 

i n  connection w i t h  plutonium has t o  do .w i th  the much l e s s  p rec ise ly  def ined 
, . . 

. . 



ob jec t i ve  o f  p ro tec t ing  people from harmful exposures. Our approach t o  t h a t  

question i s  predicated on the assumption t h a t  the o n l y  sure p ro tec t ion  i s  a 

' thorough knowledge and understanding o f  the f a t e  o f  any plutonium introduced 

i n t o  the environment. Since the routes and processes invo lved a re  many and 

. may be complex, we suspect t h a t  e f f e c t i v e  planning requ i res  a f a i r l y  compre- 

hensive model o f  some kind. One strong reason f o r  t h i s  no t ion  i s  the f r e -  

quent ly mentioned p o i n t  t h a t  most o f  the f i e l d  experience w i t h  plutonium i s  

i n  a r i d  areas so t h a t  the r e s u l t s  may no t  be appropr ia te  fo r  app l i ca t ion  i n  
' the case o f  accidental  d ispersion o f  plutonium in ,  say a midwestern ag r i cu l -  

-. 
. t u r a l  area, o r  an eastern suburb. We contend t h a t  one use fu l  way t o  c l a r i f y  

the po in ts  o f  commonality and d i s s i m i l a r i t y  i s  to- t ry  to make e x p l i c i t  the -. 

d e t a i l s  o f  such an inc iden t  i n  a model. 

We ho ld  the view t h a t  models are usefu l  f o r  appra is ing and summarizing 

data, exp lor ing object ives,  and designing f i e l d  and l a b r a t o r y  studies. I n  

the present s t a te  o f  knowledge about environmental contamination, we do no t  

be l ieve models are 'very useful  f o r  numerical prediction--where ext rapo la t ions 

must be attempted we suspect regression techniques (p re fe rab ly  based on a 

spec i f i c  model ) are  t o  be preferred.  
--. 

Results and Discussion - .. 

- O n e s o u r c e o f  po ten t i a l  c o n f u s i o n i n s a m p l i n g s o i l f o r p l u t o n i u m h i n g e s  

on use o f  the word " inventory." I n  everyday usage, an ,4nventory i s  normally 

taken t o  mean a complete accounting o f  some items o f  W e r e s t .  One then as- 

sumes n o t  on ly  t h a t  we know how.many items there are, b u t  a lso exac t l y  where 

t h e  i nd i v i dua l  i tems are located. When inventor ies  a r e  taken by sampl ing, 

in format ion on l oca t i on  may be s a c r i f i c e d  i n  the i n t e r e s t  o f  obta in ing a pre- 

c i s e  est imate o f  t o t a l  quantity., 



'1 . . 
. , .'.. \ . 

When the ob ject ives of sampl i n g  f o r .  p l  utonium are considered i n  the 1 i g h t  

o f  problems l i k e  dose-assessment, determining "source-terms" f o r  resuspension 

studies, o r  s e t t i n g  l i m i t s  f o r  "clean-up" operations., i t  may. we l l  be t h a t  

i n f o rma t i on  on l oca t i on  becomes more important than a good estimate o f  t o t a l  

quant i ty .  . .. 

. The s o i l  sampling done thus fa r  (area 13 and the  GMX s i t e )  has been based 

on s t r a t i f i e d  random sampl ing, . i n  which p ropor t iona te ly  more, samples go i n t o  

the subareas ( s t r a ta )  having the higher plutonium concentrat ions. Since both 

o f  the areas now being sampled were contaminated from a s i ng le  locat ion,  and 
-. 

plutonium concentrat ions seem t o  drop o f f  f a i r l y  smoothly towards the bounda- 

r i e s  o f  the area, we are i n c l i n e d  t o  be l ieve t h a t  the present sampling scheme - 

w i l l  be reasonably e f f i c i e n t  f o r  " locat ion"  purposes. However, i t  seems 

important t h a t  there be some f u r t h e r  discussion o f  the  r e l a t i v e  importance 

o f  est imat ing t o t a l s  versus l oca t i on  before,  sampling plans are.decided on 

. f o r  o ther  areas. 

We have n o t  a s y e t  been able t o  l o c a t e  references on sampling theory 

k p e c i f i c a l  ly di rec ted  towards the '&est i  ons posed here,  a1 though there are 

various f i e l d s  o f  s t a t i s t i c a l  study t h a t  seem t o  "come c lose"  t o  the problem. 

