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ABSTRACT 

I n  1975 ,  90  p e r c e n t  or  more of t h e  t o t a l  plutonium 
deposit res ided i n  t h e  f i rs t  10 c m  from t h e  surface a t  
Rocky Flats .  Plutonium h a s  p e n e t r a t e d  t h e  s o i l  such  
t h a t  t h e  maximum c o n c e n t r a t i o n s  no l o n g e r  exis t  a t  t h e  
s u r f a c e  b u t  a t  depths  r a n g i n g  from 2 t o  6 c m  depending 
upon s o i l  c o n d i t i o n s .  Plutonium-238 follows the  same 
p a t t e r n s  as Pu-239-240 w h i l e  Am-241 e x h i b i t s  o n l y  a 
s l i g h t l y  greater mobility. A semi-empirical model i s  
proposed which describes t h e  p e n e t r a t i o n  o f  Rocky Flats  
plutonium w i t h  depth and also the  global f a l l o u t  p l u t o n -  
ium d i s t r i b u t i o n  a t  a s i te  i n  M a s s a c h u s e t t s .  T h i s  model 
predicts a r e d u c t i o n  i n  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  
plutonium a t  Rocky F l a t s  which 1s i n  agreement w i t h  t h e  
observed r e d u c t i o n  i n  t h e  mean annual  a i r  c o n c e n t r a t i o n s  
due t o  resuspens ion  from t h e  s u r f a c e .  

INTRODUCTION 

The Rocky F l a t s  p l a n t  which i s  located 25 km northwest  o f  t h e  

c e n t e r  o f  Denver, Colorado manufactures  plutonium for  t h e  produc- 

t i o n  of n u c l e a r  weapons. Between 6 and 11 c u r i e s  o f  Pu-239-240 

were released t o  t h e  environment when some o f  t h e  barrels o f  

c o n t a m i n a t e d  c u t t i n g  o i l  which were stored i n  an open f i e l d  on 

the  s o u t h e a s t  c o r n e r  o f  the  p l a n t  leaked t h e i r  c o n t e n t s  t o  t h e  

Then n a t u r a l  a i r  t u r b u l e n c e  a t  t h e  ground s u r f a c e  ( l e 2 1  ground. 
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z n 5  z l u t c n i u l n  r e c c v e r y  o p e r a t i o n s  suspended :’?e contaminated  s o i l  

p a r t i c l e s  ir t h e  atmospkere where they  were trzrsported predom- 

i n a r , t l y  e a s t - s c d t h e a s t  by t h e  p r e v a i l i n g  wester 1~ winds 

T h e  h i s t o r y  o f  t h i s  contaminat ion  episcde, s ~ ~ r c e  kerm. a i r  

c o n c e n t r a t i o n s ,  s o i l  c o n c e n t r a t i o n s ,  etc , have b e e n  a d e q u a t e l y  

covered i n  t h e  l i t e r a t u r e  

s u p e r f i c i a l l y  s t u d i e d  i s  t h e  p e n e t r a t i o n  o f  the plutonium 

c o n t a m i n a t i o n  i n t o  t h e  soll. 

One aspect which h a s  b e e n  o n l y  ( 1 - 1 0 )  

( 4  6 :  

P e n e t r a t i o n  i n t o  s o i l  i s  important  b e c a u s e  it reducer  the  

s o u r c e  t e r m  a v a i l a b l e  for  r e s u s p e n s i o n  o f  t h e  plutonium i n t o  

s u r f a c e  a i r .  P e n e t r a t i o n  also r e g u l a t e s  t h e  availability of 

p l u t o f i i u i i  t o  t h e  root zone f o r  possible uptake  i n  v e g e t a t i o n  and 

i s  o n e  of t’i-e pathways for  I ts  u l t i m a t e  d i s p o s i t i o n  i n  t h e  

envirGrr le : iz  

r?-is report provldes extensive d a t a  311 c o n c e n t r a t i o n s  of 

P u - 2 3 8 .  Pu-239-24C a d  Fm-241 t c  depths  o f  4 G  c m  i n  s o i l  a t  

several s i tes  zt R c c ~ ~  F l a t s  From these data  we d e v e l o p  a pen- 

e t r a t i o n  ra te  of plutonium i n t o  s o i l ,  and re late  it t o  the  

observed redLc::on o f  c h e  mean annual  s u r f a c e  a i r  c o n c e n t r a t l o n  

a t  ,?,?zk)- F l a t s  
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SAMPLING 

C o l l e c t i n g  a re l iab le  p r o f i l e  o f  samples w L t h  depth i n  soil 

i s  d i f f i c u l t  f o r  s e v e r a l  reasons  Special c a r e  m u s t  be exercised 

t o  prevent  t h e  h i g h l y  r a d i o a c t i v e  s u r f a c e  s o i l  from contaminating 

the  subsurface  l e v e l s  during sampling. S u f f i c i e n t  sample must be 

recovered at  each depth t o  be r e p r e s e n t a t i v e  o f  t h a t  depth. The 

depth increments must be large enough t h a t  reasonable  care w l l l  

permit s u c c e s s f u l  sampling, and small enough t h a t  important t r e n d s  

i n  t h e  prof i le  can be seen.  

The Health and Safety L a b c r a t o r y ' s  (HASL) t r e n c h  method o f  

s o i l  sampling (11) sat is f ies  these criteria.  I n  o u t l i n e  form, t h i s  

method involves  digging a t r e n c h ,  1 . 5  m long,  0 . 9  m wide and 0 . 9  m 

deep. One w a l l  o f  the t r e n c h  i s  c a r e f u l l y  shaved t o  make it 

v e r t i c a l  and t o  i n s u r e  that l i t t l e  contamination from t h e  s u r f a c e  

i s  adhering t o  t h e  w a l l .  The v e g e t a t i o n  a t  t h e  surface of t h e  

selected t r e n c h  w a l l  i s  crcpped closely t o  t h e  s u r f a c e  and d i s -  

carded.  Samples are recovered by s e q u e n t i a l l y  p r e s s i n g  i n t o  t h e  

prepared w a l l  o f  t h e  t r e n c h  s t a i n l e s s  steel  t r a y s  of var ious  

dimensions with one edge o f  t h e  trays honed t o  a knife  edge for 

ease o f  i n s e r t i o n .  A board i s  placed on the ground s u r f a c e  over 

t h e  sampling area, and t h e  depth below s u r f a c e  for  each sample i s  

measured from t h e  bottom o f  t h e  board. 
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I n  some sciils and especia l l l  i m n k  a71ieas a t  Rocky Fla ts ,  

stones a r e  so p len t i fu i  and larye trl,>t +-he insertion of t rays  

into the trench wall 1s impOSSib1r Zn --?-at case ,  aluminum tem- 

p la tes  outlininq a n  arcs ~f 2 2 ;  ,I \ - -  ' J S . , ~ ~ ~  a n d  the samples 

were recovered t o  the desired depths  l l i  seq1ttnce down the 

prepared wall of the  trench with hana chisels  and soil scoops 

After the  salrpfe a t  each depth was i - t ~ ~ ~ e r c d  by the t r ay  method, 

a buffer zone of about 7 cm or r 7 1 t b e r  s i d e  of the t ray  was cleared 

down t o  the  depth of the  t r ay  t o  minimize debris from the upper 

w a l l s  of the  sampllng shaf t  i a l l l n g  and contamlnating t h e  lower 

depth samples. I n  the template rnethcd, t h i s  buffer zone of 7 cm 

extended on a l l  s ides  of the template. 

