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ABSTRACT 

The a r t i f i c i a l  r ad ionuc l i de  Plutonium (Pu) has been int roduced i n t o  

the  environment p r i m a r i l y  as f a l l o u t  from atmospheric nuclear  weapons 

t e s t i n g  du r ing  the  1950's and 1960's. E a r l i e r  s tud ies  o f  Pu geochemis- 

t r y  a re  genera l l y  based upon the  measurement o f  t he  combined a c t i v i t i e s  

o f  2 3 9 ~ u  and 2 4 9 ~ u  (detected by alpha-counting and w r i t t e n  as 
239,240 

Pu) 
and assume an i d e n t i c a l  geochemical behavior f o r  Pu from any o f  i t s  

f a l l o u t  sources. A major focus o f  t h i s  t hes i s  i s  t h e  development o f  a 

mass spectrometr ic  (m.s.) technique f o r  the  ana lys is  o f  Pu i n  marine 

sediments, pore waters, sediment t r a p  ma te r ia l  and sea water from the  

North A t l a n t i c .  With the  m.s. technique, no t  on ly  i s  t h e  de tec t i on  

l i m i t  f o r  2 3 9 ' 2 4 0 ~ u  increased by over an order-of-magni tude, bu t  t he  

2 4 0 ~ u  and 2 3 9 ~ u  isotopes can be separated as w e l l .  

The increased s e n s i t i v i t y  f o r  Pu provided by m.s. al lowed me t o  

measure Pu i n  deep-sea pore waters f o r  t he  f i r s t  t ime. Pore water 

s tudies a re  s e n s i t i v e  i n d i c a t o r s  o f  e a r l y  d iagenet ic  reac t ions ,  and can 

be used t o  examine the  unresolved quest ion o f  t he  ex ten t  o f  Pu remobi l-  

i z a t i o n  out  o f  marine sediments. Along a  t ransec t  o f  cores ranging f rom 

h i g h l y  reducing muddy sediments on the  s h e l f  t o  more ox i c  and carbonate- 

r i c h  sediments i n  t h e  deep-sea, I have found t h a t  t he  s o l u b i l i t y  o f  Pu 

i s  predominantly c o n t r o l l e d  by the  d i s t r i b u t i o n  o f  Pu i n  t h e  s o l i d  

phase. The ca l cu la ted  2 3 9 9 2 4 0 ~ ~  distribution coefficients (Kd = dpm 

per kg on solids/dpm per  kg i n  s o l u t i o n )  range from 0.2-23 x  l o4 ,  w i t h  

some suggestion o f  a  t rend  towards lower values i n  t he  deeper cores 
4 (Kdls 4 0  i n  cores f rom water depths >2500m). D i f f u s i v e  f l u x  calcu-  

l a t i o n s  based upon the  observed Pu pore water g rad ien ts  suggest t h a t  

s ince i t s  i n t r o d u c t i o n ,  n e g l i g i b l e  Pu has been remobi l i zed  ou t  o f  t h e  
2  3  sediments a t  a l l  o f  t h e  s i t e s .  On a  t ime scale o f  10 -10 years 

however, Pu r e m o b i l i z a t i o n  may be s i g n i f i c a n t .  

A l a r g e  s u i t e  o f  sedimentary Pu and 21 Opbex i nven to ry  data a re  a l s o  

examined from t h e  Northwest A t l a n t i c  s h e l f ,  s lope and deep-sea sediments. 



Com~arisons between Pu and 2 1 0 ~ b  a r e  o f  i n t e r e s t  s ince both  isotopes 

a re  predominant ly suppl ied by atmospheric d e l i v e r y  t o  coas ta l  waters, 

and s ince both  isotopes a re  used t o  study recent  accumulation and m ix ing  

processes i n  marine sediments. I nven to r i es  o f  these t r a c e r s  w i l l  re -  

f l e c t  t h e i r  source func t i on ,  removal e f f i c i e n c i e s ,  and l a t e r a l  t r a n s p o r t  

i n  water and p a r t i c l e s .  A major conclus ion i s  t h a t  t he  sediment inven- 

t o r i e s  decrease w i t h  increas ing  water depth, r e f l e c t i n g  a  decrease i n  

the  n e t  scavenging o f  these elements off-shore. Pu sediment i n v e n t o r i e s  
21 Opbex 

drop-o f f  w i t h  increas ing  water depth much more r a p i d l y  than i n -  

ventor ies,  due t o  e i t h e r  the  shor te r  residence t ime o f  2 1 0 ~ b  compared t o  