One common-sense approach i s  t o  use a uniform ( "g r id " ]  spacing of samp!e p l o t s  

. and t o  f i t  contour 1 ines, poss ib ly  using one of the computer .routines. devised 

- f o r  t h a t  purpose. One major drawback t o  such a scheme i s  t h a t  i t . w i l 1  c l e a r l y  

r e s u l t  i n  over-sampling the low concentrat ion areas, and thus n o t  be a t  a l l  

e f f i c ien t .  

Our discussion o f  sampling thus f a r  has been couched l a r g e l y  i n  terms 

o f  a " s t a t i c  s i tua t ion ,  as though the mater ia l  being s tud ied  were f i xed  per- 

manently i n  place. For many o f  the ob ject ives o f  s o i l .  sampling, t h i s  i s  a 

reasonable assumption. I n  the long term, however, we do need t o  consider 
1 



how t o  measure changes. Several possi b i  1 i t i e s  can be considered: 

1 ) La te r  t ranspor t  by water (movement down a "wash," f o r  exampl e)  . 
2) Penetrat ion i n t o  the s o i l .  , 'I '.. . 

\. 

3) Gradual d ispersion along s o i l  surfaces, as the r e s u l t  o f  wind movement. 
- .  

. 4 ) .  Local accumulation areas (as i n  s o i l  mounds under bushes a t  NTS). 

' Other prospects need t o  be considered, too. Those l i s t e d  above most ly 

occur over long enough spans o f  t ime t o  make sampling fo r  changes very d i f -  

f i c u l t ,  p a r t i c u l a r l y  f o r  plutonium, due t o  the high v a r i a b i l i t y  o f  sample 

resu l t s .  A t  the moment we are:mostly consider ing prospects f o r  obta in ing 
\ .  -4 

some rough no t ion  o f  approximate d ispers ion rates,  b u t  very  l i k e l y  should 

a lso  consider sampling plans t h a t  deal d i r e c t l y  w i t h  change i n  time. - 

I n  the NAEG study there ev iden t l y  i s  some degree of surface movement o f  

plutonium from wind act ion.  De ta i l s  o f  t h i s  change a re  under study i n  the 

resuspension program. Typ ica l ly ,  one of the "safe ty  shot"  areas may show 

concentrat ions t h a t  decrease i n  a l l  d i r ec t i ons  from the s i t e  o f  the explosion(s). 

We have suggested v isua l  i z i n g  a three-dimensional p l o t  of concentrat ions as 

a smoothly-shaped h i l l .  Generally such a h i 1  1 -shaped representat ion w i l l  be 

considerably elongated i n  the downwind d i r e c t i o n  o f  t h e  p r e v a i l i n g  winds. 

We assume t h a t  the major p a r t  o f  the dispersion of p lutonium i n  thes-e 

s i t e s  takes place a t  the time o f  .the o r i g i n a l  "event" (ewplosion(s) i n ,  the 

safe ty  shots). A f t e r  the event; there apparently i s  a gradual outward d i s -  . 

" persion o f  mater ia l  i n  the surface layer  o f  s o i l .  I n  the downwind d i rec t ion ,  

t h i s  presumably r e s u l t s  i n  the gradual apparent reduct ion o f  concentrations; 

i n  e f f e c t ,  the " h i l l "  o f  concentrat ion tends t o  become lower b u t  broader and 

longer. One p a r t i c u l a r l y  i n t e res t i ng  question about s u d  changes i s  what 

they mean i n  terms o f  the exposure of p lants  and animals t o  plutonium. 



Presumably an increasing number o f  i nd iv idua l  s are  exposed t o  a decreasing 

average concentrat ion. The presence o f .  1 ocal accumulations under deser t  

shrubs has a1 ready been mentioned. , . 

The other  source o f  reduct ion i n  surface concentrat ions i s  possib le 

penetrat ion o f  plutonium i n t o  deeper .so i l  layers.  The ava i l ab le  s o i l  pro- 

f i l e  data o f t en  suggests :an expont ia l  l y  decl i n i n g  concentrat ion w l  t h  depth, 

as would r e s u l t  from a d i f f u s i o n  model . One i s  thus tempted t o  assume a 

constant r e l a t i onsh ip  between depth and time, and. t o  try t o  deduce an aver- 

' age r a t e  o f '  penetrat ion. The effects o f  wind and water rearrangement o f  

surface s o i l  layers  may be inpor tan t  in. - th is context, b u t  beyond some i n -  

d e f i n i t e  depth. the ne t  e f f ec t  i s  presumably one o f  removing plutonium from ... 

possib le resuspension. Just  what bearing t h i s  has on p l a n t  uptake i s  o f  

i n te res t ,  too. Presumably shal low-rooted p l  ants w i l l  have 1 ess access t o  

plutonium over time, bu t  shrub r o o t  systems may have an i n t e r e s t i n g  contact. 