The smallest interval of depth that we could col lec t  from 

the  surface with reasonable assurance t h a t  t h e  sample was repre- 

sentat ive of t ha t  interval w ? ~  Q - L  1 )  ( 7  wc devised another 

technique t o  investigate the aenavior of t h e  plutonium contamina- 

t i on  with very small increnents of ( l e p t : ~  dt the surface of the 

soil. This technique requlrec t h a t   ID^ ~ ~ e q e t a t i o n  be cropped as  

close as possible t o  t he  surface of tlie s G i l  with individual 

blades of qrass  or stems of plants I W ~ I , ~  sr~ipped j u s t  above t h e i r  

roots 

Sol-1 sixface was removed and discar2ed without disturblng the SO11 

surface. T3en consecutive sheets Qf adhesive f i lm (s t lcky  film) 

A s  much as  possible of the de3d c-,rqanic matter on the 



1000 c m 2  i n  area, were placed over t h e  cropped area t o  pick up t h e  

surface part ic les .  

As t h e  surface part ic les  were removed and more o f  the vegeta- 

t i v e  stubble exposed, careful cropping had t o  continue before 

additional sheets were used. The depth sampled by t h i s  t e c h n i q u e  

i s  too small t o  be measured. Even af ter  27  sheets were used, we 

e s t m a t e  the t o t a l  depth sampled t o  be a f e w  millimeters. However, 

each sheet or  composite o f  several sheets contains debris from a 

s l i g h t l y  greater depth near t h e  s o i l ' s  surface. 

The collection sites for a l l  types of depth samples a t  Rocky 

F l a t s  are shown i n  Figure 1. S i te  B i s  on the upper part o f  a 

steep slope leading south from the Rocky F la ts  plateau adlacent 

t o  the  or iginal  barrel  storage area. The vegetation was sparse 

a t  t h i s  s i t e  and t h e  s o i l  was dry w i t h  a high percentage of stones 

and rocks t o  a depth o f  about 10 c m .  Below 10 c m  the s o i l  

appeared t o  have a higher moisture content which increased w i t h  

depth although the frequency of stones persisted. 

S i t e  A i s  f u r t h e r  south from t h e  plateau where the slope 

moderates appreciably. The vegetation was heavy i n  t h i s  area, 

and t h e  top 10-20 c m  o f  s o i l  was r e l a t i v e l y  moist, contained dark 

organic matter and had few stones. Below 2 0  c m  t h e  s o i l  was 

p l a s t i c  and st icky.  S i t e  7 was identif ied i n  the f i r s t  HASL s o i l  

I - 3 3  
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1 s t u d y  a t  Rocky Flats  i n  1970,  ( 4 )  and i s  l o c a t e d  on t h e  r e l a t i v e l y  

r i c h  s o i l  ad-~acent  t o  Woman Creek Although t h e  v e g e t a t i o n  was 

n o t  as t h i c k ,  the  s o i l  a t  t h i s  s i te  resembled t h e  s o i l  a t  S i t e  B. 

I However, t h e  top l a y e r s  were not  as moist or  did n o t  c o n t a i n  as 

much dark organic  matter. 
I 

S i t e  C i s  r e p r e s e n t a t i v e  o f  most of the  contaminated r e g i o n  

on t h e  Rocky F la ts  p l a t e a u  wi th  v e g e t a t i o n  cover ,  moisture  and 

p e r c e n t  o f  s t o n e s  moderate for t h i s  g e n e r a l  area .  S i t e  D which 

w a s  S i t e  #7 i n  t h e  HASL 1973 f i e ld  experiment''') i s  atypical of 

the r e g i o n  because 5 t o  1 5  c m  o f  top s o i l  had been added i n  1970 

to t h i s  area for  s o i l  s t a b i l l z a t i o n  experiments.  

Some o f  t h e  sample c o l l e c t i o n  techniques  at S i t e  B are 

i l l u s t r a t e d  i n  F igure  2. The radiological safety procedures were 

m effect because  t h e  t o t a l  plutonium depos i t ion  a t  t h l s  s i te  w a s  

44,000 mCi/km . 
the sampling area t o  minimize t h e  amount o f  plutonium that  would 

be resuspended i n  t h e  atmosphere by t h e  sampling i t se l f .  

w a s  maintained at  a s l i g h t l y  n e g a t i v e  p r e s s u r e ,  and a l l  t h e  a i r  

w i t h i n  t h e  hut  w a s  f i l tered prior t o  release t o  t h e  environment. 

These and o t h e r  rad-safe precaut ions  were provided by the  Dow 

C h e m i c a l  Company which w a s  then t h e  E m A  c o n t r a c t o r  a t  Rocky 

Flats .  

A floorless aluminum hut  was lowered onto  2 ( 1 0 )  

The hut  
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SAMPLE PREPARATION AND ANALYSIS 

The depth profile samples were air dried, weighed and pulver- 

ized. in a hammer mill according to the usual HASL procedure ( 1 1 )  

in ; ~ 1  estimated order of low to high activity to minimize cross 

contamination between samples. The samples were thoroughly mixed 

and stored in large plastic bottles. Prior to pulverizing, most 

of the stones were cleaned withabrush to remove clinging soil 

and then discarded. This sample pretreatment was performed in a 

hot laboratory facility at the Brookhaven National Laboratories 

and made available to us by Dr. Andrew Hull of the Health Physics 

Division. 

About 120 g aliquots of the soil samples were removed for 

Am-241 analysis by Ge(Li) diode spectrometry at HASL. These same 

aliqcots were then analyzed for Pu-238 and Pu-239-240 by the 

Environmental Analysis Laboratories, LFE, Richmond, CA using the 

standard HASL leaching and analytical procedures. ( 1 1 )  

These procedures call for the addition of the Pu-236 tracer 

to the soil aliquot prior to the leaching step. Because of the 

high plutonium concentrations in many of these samples, large 

quantities of Pu-236 tracer would have had to be used. In those 

cases, the Pu-236 tracer was added to an appropriate aliquot of 

the leach solution. This modification seems acceptable because 

I - 35 



all our previous experience with Rocky F l a t s  s o i l  samples i n d i c a t e s  

t n a t  t h e  leaching  removes a l l  t h e  plutonium 

Never the less ,  t o  t e s t  t h e  e f f i c i e n c y  o f  leaching  t h e  s o i l  

samples i n  t h i s  study, LFE performed Am-241 a n a l y s e s  by G e ( L i )  diode 

spectrometry on a l i q u o t s  o f  leachates from 2 0  samples S i n c e  HASL 

had already measured the  Am-241 c o n t e n t  o f  t h e  a l i q u o t ,  a compar- 

ison o f  t h e  two r e s u l t s  would i n d i c a t e  t h e  Am-241 recovery  o f  t h e  

l e a c h i n g  procedure. W e  assume t h a t  t h i s  e f f i c i e n c y  would apply 

e q u a l l y  as w e l l  t o  plutonium. 