Pu w i t h  respect  t o  water column removal processes, o r  due t o  comparisons 

between t h e  n a t u r a l l y  occur r ing  2 1 0 ~ b  steady-state scenar io and the  more 
21 Opbex 

r e c e n t l y  in t roduced f a l l o u t  Pu. When Pu and i nven to r i es  a r e  

summed over water depths out t o  4000 m i n  t he  Northwest A t l a n t i c ,  the  

sediments can account f o r  roughly 24 8% o f  t h e  expected Pu and 83 2 15% 

o f  t he  expected 21 Opbex 1  nputs . 
The 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  data prov ided by t h e  m.s. p rov ide  a  unique 

i n s i g h t  i n t o  the  r e l a t i o n s h i p  between the  s p e c i f i c  sources o f  f a l l o u t  Pu 

and i t s  geochemical behavior i n  t he  oceans. I f i n d  a  systematic decrease 

i n  the 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i n  sediments from 0.18 on the  s h e l f  t o  0.10 i n  

deep-sea (4500- 5000 m) sediments f rom the  Northwest A t l a n t i c .  This  

t rend  i s  cons i s ten t  w i t h  a  model whereby Pu f rom sur face based t e s t i n g  

a t  t h e  Nevada Test S i t e  ( 2 4 0 ~ u / 2 3 9 ~ u  = 0.035) I s  c a r r i e d  by t ropospher ic  

f a l l o u t  p a r t i c l e s  o f  a  d i s t i n c t  physical /chemical  form which a re  r a p i d l y  

removed from t h e  water column a t  a l l  depths, i n  con t ras t  t o  g loba l  s t r a -  

tospher ic  f a 1  l o u t  ( 2 4 0 ~ u / 2 3 9 ~ u  = 0.18) which i s  on ly  e f f  i c i e n t l y  

deposited t o  t h e  sediments i n  t h e  shal lower cores where scavenging i s  

more in tense.  This  two source model was chosen s ince  the re  i s  no e v i -  

dence f o r  t h e  present  day f r a c t i o n a t i o n  o f  2 3 9 ~ u  from 2 4 0 ~ u  i n  the  water 

column and sedlment t r a p  data.  

This two source model i s  supported by t h e  ana lys i s  g f  2 4 0 ~ u / 2 3 9 ~ u  

r a t l o s  i n  marine sediments from t h e  1950's and 1960's which show lower 

o r  equ iva len t  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  than present  day samples f rom the  same 

loca t i ons  (Nevada f a l l o u t  was conf ined t o  1951-1958 w h i l e  g loba l  f a l l o u t  



i npu ts  peaked i n  1961/62). Also, w h i l e  a l l  o f  t h e  North A t l a n t i c  

deep-sea sediments show some evidence o f  t he  Nevada inpu ts  (1.e. 

2 4 0 ~ u / 2 3 9 ~ u  <O.l8), t he  n e t  i nven to ry  o f  Pu from the  Nevada source can 

be shown t o  decrease w i t h  increas ing  d is tance away f rom t h e  Nevada 

source. Using the  observed sediment 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  and a  two end- 

member mix ing  model, t he  Pu suppl ied by the  Nevada source i n  deep 

Northwest A t l a n t i c  sediments (>4500 m) i s  shown t o  account f o r  rough ly  

40% o f  t he  t o t a l  sediment 2 3 9 9 2 4 0 ~ u  inventory .  The very low i n v e n t o r i e s  

o f  2 3 9 , 2 4 0 ~ ~  i n  the  deep-sea sediments i n  general serves t o  accentuate 

the  Nevada f a l l o u t  s igna l  a t  these s i t e s .  

A pronounced d i s - e q u i l i b r i u m  i s  observed between t h e  s o l i d  phase 

2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  (which range f rom 0.10-0.18) a"d t h e  pore water 

2 4 0 ~ u / 2 3 g ~ u  r a t i o s  (which a re  constant  a t  ~ 0 . 1 8 )  a t  a l l  s i t e s .  The 

low r a t i o  Nevada f a l l o u t  Pu i s  apparent ly  more t i g h t l y  bound by i t s  s o l i d  

phase c a r r i e r  than Pu from g loba l  f a l l o u t  sources and i s  t he re fo re  n o t  

p a r t i c i p a t i n g  i n  t he  general s o l i d / s o l u t i o n  exchange reac t ions .  