. Although p l an t  uptake i s  known t o  be small, i t s  n e t  e f f e c t  i s  always towards 

b r ing ing  the mater ia l  back t o  t h e  s d i l  surface. Hence there i s  an evident 

'need t o  t ry some quan t i t a t i ve  appr;isal s :of balance between d i f f u s i o n  down- 

wards and re tu rn  by plants.  
.. - . 

Since the possib le movements i n  s o i l  are ev i den t l y  q u i t e  slow, an - ,  

unreasonably la rge amount o f  sampling w i l l  be needed t o  ob ta in  useful. e s t f -  

- mates o f  ra tes  i n  r e l a t i v e l y  shor t  t ime periods. Also, we do not, a t  present, 

have a c l e a r '  not ion. as t o  the best  sampl i ng  scheme f o r  . that  purpose. It thus 

seems extremely important t o  look f o r  h i s t o r i c a l  data t h a t  can be used t o  he lp  

i n f e r  rates;  and, i f  necessary, t o  p lan sampl i n g  schemes. Because' there are 

o f t en  doubts expressed about v a l i d i t y  of some o f  the o l de r  analyses f o r  

plutonium, i t  would be p a r t i c u l a r l y  useful  t o  ob ta in  the actual  s o i l  co l -  

l ec ted  a number o f  years ago, and t o  compare. analyses o.n such samples w i t h  

cu r ren t  samples from the same s i t e .  



One important and as y e t  unresolved problem concerns the advantages and, 

disadvantages o f  composi t i n g  o r  "pool ing"  samples. Two purposes may be 

suggested: \, 
, . 1%. 

1) To achieve a s u f f i c i e n t .  mass o f ,  f o r  example, t i ssues  o f  small animals 
, t o  permit  analysis. 

. . 
2) To attempt t o  reduce v a r i a b i l  i t y  'by combining a number o f  samples taken 

i n  the same neighborhood. . .  . 

A f u r t h e r  complicat ion i s  introduced i n  cases where a s e t  o f  samples are 

combined, b u t  on ly  a f r a c t i o n  (an a1 i quo t )  i s  used for the actual  analysis.  

. , We ' a re  n o t  present ly  prepared t o  o f f e r  complete recormendations as t o  - 
how t o  handle t h i s  problem, bu t  b r i n g  i t  up f o r  two reasons. oni i s  t o  . 
note t h a t  answers w i l l  depend very much on ob jec t i ves  and the o ther  i s  t o  - 

suggest t h a t  the r e s u l t s  o f  some experimental s tud ies would be most he lp fu l  

i n  unravel 1 i ng  the tangle. We be1 ieve t h a t  some of the r e s u l t s  of the study 

by Eberhardt, e t  a1 . , (1973) may be he1 pful  i n  appra is ing such studies, bu t  

as y e t  have no t  located appropr iate data f o r  ana lys is -  

When the e n t i r e  cornposited sample can be analyzed. and the primary 

.ob jec t ive  o f  the study i s  t o  est imate a t o t a l  o r  a mean, there doesn't  seem 

t o  be any major 'problem f o r  something 1 i ke s o i l  samp1S.g. We do recommend, 

though, t h a t  the sampl i ng  design spec i f ica l  l y  take i n tm  account composi t i n g  , 
- .+ 

by  usjng "c lus te r "  sampl ing. One such procedure i s  to de f i ne  la rge  sampl i n g  

u n i t s  ("primary sampl i n g  un i t s " )  , draw i a  :random sample ,of small e r  p l o t s  (e  ..g., 
i 

s o i l  cores) as "elements" w i t h i n  each such primary sampling un i t .  The e le-  

ments can then be composited, and the composite va lue used t o  represent each 

primary u n i t  which i s  now essen t i a l l y  t rea ted  as a s i n g l e  sampl i n g  un i t .  