The s t i c k y  f i l m  samples were weighed, ashed and analyzed 

r a d i o c h e m i c a l l y  by W E  for Pu-238, Pu-239-240 and Am-241. The 

e n t i r e  ash was disso lved .  The HASL procedure was used for t h e  

plutonium a n a l y s i s ,  whi le  t h e  LFE procedure w a s  used for t h e  Am- 

241 a n a l y s i s .  (12) 

As a tes t  o f  t h e  q u a l i t y  o f  t h e  a n a l y t i c a l  r e s u l t s  provided 

by W E ,  b l a n k ,  dcplicate and r e f e r e n c e  samples were submitted 

b l i n d  along wi th  t h e  o t h e r  samples in t h i s  study. The blanks 

w e r e  pre-1945 s o i l  samples which conta ined  no plutonium. The 

r e f e r e n c e  samples were a l i q u o t s  o f  s o i l  from t h e  Brookhaven 

N a t i o n a l  Laboratory which w a s  contaminated by global f a l l o u t  and 

which had been analyzed several times t o  provide a reasonably  

known plutonium c o n c e n t r a t i o n .  

i 

c 
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RESULTS 

That plutonium i s  q u a n t i t a t i v e l y  leached from t h e  s o i l  samples 

i s  i n f e r r e d  from t h e  ra t ios  of HASL's direct  measurements o f  Am-241 

i n  t h e  s o i l s  t o  LFE's measurements of t h e  leachates which are g iven  

i n  Table 1. The mean of t h e  1 9  samples ( t h e  r e s u l t  f o r  S-2077 i s  

omitted as an anomalous datum) i s  1.08 f 0.16. The 8% bias which 

might exis t  can most easily be accounted for by t h e  i m p r e c i s i o n  o f  

t h e  i n t e r c a l i b r a t i o n  between t h e  two laboratories. 

The q u a l i t y  a s s u r a n c e  data for t h e  p l c t o n i u m  a n a l y s e s  are 

g i v e n  i n  Table 2. The b l a n k  s o i l  samples show no s i g n i f i c a n t  

a c t i v i t y ,  and t h e  r e f e r e n c e  sample r e s u l t s  are w i t h i n  5 and 13% 

o f  the  expected v a l u e s .  One o f  the t w o  sets of d u p l i c a t e  s o i l  

samples shows a s tandard  d e v i a t i o n  about  t h e  mean of *9% or less 

w h i c h  i s  w i t h i n  t w i c e  t h e  s t a n d a r d  d e v i a t i o n s  of t h e  i n d i v i d u a l  

measurements. The other set o f  d u p l i c a t e  samples i n c l u d e s  S-2077 

which w a s  shown i n  T a b l e  1 t o  have an anomalous l e a c h i n g  e f f i c i e n c y ,  

If a n  adjustment  i s  made for t h i s  e f f i c i e n c y ,  t h e  d u p l i c a t e  

a n a l y s e s  t h e n  a g r e e  w e l l  w i t h i n  t h e  s t a n d a r d  d e v i a t i o n s  o f  e a c h  

measurement. 

The t r a n s u r a n i c  a c t i v i t y  per gram o f  t h e  s u b - s u r f a c e  s o i l  

samples  i s  p r e s e n t e d  i n  Table 3 ,  and t h e  areal a c t i v i t y  o f  Pu-239- 

2 4 0  w i t h  depth i s  g iven  i n  Table 4. Because  of d i f f i c u l t i e s  i n  

sample c o l l e c t i o n ,  it was n o t  always possible t o  get a cont inuous  

depth prof i le ,  and some s l i g h t  d i s c o n t i n u i t l e s  exist Therefore, 
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t h e  Pu-239-240 mCi/km2 cm values i n  column 6 o f  Table 3 are plotted 

i n  Figures 3 ,  4 and 5 ,  and the values f o r  t h e  discontinuous inter- 

vals  are estimated from these Figures These estimates (wkich are 

parenthet ical ly  e n t e r e d  i n  Table 4) are needed to calculate  the  

total deposit o f  Pu-239-240 a t  each s i t e ,  and t h e  percentages of 

the  t o t a l  deposit a t  various depths The percent of the  t o t a l  

deposit per c m  o f  Pu-239-240 a t  each depth is given in Table 4, 

and 1 s  plotted as a function o f  depth for each s i te  i n  Figures 6 ,  

7 a 

The t ransuranic  a c t i v i t y  per gram n e t  weight of the  composite 

s t l c k y  f i l m  samples 1s given i n  T a b l e  5 ,  and t h e  n u c l i d e  r a t i o s  

Of both t h e  s t i c k y  f i l m  and svb-surface s o i l  samples are reported 

i n  T a b l e  6.  

PLUTONIUM PENETFAIION 1IYTO SOIL 

It 1s clear from Tables 3 and 4 t h a t  measurable quant i t ies  Of 

pU-22')-  2 '0 Iiavc LJC'PI?  r01113r: ~n the  s o i l  a s  deeply aa x q i  1-c c ~ 0 1 -  

lected s w p l e s ,  but a t  40 cm it i s  only lo-'% o f  the t o t a l  dcposlt 

k.C a i l  <i-c(. s i t p c  CIQ". 0'1- pore of t h c  t o t a l  ciepos1.r ~-cs,iC;cs - 1 1  

the firs- LO c n t  from the  surface. 

'Ihe cumulative percent of t h e  total Pu-239-240 deposl? w i t h  

depth a t  each sire 1s plotted on lug probabi l i ty  paper i n  F i q u r e  

J - 3t 



9 along with the plot from less detailed depth profiles obtained 

earlier at Rocky Flats. The data from this report do not ( 1 0 )  

I follow a log normal distribution very well, but the results from 
I 

Site 7 are in reasonable agreement wlth the earlier data from 

HASL-304 Site 7 is more similar to the sites at which the 

results in HASL-304 were obtained than either of the other two 

sites. In spite of this difference, the slope of the llne for 

Site B in Figure 9 is similar to the slope of the HASL-304 data 

suggesting some similarity in the mechanisms of downward trans- 

port at all the sites at Rocky Flats. The big difference in the 

behavior at Site A, which will be discussed in greater detail 

later, is due primarily to the larger retention of the plutonium 

u= the upper layers of soil at that site. 