W i th ln  an i n d i v i d u a l  sediment p r o f i l e ,  t he  2 4 0 ~ u / 2 3 9 ~ ~  r a t i o s  a r e  

r e l a t i v e l y  constant f rom core t o p  t o  core bottom. Using a  sediment mix- 

i n g  model which combines the  Pu a c t i v i t y  data and the  r e s u l t i n g  2 4 0 ~ u /  

2 3 9 ~ u  r a t i o s  g iven t h e  two Pu sources, I have been ab le  t o  cons t ra in  t h e  

i n p u t  f unc t i on  o f  Pu t o  the  s lope and deep ocean sediments. The data  

a re  cons i s ten t  w i t h  a  model which suggests t h a t  t he  bu l k  o f  t he  Pu 

deposi ted t o  the  deep ocean sediments a r r i v e d  ear ly-on i n  t h e  f a l l o u t  

record. 
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CHAPTER 1 

Plutonium i n  the  Marine Environment: 

I n t roduc t i on .  Bb jec t fves  and Background 

I. INTRODUCTION 

This  t h e s i s  w i l l  examine the  d i s t r i b u t i o n  and behavior o f  f a l l o u t  

p lu ton ium i n  t h e  marine environment. The main source o f  t h i s  p lu ton ium 

(Pu) i s  atmospheric nuclear  weapons t e s t i n g  du r i ng  t h e  1950's and e a r l y  

1960's (Perk ins  and Thomas, 1980; Har ley,  1980). Researchers have been 

a b l e  t o  use t h e  known p a t t e r n  o f  f a l l o u t  Pu depos i t ion ,  t o  s tudy 

removal processes i n  t h e  water column (Bowen e t  a l . ,  1980; Santschi e t  

a l . ,  1980; L i v i n g s t o n  and Anderson, 1983; Fowler e t  a l . ,  1983; Bacon e t  

a l . ,  1985), and i n  understanding m ix ing  processes i n  marine sediments 

(Guinasso and Schink, 1975; Krishnaswami e t  a l . ,  1980; Benninger and 

Krishnaswami, 1981.; Kershaw e t  a l . ,  1983; Cochran, 1985). Such 

s tud ies  a re  based upon t h e  measurement o f  t he  combjned a c t i v i t i e s  o f  

2 3 9 ~ u  and 2 4 0 ~ u  ( w r i t t e n  as 2 3 9 8 2 4 0 ~ u )  and assume an i d e n t f c a l  

geochemical behavior  f o r  Pu from any o f  i t s  f a l l o u t  sources. The 

r e s u l t s  o f  t h i s  t h e s i s  w i l l  show t h a t  t h e  oceanographic chemist ry  o f  Pu 

i s  more complex than p rev ious l y  suspected. 

A major focus o f  t h i s  work i s  on t h e  mass spec t romet r ic  ( m . s . )  

ana lys i s  o f  f a l l o u t  Pu i n  a ser ies  o f  marine sediments and pore  

waters. Wi th a m.s. method, n o t  o n l y  i s  t he  d e t e c t i o n  l i m i t  f o r  

239,240~u lowered, bu t  t h e  2 3 9 ~ u  and 2 4 0 ~ u  iso topes  can be 

separated as w e l l .  The 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  da ta  a r e  used i n  t h l s  

t h e s i s  t o  show t h a t  t h e r e  a re  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  

geochemistry o f  Pu depending upon t h e  s p e c i f i c  sources o f  f a l l o u t  Pu a t  

a  g iven  s i t e .  More s p e c i f i c a l l y ,  i t  appears t h a t  Pu f rom surface-based 

nuc lear  t e s t i n g  i s  de l f ve red  t o  t h e  oceans i n  a d i s t i n c t  

phys ica l /chemical  form which i s  more r a p i d l y  removed f rom t h e  water 

column than s t r a t o s p h e r i c  f a l l o u t  f rom h igh  a l t i t u d e  test 's.  These 

r e s u l t s  have major i m p l i c a t i o n s  f o r  t h e  i n t e r p r e t a t i o n  o f  Pu's 



geochemical behavior i n  deep sea sediments, where 
239, 24OPu 

inven to r i es  are  genera l l y  q u i t e  low, and i n  ocean basins which have 

received subs tan t i a l  f a l l o u t  from sur face based tes ts ,  such as t h e  

North P a c i f i c  basin (Bowen e t  a l . ,  1980). 