The .main question about such a procedure i s  whether 0s :not i t  y i e l d s  any. 
. 

worthwhile reduct ion i n  costs. .'.. . \ 



'. ., -. --. When a l iquo ts  are taken from a composited sample, prudence d i c t a tes  t h a t  

two separate subsamples be taken from each composite txa ,determine whether 
. . 

the mix ing i s  e f f ec t i ve ,  and thus whether o r  no t  the camposit ing i s  r e a l l y  

worthwhi 1 e. '. .\ 
.\, 

We have been p r e t t y  cons is tent  advocates o f  the use o f  random sampl i n g  

f o r  s o i l  plutonium studies. We have recen t l y  been reminded of some appl i- 

cat ions ( the global  strontium-90 and s i m i l a r  surveys) t h a t  have produced 

h i gh l y  sa t i s fac to ry  r e s u l t s  by "eyeball  I' se lec t ion  of sampl i n g  s i tes .  We 

th i nk  i.t i s  necessary, however, t o  consider the circumstances, phenomena, 
, 

and purposes o f  the Health and Safety Laboratory (HASL) f a l l o u t  surveys be- 
-, - 

f o r e  extending t h a t  methodology f o r  use' i n  some other  s l  tuat ions.  These 
- 

i n c l  ude the f o l  1 owing features : 

. 1) I f  on ly  a very few locat ions can be used f o r  some very la rge  reg ion (e.g., 
a cont inent )  i t s  u n l i k e l y  t h a t  even the most dedicated s t a t i s t i c i a n  w i l l  
s t i c k  t o  random se lect ion.  , 

2) Apparently the major component o f  v a r i a b i l  i t y  - i n  the  global  f a l l o u t  
surveys i s  the va r i a t i on  over time. The large-scale physical forces 
seem t o  be such t h a t  r a the r  la rge  areas rece ive almost i d e n t i c a l  i nc re -  
ments of f a l l o u t  ( a t  a given l a t i t u d e ) .  

3) S o i l  sampling f o r  global fa1 l o u t  :thus requires ca re fu l  se lec t ion  o f  s i t e s  
t h a t  w i l l  serve t o  i n t eg ra te  f a l l o u t  over t ime-- in a sense t o  serve as 
f a l l o c t  co l lec to rs .  

>-. 

Very 1 i k e l y  qu i t e  s i m i l a r  arguments can be advanced i n  re fe renc t  t o  
- .- 

apprajs ing f a l l o u t  on a smaller scale. The most impor tznt  exception, i n  

our judgement, has t o  do w i t h  circumstances where r e d i s t r i b u t i o n  (by wind, .: 

. . water, etc.) has t o  be taken i n t o  account. 'Fo r  the main purposes o f  the 

global  surveys the effects of r e d i s t r i b u t i o n  c o n s t i t u t e  a nuisance f a c t o r  

t o  be avoided if a t  a l l  possible. For other objectives:, having t o  do, f o r  

example, w i t h  assessing the cu r ren t  d i s t r i b u t i o n  o f  plu$onium on the Nevada 

Test S i te ,  r e d i s t r i b u t i o n  must somehow be taken i n t o  account. For such 

purposes, we be l ieve random sampling t o  be an essen t ia l  p a r t  o f  a sampling 

scheme. . - I 



A f i n a l  i tem t h a t  might be mentioned here i s  the use o f  double-sampl ing, 

wherein an accurate bu t  expensive method i s  supplemented by an inexpensive 

b u t  less  r e l i a b l e  a l t e r n a t i v e  method o f  measurement. A de ta i l ed  discussion 

i s  given i n  our e a r l i e r  r epo r t  (Eberhardt and G i lbe r t ,  1973). We on l y  want 

t o  note here t h a t  f u r t h e r  accumulated experience .'in comparing "FIDLER" r e s u l t s  

w i t h  plutonium analyses by "wet chemistry" continue's t o  suggest t h a t  the cor-  

r e l a t i o n  between the .two sets o f  measurements i s  no t  s u f f i c i e n t l y  h igh t h a t  

important gains i n  sampl in.g e f f i c ie r i cy  can be ma.de .using the two methods. 

However, co r re la t ions  between gamma scans and wet  chemist.^ continue t o  be 
.- 

-. 
very high.. We should emphasize t h a t  the IIFIDLERI~ r e s u l t s  are very' useful  ._ 
and des i rab le  f o r  s t r a t i f i c a t i o n  a n d - f o r  o ther  purposes. - 
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