T3e reasonable agreemezt Setweer, t3e resgltc cf the climulat-ive 

deposits in this report, and total s o i l  measurements made earlier 

at nearby sites provides additional verification of our data. At 

Site 7 where deposition gradients are shallow, 480 mCi/km2 Pu-239- 

240 reported to a depth of 20 cm in 1970'4' agrees well wlth our 

estimate of 547 mCi/km2 to that depth in Table 4. 

At Site A and B, the deposition gradients are very steep, and 

the earlier sampling locations were not precisely surveyed. 

sequently, poorer agreement should be expected from subsequent 

sampling m this area. In 1973, the deposition to 5 cm depth at 

Con- 



I S i t e s  2 5  and 26‘1°’ which are c l o s e  t o  Sites A and B was 28,400 

and 1 5 0 , 0 0 0  mCi/km2, r e s p e c t i v e l y  which i s  s t i l l  i n  r e a s o n a b l e  

I agreement with t h e  va lues  o f  4 5 , 2 0 0  and 1 0 3 , 0 0 0  mCi/km” obta ined  

fro5 Table 4. 

The p e n e t r a t i o n  o f  plutonium underground i l l u s t r a t e d  as t h e  

percent o f  t h e  t o t a l  deposit per c m  i n  F i g u r e s  6 ,  7 and 8, h a s  

some s t r i k i n g  f e a t u r e s .  The most s t r i k i n g  i s  t h a t  after  t h e  

m a x i m u m  i s  reached,  t h e  percent o f  t h e  t o t a l  d e p o s i t  per c m  a t  a l l  

sites decreases  a t  a f i x e d  rate per u n l t  depth t o  about 20-30 c m ,  

w h e r e a f t e r  it remains fa ir ly  constant .  If t h e  decrease i s  repre- 

sented as an exponent ia l  e x p r e s s i o n ,  i e.: 

-Wd A = A e  
0 

tfien t h e  slopes (+) a t  SLtes  A, B and 7 are 0 . 3 3 ,  0 . 3 2  a d  0.34, 

r e s p e c t i v e l y .  

apparent  s imilarity i n  t h e  downward t r a n s p o r t  mechanism a t  a l l  

sites. 

T h i s  t r e n d  r e i n f o r c e s  t h e  earlier o b s e r v a t i o n  o f  an 

The second f e a t u r e  1s t h a t  a t  S i t e s  B and 7 ,  the percent of 

t o t a l  d e p o s i t  per c m  rsac3es a m a x i m u m  a t  t h e  second sampling 

depth (between 3.8 and 6.4 c m ) ,  w h i l e  a t  S i t e  A t h e  m a x i m u m  

o c c u r r e d  wi th in  t h e  top 2 . 5  cm. This i n d i c a t e s  t h a t  c e r t a i n l y  a t  

Sites B and 7 and possibly at  A, the plutonium has been t r a n s p o r t e d  
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downward so t h a t  t h e  maximum c o n c e n t r a t i o n s  no l o n g e r  exis t  a t  t h e  

s u r f a c e .  The p h y s i c a l  d e s c r i p t i o n s  o f  t h e  s i tes  s u g g e s t  t h a t  

_porosity would decrease and plutonium absorbability would i n c r e a s e  

u1 going  from Sites B t o  7 t o  A which agrees w i t h  the  p e n e t r a t i o n  

p a t t e r n s  i n  F i g u r e s  6, 7 and 8 .  

The pCi/g o f  Pu-239-240 a t  depths  greater t h a n  20 c m  i n  T a b l e  

3 are at  least 30  times greater t h a n  the  higher b l a n k  sample 

a c t i v i t y  reported i n  Table 2 .  Therefore, a n a l y t i c a l  contaminat ion  

c a n n o t  e x p l a i n  the approximately c o n s t a n t  a c t i v i t y  per gram which 

we were s u r p r i s e d  t o  observe a t  e a c h  s i te  a t  t h e  lower depths .  

While special care was exercised t o  r e d u c e  contaminat ion  o f  t h e  

lower depths  by s u r f a c e  or  n e a r  s u r f a c e  debris d u r i n g  c o l l e c t i o n ,  

c o n t a m i n a t i o n  as l i t t l e  as 1 part o f  s o i l  i n  1300  c o u l d  account  

for  t h e  h i g h e s t  a c t i v i t y  found below 2 0  cm at any of t h e  t h r e e  

s i tes .  However, as w i l l  be d i s c u s s e d  later ,  t h e  n u c l i d e  rat ios 

at t h e  lowest depth samples i n d i c a t e  that  contaminat ion  by s u r f a c e  

debris i s  n o t  a s e r i o u s  problem. A t  Si te  A where the  c o n s t a n t  

p e r c e n t  of t o t a l  deposit/cm below 2 0  cm is most apparent, t h e  

s o i l  became sticky and p las t i c  a t  about  t h a t  depth. 

1s i n d i c a t i v e  of a change i n  t h e  s o i l  c h a r a c t e r i s t i c s  which 

h i n d e r e d  f u r t h e r  t r a n s p o r t  downward and al lowed a bui ld-up i n  the  

p lutonium c o n c e n t r a t i o n s .  

Perhaps t h l s  
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The Pu-239-240 a c t i v i t y  per gram o f  the composite s t i c k y  f i l m  

samples i n  T a b l e  5 shows two separate trends. A t  S i te  A and D 

there i s  some s c a t t e r ,  b u t  t h e  data are f a i r l y  constant. At s i t e s  

B and C there i s  an increase i n  the a c t i v i t y  per gram wrth depth. 

Some o f  t h e  reduced values for the upper films could be due t o  

t h e  re la t ive ly  high percentage o f  dead, non-radioactive vegetation 

which existed a t  the  surface o f  t h e  s o i l  t o  a greater e)rtent at  

some sites than others. 

The following logic can also explain an increase i n  the 

a c t i v i t y  per gram w i t h  depth for some st icky f i l m  samples. T h c e  

1s a tendency for large part ic les  i n  s o i l  t o  concentrate e l lght ly  

a t  the surface. It is l ikely  that the leaking barrels of 

plutonium contaminated the surfaces o f  the  s o i l  partrcles,  $0 

that t h e  a c t i v i t y  per gram o f  s o i l  would increase w i t h  dqcreasxng 

p a r t i c l e  s ize .  

co l lec t ions  t o  favor the larger part ic les  because of geometric 

sh ie ld ing .  Consequently, it i s  not unreasonable for the  upper 

s t icky films a t  some sites t o  c o l l e c t  an amount of the large 

p a r t i c l e s  which i s  blased s l i g h t l y  high and provide low a a t j v i t y  

per gram values. 