The major ob jec t i ves  o f  t h i s  t h e s i s  a r e  o u t l i n e d  below, and 

correspond t o  r e s u l t s  and d iscussions i n  Chapters 3-7 o f  t h i s  t h e s i s .  

Once the  ob jec t i ves  have been presented, t he  remainder o f  t h i s  chapter  

w i l l  i nc lude an i n t r o d u c t i o n  t o  t h e  study s i t e ,  fo l lowed by a s h o r t  

review o f  t h e  sources and general aquat ic  chemistry o f  Pu. 

11. OBJECTIVES 

1. A pr imary o b j e c t i v e  i s  t he  development o f  a thermal i o n i z a t i o n  

mass spectrometry technique t o  measure f a l l o u t  p lutonium concent ra t ions  

and iso tope r a t i o s  a t  t h e  extremely low l e v e l s  found i n  marine 

sediments, pore waters, seawater and sediment t r a p  samples. Mass 

spectrometr ic  de tec t i on  techniques f o r  Pu have been developed p r i m a r i l y  

f o r  use w i t h i n  the  nuclear  power and nuclear  weapons i n d u s t r i e s .  The 

a p p l i c a t i o n  o f  t h i s  technique, however, has main ly  been conf ined t o  

p rec i se  determinat ions of Pu i so tope  r a t i o s  r a t h e r  than f o r  determin ing 

low l e v e l  Pu concentrat ions.  With iso tope d i l u t i o n  m.s., t h e  d e t e c t i o n  

l i m i t  f o r  2 3 9 ~ u  and 2 4 0 ~ u  i s  a t  l e a s t  an order-of-magnitude l o v e r  

than d e t e c t i o n  by t r a d i t i o n a l  alpha-count ing techniques, which a l lows 

one t o  de tec t  2 3 9 * 2 4 0 ~ u  a t  t he  10-18n/kg l e v e l  i n  l i t e r  volumes o f  

water.  Furthermore, t h e  m.s. technique has the  added advantage o f  

y i e l d i n g  separate 2 3 9 ~ u  and 2 4 0 ~ u  determinat ions,  i n  c o n t r a s t  t o  

alpha-count ing, where the  alpha-decay energies o f  these two isotopes 

a r e  e s s e n t i a l l y  i d e n t i c a l  and hence inseparable.  

2. This  t h e s i s  w i l l  examine t h e  d i s t r i b u t i o n  o f  p lu ton ium between 

pore  waters and sediments i n  t he  Northwest A t l a n t i c  she l f ,  s lope and 

r i s e  region,  i n  order t o  l i n k  Pu s o l u b i l i t y  and m o b i l i t y  t o  t h e  general  

biogeochemical cyc les opera t ing  over t h i s  wide range o f  geochemical 

s e t t i n g s .  The quest ion o f  the  p o t e n t i a l  r e m o b i l i z a t i o n  o f  Pu f rom 

sediments has remained an unresolved t o p i c  f o r  many years (Koide e t  



a l . ,  1975, 1980; Edginton e t  a l . ,  1976; L i v i ngs ton  and Bowen, 1979; 

Noshkin and Wong 1979; Bowen e t  a l . ,  1980; Carpenter and Beasley, 1981; 

Santschi e t  a l . ,  1980; Sho lkov i tz  and Mann, 1984; Cochran, 1985). 

Plutonium d i f f u s i o n  ou t  o f  sediments has been pos tu la ted  t o  e x p l a i n  

deep water enrichments o f  239 '240P~ i n  t he  P a c i f i c  (Bowen e t  a l . ,  

1980) and i n  lakes ( A l b e r t s  and Or land in i ,  1981; Sho l kov i t z  e t  a l . ,  

1982), as w e l l  as apparent discrepancies between s o l i d  phase 
239, 24OPu , 13'cs and 2 1 0 ~ b  records ( L i v i n g s t o n  and Bowen, 1979; 

Cochran, 1985). Convlnclng evidence f o r  o r  aga ins t  Pu r e m o b i l i z a t i o n  

i s  d i f f i c u l t  i f  n o t  impossib le t o  o b t a i n  from s o l i d  phase r e s u l t s  

alone. Pore water s tudies have long been known t o  p rov ide  t h e  most 

s e n s i t i v e  i n d i c a t i o n  o f  d iagenet ic  behavior ( F r o e l i c h  e t  a l . ,  1979; 