There i s  also a tendency of the  sticky f i l m  

Another factor for t h e  increased a c t i v i t y  w i t h  depth Could 

be the  penetration o f  t h e  plutonium below ground a t  a faster  r a t e  

a t  s o m e  sites. The character of the s o i l  suggests that  penetra- 
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t i o n  would be more l i k e l y  a t  S i t e  B than S i t e  F which c o r r e l a t e s  

w i t h  t h e  observed t r e n d s  i n  t h e  stlcky f i l m  data and i n  the  data  

from t h e  s o i l  samples a t  i n c r e m e n t a l  depths. These data a r e  

d iscussed  f u r t h e r  i n  the  next s e c t i o n ,  t h e  Soil Transport Model. 

SOIL TRANSPORT MODEL 

A semi-empirical model of downward transport  o f  plutonium 

c a n  describe t h e  observed d i s t r i b u t i o n s  i n  t h e  Rocky F l a t s  s o i l  t o  

a depth o f  a b o u t  20 em. Heat and low humidity can evaporate much 

of t h e  moisture from the upper levels  of t h e  s o i l .  The depth and 

degree o f  t h i s  evaporative process depends upon the  nature  of t h e  

so i l  a t  each site .  Subsequent precipitation results i n  a percola- 

t i o n  of water down through t h i s  evaporated region permitting a n e t  

transfer of plutonium by e i t h e r  s o l u b i l i z a t i o n  or particle 

mobi l izat ion or both. F t  lower depths t h e  model assumes t h a t  

so i l  moisture approaches a value and consistency, such t h a t  

further  transport  of plutonium can be described by a d i f fus ion  

process through t h e  s o i l  moisture medium t o  a depth o f  about 2 0  

an. Below t h a t ,  other  conditions become important t o  a l t e r  t h e  

p lutonium transport ,  and w e  have not t r i e d  t o  model below 20 c m .  

Ebwever, less than one percent of the  t o t a l  plutonium deposi t  

resides below 20 cm.  
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The model assumes t h a t  t h e  t r a n s f e r  through t h e  top l e v e l s  

I o f  s o i l  where p e r c o l a t i o n  may be t a k i n g  place follows f i r s t  order 

k i n e t i c s  Consequent ly ,  a fixed f r a c t i o n  o f  t h e  p l u t o n i u n  i n  any 

o n e  c m  depth i n t e r v a l  is exported per year t o  t h e  n e x t  lower c m ,  

w h i l e  t h e  same f r a c t i o n  o f  t h e  plutonium i n  t h e  n e x t  upper c m  is 

imported .  

through which t h i s  mathematical s i m u l a t i o n  o c c u r s  depends upon the  

s o i l  c h a r a c t e r l s t l c s  a t  each s i t e  

I 

I 

The magnitude o f  t h e  f r a c t i o n  and t h e  depth of s o i l  

I n  the  d i f f u s l o n  regime, t h e  p e r c e n t  of the  t o t a l  plutonium 

j 1 3 )  deposit per cm follows t h e  equat ion.  

z2 

&E 

- -  
4 D t  

e %/cm = 100 

where 

Z = depth i n  c m  below the  l e v e l  where t h e  d i f f u s i o n  i s  

assumed t o  become dominant, 

D = d i f f u s i o n  c o e f f i c i e n t ,  and 

t = time during which d i f f u s i o n  has o c c u r r e d .  

The a i r b o r n e  c o n c e n t r a t i o n s  of plutonium g u s t  east o f  t h e  

barrel storage area i l l u s t r a t e  t h a t  the  major contaminat ion  of 

land beyond t h e  barrel storage area o c c u r r e d  dur lng  c lean-up 

o p e r a t i o n s  i n  1968 and early 1969. ( l )  Consequent ly  for t h e  
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samples collected a t  S i tes  A ,  B and 7 ,  i n  1975,  t h e  time during 

;I-hich t h e  downward t r a n s p o r t  took  place is about 7 years.  

The plutonium d i s t r i b u t i o n s  t o  a depth o f  2 0  c m  were c a l c u -  

lated for  one-month i n t e r v a l s  through a p e r i o d  o f  7 years  us ing  

f r a c t i o n a l  t r a n s f e r  r a t e s  from 10 t o  6 5  p e r c e n t  per c m  per year .  

While some o f  t h e s e  c a l c u l a t i o n s  described t h e  observed plutonium 

d r s t r i b u t i o n s  down t o  about 6 cm f a i r l y  w e l l ,  t h e y  underestimated 

the  observat ions  a t  t h e  lower l e v e l s .  By an empirical s e l e c t i o n  

of t h e  depth a t  which d i f f u s i o n  would apply and a d i f f u s i o n  

c o e f f i c i e n t  of 2 cm"/year, more reasondble  p r e d i c t i o n s  a t  t h e  

lower depths can be made. 

The model parameters a t  each s i te  which g i v e  t h e  best fit t o  

the  observat lons  are g iven  i n  T a b l e  7.  For example, at Site 7 

the plutonium i s  t r a n s p o r t e d  downward from t h e  s u r f a c e  a t  a rate 

of 50%/yr per c m  t o  a depth of 6 cm.  The amount p e n e t r a t l n g  6 c m  

after t h e  f irst year  i s  assumed t o  c o n c e n t r a t e  a t  t h e  7 c m  depth 

from which d i f f u s i o n  v i a  equat ion (2) is c a l c u l a t e d  t o  any depth 

for a period of 7 years. The amount p e n e t r a t i n g  6 c m  during t h e  

second year is d i f f u s e d  from 7 c m  t o  any depth for a period of 6 

years. T h i s  procedure i s  repeated for  t h e  remalning 5 years and 

the estimated va lues  summed for each o f  the c a l c u l a t e d  depths. 
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Figures 6 ,  7 ar,d 8 i l l u s t r a t e  that  t h e  model compares 

r e a a n a b l y  well w i t 3  t k e  observations. The maximum concentrations 

are  f a i t h f u l l y  represented even a t  S i t e  A i n  Figare 6 where the  

f i r s t  depth sample tc 2 . 5  c m  obscures t h e  bui ld-u; ,  from t h e  

surface  t o  t h e  maximum The diffusion equation i s  a f a i r  approx- 

imation t o  the transport  o f  plutonium below the maximum concentra- 

t i o n s ,  but  t e n d s  t o  give  low results a t  the  larger  depths. There 

are s l i g h t  indications i n  t h e  observed data that t h e  diffusion 

c o e f f i c i e n t  may x c r e a s e  a t  some depths which would permit more 

rapid transfer t o  t h e  lower leve ls .  

The model paraiieters ir: Table 7 compare favorably w l t h  the  

soil conditions a t  eac3 s i te .  S i t e  A appeared t o  have t h e  fewest 

stones,  t h e  greates t  vesetation cover and t h e  highest moisture 

content near t h e  surface which would t e n d  toward a smaller amount 

of t rans fez  by 5-5 gerzz:azic~  2athway. The best f it  parameters 

i n  Table 7 fcr S i t 0  A are a Sractional  t rans fer  r a t e  o f  25%/yr 

cay and a depth a”, -fi-i-ui~~r- G;f5i.is;on becomes important a t  3 cm. 

S i t e s  7 ara B rakz sec;,:,~ a,?d t h i r d  i n  t h e  above c r i t e r i a ,  and 

t h e  f ract ional  t ranszer  r a t e  increased t o  5 0  and 65%/yr c m ,  

res;ectir*eLj- 2; ?:-L - 7 i t -  ;̂ n ;aczezse t o  7 c m  for the  depth a t  whlch 

diffusion becomes xrp;:-tz:=. 

- . -  

-,-- A -  *- 
-115- e? .%re --I =-- - -,>?al s e t s  of observatlons which t e n d  t o  

ver i fy  the model Z e  first i s  t h e  r e s u l t s  of t h e  s t i c k y  f i l m  

f l  

8 

I 
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samples. T a b l e  8 g i v e s  t h e  i n t e g r a t e d  pCi/g of t h e  s t icky f i l m  

samples a t  S i tes  A and B d e r i v e d  from T a b l e  5 along w i t h  t h e  

d e n s i t y  o f  t h e  soil i n  t h e  top profi le  sample obtained from T a b l e  

3. 

pCi/g b y  t h e  d e n s i t y  and a d j u s t i n g  u n i t s .  When t h i s  va lue  i s  

divided by t h e  i n t e g r a t e d  mCi/km2 a t  the  r e s p e c t i v e  s i te  and 

m u l t i p l i e d  by 100, we o b t a i n  t h e  p e r c e n t  o f  t h e  t o t a l  d e p o s i t  per 

cm. T a b l e  8 shows good agreement between t h e  model and t h e  s t icky 

f i l m  observat ions .  

The mCi/km2 c m  can be c a l c u l a t e d  by d i v i d m g  t h e  i n t e g r a t e d  

The second set of o b s e r v a t i o n s  which tend t o  verify t h e  model 

are t h e  t r e n d s  i n  t h e  long term a i r  c o n c e n t r a t i o n s  at Rocky Flats .  

One important c o r o l l a r y  of t h i s  model i s  t h a t  i f  (at S i t e  7 ,  e . g . )  

the plutonium percolates downward through t h e  upper soil l e v e l s  a t  

50 p e r c e n t  per c m  per year, then  the plutonium a v a i l a b l e  for re- 

suspension a t  t h e  sur face  and t h e  a t t e n d a n t  a i rborne  concentra t ions  

should decrease s u n i l a r l y .  From M a y  1974  t o  rmd 1976,  the mean 

annual  a i r  concentra t ions  a t  S i t e  4 i n  F i g u r e  1 decreased w i t h  a 

h a l f  l i f e  o f  about 1 year; whi le  a t  S i t e  1 from January 1 9 7 1 t o  mid 

1 9 7 6  t h e  h a l f  l i f e  o f  t h e  annual mean c o n c e n t r a t i o n  w a s  approx- 

imately 2 years. (14) 

s o i l  i n  Table 7 correspond t o  a s u r f a c e  contammation which would 

decrease with a h a l f  l i f e  o f  2 . 4  (25%/yr cm)  t o  0.66 (65%/yr c m )  

years i n  reasonable  agreement w i t h  t h e  a i r b o r n e  concentra t ions .  

The f r a c t i o n a l  t r a n s f e r  rates I n  t h e  upper 
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To f u r t h e r  t es t  t h e  concepts o f  t h i s  model, w e  applied it t o  

the  measurements o f  g loba l  f a l l o u t  plutonium w i t h  depth a t  North 

Eastham, Mass. i n  1972  ‘ 1 5 )  While g loba l  f a l l o u t  has been 

accuiu la t ing  on  the  e a r t h ’ s  sur face  f o r  over a period of 30 years ,  

about h a l f  o f  t h e  cumulative burden i n  t h e  Northern Hemisphere 

was deposited by 1962. 

w e r e  made assuming a s i n g l e  deposit  i n  1962. 

Therefore,  t h e  model c a l c u l a t i o n s  ( 1 6 )  

By i t e r a t i o n ,  good agreement between t h e  observations and 

calculations as shown i n  Figure 10 was obtained w i t h  a penetrat ion 

f r a c t i o n  o f  15%/yr c m  through t h e  top 2 c m  and d i f f u s i o n  below 3 

c m  with  a coeff icient  o f  2 cm2/yr. 

exponential  reduction occurs a t  about  12 c m  a t  North Eastham which 

i s  much c l o s e r  t o  the  surface than t h e  divergence observed a t  

Rocky Flats  sites.  This may be real o r  due t o  t h e  greater impact 

of a s l i g h t  contamination i n  sampling or  ana lys i s  of these very 

low a c t i v i t y  l e v e l  samples However, 93 percent o f  the  t o t a l  

plutonium deposit  resides i n  t h e  top 12  c m  a t  North Eastham. 

The divergence from an 

The s o i l  a t  North Eastham was a moist ,  sandy loam with a 

heavy vegetation cover and v i r t u a l l y  no s tones  o r  pebbles. It 

w a s  t i l l e d  t o  30 c m  about 50 years ago, and remained undisturbed 

s i n c e .  

humidity a t  t h i s  s i t e  as compared t o  t h e  Colorado sites along 

with the  general character  of  t h e  s o i l ,  it i s  not s u r p r i s l n g  t h a t  

Owing t o  t h e  generally lower temperatures and higher 
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a lower penetration rate than those observed in Colorado would 

apply. It is striking that the same diffusion coefficient applies 

here as it did in Colorado. 

This model in its present form is merely a simple mathematical 

representation of what has already occurred. In fact, the diffus- 

ion equation only approximates the behavior of the plutonium from 

a depth of several centimeters, and the behavior of the very low 

concentrations below 20 cm is not addressed. Nevertheless, the 

reasonable results obtained from the application of the diffusion 

equation with a 2 cm2/year coefficient to all sites suggests a 

phenomenon which may be related more to the solubility or 

transportability of plutonium in s o i l  water than to the charac- 

teristics of the soil. 

More detailed studies of soil characteristlcs are required, 

and additional depth measurements with tune at Rocky Flats and 

other sites are indicated. Such efforts may lead to a better 

understanding of the long term distribution of transuranics in the 

environment. 

NUCLIDE RATIOS 

The Pu-238/Pu-239-240 activity ratio of the soil samples and 

sticky film samples in Table 6 show no trend with depth under- 
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ground o r  s i t e  locat ion.  The mean v a l u e  i s  about 0 018, i n  good 

agreement with e a r l i e r  measurements. ( ’ T h i s  r e s u l t  i s  not 

s u r p r i s i n g  since it would be u n l i k e l y  f o r  isotopes o f  t h e  same 

t ransuranic  e l e m e n t  i n  a homogenized source o f  contamination t o  

behave d i f f e r e n t l y  i n  t h e  environment. 

However, t h e  Am-241/Pu-239-240 r a t i o  i n  the  s o i l  samples 

does increase with depth indicat ing a s l i g h t l y  greater  mobil i ty 

o f  t h e  Am-241 i n  t h e  s o i l .  The maximum enhancement of americium 

over plutonium i s  about a f a c t o r  o f  2 a t  t h e  greates t  depths. 