Berner, 1980). Plutonium pore water work has been l i m i t e d  due t o  t h e  

extremely low concentrat ions o f  2 3 9 , 2 4 0 ~ ~  i n  pore s o ~ u t i o n s ,  

t h e r e f o r e  d i f f i c u l t i e s  a r i s e  i n  c o l l e c t i n g  enough s o l u t i o n  f o r  

239 '240~u  analyses by a lpha count ing.  To da te  o n l y  two oceanic cores 

have been analyzed f o r  239'240Pu i n  pore waters, one f rom t h e  shal low 

sediments o f  t h e  I r i s h  Sea (contaminated from nuc lear  f u e l  reprocessing 

wastes) (Nelson and Lovet t ,  1981). and the  o the r  f rom Buzzards Bay, 

Massachusetts, U.S.A. (Sho l kov i t z  and Mann, 1984). The d i s t r i b u t i o n  

c o e f f i c i e n t ,  Kd (ndpm 2 3 9 ' 2 4 0 ~ u  per kg  o f  solids/dprn 239, 24OPu 
- 

per  kg s o l u t i o n ) ,  found i n  both o f  these s tud ies  was =lo3, w i t h  no 

evidence f o r  t h e  sharp pore water g rad ien ts  necessary t o  suppor t  

s i g n i f i c a n t  r e m o b i l i z a t i o n  o f  Pu. One o f  t h e  o b j e c t i v e s  o f  t h i s  t h e s i s  

was t o  extend t h i s  type  o f  study t o  c o n t i n e n t a l  s h e l f ,  s lope, and 

deep-sea sediments, where Pu pore water p r o f i l e s  cou ld  be examined 

under a v a r i e t y  o f  geochemical s e t t i n g s .  

3. Given t h e  r e l a t i v e l y  l a r g e  number o f  cores which have been 

analyzed f o r  239p240Pu and/or 2 1 0 ~ b  f rom t h e  Northwest A t l a n t i c  

s h e l f  and s lope region,  an examinat ion o f  r e g i o n a l  sediment i n v e n t o r y  

p a t t e r n s  w i t h  respec t  t o  water column removal and d e p o s i t i o n  processes 

I s  poss ib le .  Plutonium and 2 1 0 ~ b  i n v e n t o r i e s  a r e  compared s ince  bo th  

o f  these iso topes  a re  supp l ied  by atmospheric depos i t i on ,  and because 

bo th  o f  these t r a c e r s  a re  used t o  s tudy sediment accumulat ion and 



mixing on the  10-100 year t ime sca le  (Benninger and Krishnaswami, 1981; 

Carpenter e t  a l . ,  1982; Beasley e t  a l . ,  1982; O f f i c e r  and Lynch, 1982; 

Cochran, 1985). A mass balance f o r  239, 240pU and 21 Opbexcess 

w i l l  be made i n  order t o  determine t h e i r  t o t a l  f l uxes  i n t o  and ou t  o f  

t he  study region. This mass balance w i l l  be used t o  t e s t  t h e  

hypothesis o f  Spencer e t  a l .  (1981). which suggests t h a t  t h e  l a t e r a l  

t r anspor t  o f  2 1 0 ~ b  from the  ocean's i n t e r i o r  i s  a  s i g n i f i c a n t  source 

o f  2 1 0 ~ b  t o  these slope sediments. 
4. I s o t o p i c  r a t i o s  o f  240 /239~u  i n  these North A t l a n t i c  samples a r e  

examined i n  order t o  understand t h e  s p e c i f i c  sources and removal r a t e s  

o f  f a l l o u t  Pu a t  a  g iven s i t e .  A systematic decrease i n  t h e  

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i n  sediments w i t h  increas ing  water depth i s  

found, s i m i l a r  t o  t he  Gul f  o f  Mexico data o f  Sco t t  e t  a l .  (1983). My 

evidence from 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  i n  sediment t r a p  samples, water 

column p r o f i l e s ,  and e a r l y  1960's sediment samples a l l  support t h e  

ex is tence o f  a t  l e a s t  two d i s t i n c t  sources o f  f a l l o u t  Pu t o  the  Nor th  