1975,  t h i s  f rac t ionat ion  effect was s l i g h t  because over 95% o f  t h e  

t o t a l  Am-241 a t  Sites A and 3 resided at  depths where t h e  effect 

w a s  not  apparent. A t  S i t e  7 ,  no effect w a s  observed for about 80 

percent  o f  t h e  t o t a l  Am-241 deposit.  

In 

The Am-241/Pu-239-240 r a t i o s  o f  t h e  s o i l  samples a t  t h e  lower 

depths argue against  t h e  probabi l i ty  o f  serious contamination from 

the upper l e v e l s  during c o l l e c t i o n  and sample preparation which 

had been  suggested e a r l i e r  i n  t h e  R e s u l t s  section. If such con- 

tamrnation had occurred, the  Am-241/Pu-239-240 r a t i o s  of t h e  deep 

samples would reflect  t h e  lower r a t i o s  of t h e  surface  samples 

rather than t h e  higher r a t i o s  observed. 

The Am-241/Pu-239-240 a c t i v i t y  r a t i o  of t h e  s t icky f i l m  

samples show two separate trends. A t  Sites A and C t h e r e  1s some 
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scatter ,  b u t  t h e  d a t a  are f a i r l y  constant .  At Si tes  B and C 

there i s  a decrease i n  t h e  r a t i o  w i t h  depth. Thls is t h e  same 

grouping of s i tes  t h a t  w a s  observed i n  comparing t r e n d s  i n  t h e  

a c t i v i t y  per gram o f  t h e  s t i c k y  f i l m  samples i n  t h e  R e s u l t s  

s e c t i o n .  

It w a s  pointed o u t  i n  t h a t  d i s c u s s i o n  and i n  the  s e c t i o n  on 

Soil  Transport  Model that  there w a s  more plutonium p e n e t r a t i o n  a t  

S i t e  B than S i t e  A. S i n c e  t h e  24111-241 i s  s l i g h t l y  more mobile i n  

s o i l ,  t h i s  effect might part ia l ly  e x p l a i n  t h e  decrease i n  t h e  

Am-241/Pu-239-240 r a t i o  at  S i t e  B. It w a s  a l s o  pointed o u t  

earlier t h a t  t h e r e  could be d i f f e r e n c e s  i n  t h e  particle s i z e  

d i s t r i b u t i o n  of t h e  st icky f i l m  samples with depth. 

o f  t h e  Am-241/Pu-239-240 r a t i o  would also have an effect on t h e s e  

r e s u l t s .  

A v a r i a t i o n  

The Am-241/Pu-239-240 ratios for the  i n t e g r a t e d  s o i l  columns 

at Sites A, B ,  and 7 ranged between 0.11 t o  0 .13  i n  good agreement 

w i t h  earlier observat ions .  ( l o )  

column for t h e  s t i cky  f i l m  samples a t  Sites C and D agreed wlth 

the above value.  However, t h e  rat ios  for t h e  i n t e g r a t e d  column 

for  t h e  sticky f i l m  samples a t  Sites A and B are about 30"b less 

for  reasons  which are n o t  clear. 

The ratios for t h e  i n t e g r a t e d  
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TABLE 1 

E F F I C I E N C Y  O F  LEACHING AM-241 FROM S O I L  

Sample 

Am-241 p C i  per Sample 
PA Standard D e v .  

HASL V a l u e  LFE V a l u e  LFE/HASL 

P-10 
P-11 
P-12 
P-13 
P-14 
P-15 
P-16 
P-28 
P-29 
P-30 
P-31 
P-32 
P-33 
P-34 
P-35 
P-37 
P-38 
P-39 
P-40 
S-2077* 
S-2078** 

34.13~5 
12.2*5 
2.7963 
0.653*3 
0.272*4 
0.164i2 
0.063565 
95.9f6 
119*5 
58.6;s 
16.4*5 
4.3664 
3.14~54 
1.37k4 
0.16864 
0.0604k7 
C. 24263 
0.137*4 
0.041i4 
0.653*3? 
4.3664t 

42.43~10 
13.4i10 
3.05ilO 
0.757*15 
0.269k35 
0.171*50 
0.0509&20 
132*10 
136*10 
67.6f10 
19.3ilO 
5.05*10 
3.42f10 
1.5O*iO 
0.192F25 
0.0712f35 
3.246*50 
0.0878*75 
0,0347*50 
G. 164*50 
4.91f10 

Mean 

1.24 
1.10 
1.09 
1.16 
0.992 
1.04 
0.801 
1.38 
1.14 
1 . 1 5  
1.18 
1.16 
1.09 
1.10 
1 . 1 5  
1.18 
1 . 0 2  
0.639 
0.856 
0.252$ 
1.12 

1.08fO. 16 

*Duplicate o f  P-13 

* * D u p l i c a t e  of P-32 

*HASL d i d  not  analyze these samples - value of d u p l i c a t e  
was  assumed. 

'Omitted from mean. 
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TABLE 2 

QUALITY ASSURANCE DATA FOR PLUTONIUM ANALYSIS 

Wt. Analyzed pci/q 3% Standard Dev. Sample 
(g 1 Pu-238 Pu-2 39-230 No. 

Blank s o i l  samples 

S-2075 
S-2076 

132 
112 

<o. 0002 2 . 5 0 ~ 1 0 ' ~ * 4 2  
4 . 4 2 ~  10' * 5 9 <o. 001 

Dupl ica te  s o i l  samples 

S-2 07 7 * 132 

P-13 118 
Mean PA Standard Dev.? 

S-2077** I1 

S-2078 140 
P-32 1 3 0  

Mean i% Standard Dev. 

0.260f43 10.9f6 
1.12f43 46.8i6 

0.842f7 4 7 . 3 i 3  
0.982*20 47.1fl 

5.23*7 
5.45f5 
5.36*3 

Reference soil samples 

S-2079 117 
Expected Value 
% Deviation 

S-2080 116 
Expected Value 
% Deviation 

266&3 
305f2 
286*9 

0.0153&5 
0.0135 

+13 

0.0142*4 
0 .0135  

+ 5  

Wnadjus ted  for apparent poor l e a c h i n g  e f f i c i e n c y .  

**Adjusted for leaching  e f f i c i e n c y  by mult iplying by 
1,08/0 .252  = 4 . 2 9  ( s e e  T a b l e  1). 

TMean and standard d e v i a t i o n  between r e s u l t s  for P-13 
and t h e  ad jus ted  S-2077. 
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TABLE 6 

ACTIVITY RATIOS 

Sample Sheet Depth Pu-238 Am-241 - - 

Pu-239-240 Pu-23 9-240 Location No. No. (cm) 

Site A 

Sticky Films S-2058 
S-2059 
S-2060 
S-2061 
S-2062 
S-2063 
S-2064 
S-2065 
S-2066 

1-3 
4-6 
7-9 
10-12 
13-15 
16-18 
19-21 
22-24 
25-27 

Integrated column 

Soil Samples P-10 
P-11 
P-12 
P-13 
P-14 
P-15 
P-16 
P-17 
P-18 
P-19 
P-20 

0-2.5 
2.5-6.4 
7.0-9.5 
9.5-11.4 
12.1-14.0 
14.0-16.2 
16.2-21.3 
21.3-27.9 
28.6-33.3 
33.3-38.1 
38.1-42.5 

I n t e g r a t e d  column 
S i t e  B 
Sticky Films S-2053 1-3 

S-2054 4-6 
S-2055 7-9 
S-2056 10-12 
S-2057 13-15 

I n t e g r a t e d  column 

0.0169 
0.0166 
0.0171 
0.0179 
0.0178 
0.0179 
0.0180 
0.0178 
0.0184 

0.0175 

0.0186 
0.0185 
0.0145 
0.0208 
0.0188 
0.0180 
0.0183 
0.0190 
0.0176 
0.0194 
0.0180 

0.0183 

0.0174 
0.0180 
0.0187 
0.0190 
0.0183 

0.0183 

0.0996 
0.0789 
0.0803 
0.0813 
0.0858 
0.0878 
0.0834 
0.0938 
0.108 

0.0872 

0.114 
0.121 
0.122 
0.117 
0.132 
0.138 
0.118 
0.15 
0.15 
0.23 
0.15 

0.117 

0.119 
0.0805 
0.0724 
0.0722 
0.0717 

0.0828 
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TABLE 6 (Cont'd) 

Sample Sheet Depth PU-238 Am-241 
PU-239-240 PU-239-240 Location No. N o .  (cm) 

S i t e  B 
Soil Samples P-28 

P-29 
P-30 
P-31 
P-32 
P-33 
P-34 
P-35 
P-36 
P-37 

0 -3 .8  
4.4-6.4 
6 . 4 - 8 . 3  
8.9-10.8 

1 0 . 8 - 1 3 . 3  
1 3 . 3 - 1 7 . 8  
1 7 . 8 - 2 3 . 5  
23 .5 -28 .6  
2 9 . 2 - 3 4 . 3  
3 6 . 2 - 4 1 . 9  

Integrated column 

S i t e  7 

S o i l  Samples P-38 
P-39 
P-40 
P-41 
P-42 
P-43 
P -44 
P-45 
P -46 
P -47 

0 -3 .8  
3 . 8 - 5 . 4  
5 . 4 - 7 . 0  
7 . 0 - 8 . 9  
9 .5 -10 .8  

1 0 . 8 - 1 2 . 1  
12 .1 -14 .6  
1 4 . 6 - 2 0 . 3  
2 0 . 3 - 2 6 . 0  
2 6 . 4 - 3 2 . 1  

Intesrated column 

S i t e  C 

S t i c k y  F l h s  S-2067 1-3 
S-2068 4-6 
S-2069 7 - 9  
S-2070 10-12 
S-2071 13-15  
S-2072 16-17 

Integrated column 

0 C170 
o.c1;73 
0.0198 
0 . 0 1 9 2  
0. 0 i 7 9  
0 . 0 1 8 5  
0.0180 
0.0190 
0 . 0 1 7 2  
0 . 0 1 7 9  

0 . 0 1 7 9  

O . O i 9 0  
0 .0177  
0 . 0 1 7 ?  
0 . 0 2 0 0  
0.0184 
0 . 0 1 8 2  
0 . 0 2 1 6  
5. e312 

0 . 0 3 8  

0.0186 

C0.02 

0 . 0 1 7 5  
0. C210 
0 .0207  
a. 0202 
0.0185 
0 . 0 1 7 3  

0 . 0 1 9 1  

0.107 
0 . 1 1 5  
0 .117  
0.108 
0.110 
0.119 
0.106 
0.110 
0 . 1 2  
0 . 1 3 1  

0.113 

0 . 1 2 4  
0 . 1 2 1  
0.14 
0.19 
0 .20  
0.26 

<o. 2 
<o. 5 
<1 
<1 

0.130 

0 . 1 6 3  
0 . 1 2 2  
0 . 1 1 2  
0 . 1 0 5  
0 . 1 2 9  
0 . 0 9 5 7  

0.116 
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TPBLE 6 (Cont 'd)  

Sample Sheet  Depth Pu-2 3 8  Am-241 
Pu-239-240 Pu-239-240 Locat ion No No. (cm,) 

S i t e  D 

Sticky Films S-2050 1-3 
S-2051 4-6 
S-2052 7-10 

0.0208 0.139 
0.0194 0.144 
0.0179 0.116 

Integrated column 0.0193 0.133 
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TABLE 7 

MODEL PARAMETERS AT EACH SITE 

F r a c t i o n a l  T r a n s f e r  R a t e  
i n  Upper S o i l  Depth a t  Which 

L i m i t i n g  Depth Diffusion Begins*  
S i t e  %/yr cm (cm) (cm) 

A 25 2 3 

7 50 6 7 

B 65 6 7 
-~ ~~ 

*Diffusion  c o e f f i c i e n t  is  2 cm"/yr a t  a l l  sites. 
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WALNUT CREEK 

ROCKY FLATS 
PLANT _I 

WOMAN CREEK 

Figure 1. Sampling s i t e s  at Rocky Flats. 

0 S o i l  sampling 
x Aerosol sampling s i t e s  
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DEPTH, cm 
Figure 3. Plutonium deposition per cm wlth depth at 

Site A,  mci/km2 cm. 
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DEPTH, Cm 

F i g u r e  4.  Plutonium d e p o s i t i o n  per c m  with depth a t  
S i t e  B ,  m ~ i / k m ~  c m .  
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DEPTH, c m  
Figure 5 Plutonium deposition per cm w l t h  depth at 

S i t e  7 ,  mci/km2 cm. 
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DEPTH, cm 
Figure 6 .  Percent of t o t a l  plutonium deposit per c m  with 

depth a t  Si te  A .  - B - observations; 0 model 
calculations using 25%/cm yr penetration 
through top 2 c m ,  diffusion below 3 cm with a 
coefficient of 2 cm2/yr, and t i m e  of 7 years. 
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DEPTH,cm 
Figure 7 .  Percent of t o t a l  plutonium deposit  per c m  with 

depth a t  S i t e  B.  - B - observations: 0 model 
calculat ions using 65%/cm yr penetration 
through top 6 c m ,  d i f fus ion  b e l o w  7 c m  with a 
coe f f i c i ent  of 2 cm2/yr, and t i m e  of 7 years. 
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Figure 8. Percent of total plutonium deposit per cm with 
depth at Site 7. - EI - observations; 0 model 
calculations using 5Pk/cm yr penetration 
through top 6 cm, diffusion below 7 cm with a 
coefficient of 2 cm2/yr, and time of 7 years. 
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