A t l a n t i c ,  each w i t h  d i f f e r e n t  geochemical p rope r t i es  and removal 

ra tes .  This  evidence f o r  the  i n p u t  o f  d i f f e r e n t  f a l l o u t  Pu types w i l l  

have important  bear ing on: a) t h e  use o f  Pu as a  geochemical t r a c e r  t o  

study the  present day removal o f  rad ionuc l ides  from the  water column, 

b )  est imates o f  t h e  t ranspor t  o f  Pu by l a r g e  b iogenic p a r t i c l e s  and t h e  

rem ine ra l i za t i on  r a t e  o f  t h i s  m a t e r i a l  a t  t he  sediment/water i n t e r f a c e ,  

and c )  s tud ies  which must assume an i n p u t  f u n c t i o n  f o r  Pu t o  pe lag i c  

sediments i n  order  t o  model benth ic  mix ing  ra tes  (see below). 

5. A model approach i s  used t o  cons t ra in  the  i n p u t  f u n c t i o n  o f  

f a l l o u t  Pu t o  marine sediments by combining t h e  Pu i s o t o p i c  data w i t h  

2 3 9 s 2 4 0 ~ u  and 2 1 0 ~ b  a c t i v i t y  data i n  t h e  sediments. Slnce the  i n p u t  

and removal o f  Pu t o  t h e  ocean cannot be considered t o  be i n  

s teady-state due t o  i t s  recent  i n t r o d u c t i o n  t o  the  oceans, any sediment 

m ix ing  model must assume an i n p u t  f u n c t i o n  f o r  Pu depos i t ion .  This  

i n p u t  f u n c t i o n  w i l l  n o t  be p r o p o r t i o n a l  t o  t he  known f a l l o u t  pa t te rns  

i f  t h e  removal ra tes  o f  Pu t o  t h e  sediments have no t  been constant .  

For example, one extreme case i s  t h a t  t he  bu l k  o f  Pu d e l i v e r e d  t o  deep 

sea sediments a r r i v e d  as a  pu lse  centered around the  years o f  maximum 



Pu f a l l o u t ,  and hence maximum surface water Pu concentrat ions.  A 

second scenar io i s  t h a t  Pu removal ra tes  have remained constant  w i t h  

t ime, w i t h  present  day f l uxes  being equal t o  prev ious removal ra tes .  

Both o f  these i n p u t  approximations have been used i n  prev ious 

2 3 9 * 2 4 0 ~ u  model l i n g  attempts ( O f f i c e r  and Lynch, 1982; Sayles and 

L iv ings ton ,  1985; Cochran, 1985; Anderson e t  a l . ,  1986). I n  my model, 

2 1 0 ~ b e x  a c t i v i t y  p r o f i l e s  are  used t o  ob ta in  benth ic  mix ing  r a t e r .  

These mix ing  ra tes  a re  then used i n  a Pu pu lse  o r  cont inuous i n p u t  

model t o  look  a t  Pu i s o t o p i c  r a t i o s  i n  t he  sediments r e s u l t i n g  from t h e  

Nevada and s t ra tospher i c  f a l l o u t  sources, each w i t h  t h e i r  

character1 s t i c  2 4 0 ~ u / 2 3 9 ~ u  r a t i o .  Given the  l a r g e  number o f  

239 * 2 4 0 ~ ~  and/or 
21 Opbex p r o f i l e s  f rom t h i s  study region,  an 

attempt can a l s o  be made t o  s t a t i s t i c a l l y  examine benth ic  mix ing  r a t e  

v a r i a b i l i t y  i n  she l f ,  slope, and deep-sea sediments. 

111. THE STUDY REGION: THE NORTHWEST ATLANTIC SHELF. SLOPE AND RISE 

A. The SEEP Program 

Most o f  t he  samples which were analyzed f o r  t h i s  t h e s i s  were 

c o l l e c t e d  as p a r t  o f  t he  U.S. Department o f  Energy sponsored program 

c a l l e d  SEEP (She l f  Edge Exchange Processes). The SEEP program i s  a 

m u l t i - d i s c i p l i n a r y  undertak ing i n v o l v i n g  marine b i o l o g i s t s ,  chemists 

and phys i ca l  oceanographers. The SEEP program i s  b road ly  designed t o  

study c ross-she l f  exchange i n  t h e  M id -A t l an t i c  B igh t  reg ion .  I t  was 

hypothesized t h a t  f ine-gra ined,  o rgan ic - r i ch  mat te r  be ing  produced on 

t h e  s h e l f  was being t ranspor ted  t o  t h e  upper s lope sediments where 

f ine-gra ined sediment deposi ts  a r e  known t o  occur. The main focus o f  

a t t e n t i o n  i n  t he  SEEP research inc ludes:  1 )  a study o f  t h e  phys i ca l  

fo rces  d r i v i n g  t h e  o f f -shore  t r a n s p o r t  o f  suspended ma t te r  i n  the  s h e l f  

region,  2) an examinat ion o f  t he  importance o f  t h e  she l f / s l ope  f r o n t  i n  

t h e  t r a n s f e r  o f  m a t e r i a l  t o  t he  upper slope, 3) determine i f  the  upper 

s lope i s  t r u l y  t h e  f i n a l  s i t e  o f  depos i t i on  o f  p a r t i c l e  r e a c t i v e  

elements and organic carbon, and 4) e s t a b l i s h  evidence f o r  o r  aga ins t  

t h e  h o r i z o n t a l  removal o f  p a r t i c l e  r e a c t i v e  t r a c e r s  f rom the  ocean's 



i n t e r i o r  t o  t h i s  margin s i t e .  I n  t he  f o l l o w i n g  d iscuss ion  t h e  N.W. 

A t l a n t i c  she l f ,  slope, and r i s e  regions w i l l  r e f e r  t o  t h e  U.S. 

con t i nen ta l  margin from Cape Hat teras t o  Nova Scot ia  ou t  t o  water 

depths o f  4000-5000 m (F ig .  1.1). 

The f i r s t  stage o f  the  SEEP experiment (SEEP-I) cons is ted  o f  a 

v a r i e t y  o f  measurements and sampling a c t i v i t i e s  along a t ransec t  

e s s e n t i a l l y  due south o f  Martha's Vineyard a t  71°W ( S t a t i o n s  A-F, 

F ig.  1.1). Samples were c o l l e c t e d  from s t a t i o n s  w i t h  water depths 

ranging from less  than 50 m on the  s h e l f  t o  c lose  t o  3000 m on t h e  

upper-r ise. A ser ies  o f  seven moorings ( a t  90-2700 m water depths) 

were deployed du r ing  the  w in ter ,  spr ing,  and summer o f  1983-1984 t o  

c o l l e c t  seasonal and depth-dependant sediment t r a p  samples ( u s i n g  10- 

t o  14-day sampling I n t e r v a l s  and two separate deployments o f  t he  

sediment t r a p  a r rays ) .  These moorings were a l s o  used t o  c o l l e c t  long 

term transmissometer and cu r ren t  data (see F ig .  1.2 f o r  mooring depths 

and t y p i c a l  con f i gu ra t i ons ) .  Box cores and g r a v i t y  cores were 

c o l l e c t e d  a t  many depths a long t h i s  t ransec t ,  and my pore water and 

sediment samples were analyzed f rom box core samples a t  f i v e  depths 

a long the  transect-90, 500, 1200, 2300, and 2700 m ( i n  add i t i on ,  I 

analyzed box core samples f rom t h e  deep-sea a t  4469 and 4990 m f rom box 

cores  c o l l e c t e d  independent o f  t h e  SEEP program, 1.e. S ta t i ons  G and H 

i n  F ig.  1.1).  Large volume samples f o r  suspended p a r t i c u l a t e s  and 

d isso lved n a t u r a l  and a r t i f i c i a l  rad ionuc l ides  were obta ined by an 

i n - s i t u  pumping system (Mann e t  a l . ,  1984; Bacon, 1986). D i sc re te  

water column samples and ex tens ive  CTD and transmissometer da ta  were 

c o l l e c t e d  du r ing  these same cru ises .  S a t e l l i t e  imagery and wind speed 

data have a l s o  been obtained t o  support t h e  f i e l d  observat ions.  

The r e s u l t s  f rom t h i s  f i r s t  SEEP experiment a re  j u s t  emerging, 

w i t h  repo r t s  and abs t rac ts  from two major meetings being the  c h i e f  

source o f  i n fo rma t ion  thus f a r  (AGU Spr ing  meeting, Ba l t imore  (1985) 

Eos 66(18); AGU/ASLO w i n t e r  meeting, New Orleans (1986) Eos 66(51)). -- 
Manuscripts by numerous p a r t i c i p a n t s  i n  SEEP-I have a l ready  been 

submitted f o r  an upcoming volume o f  Cont inenta l  She l f  Research. Th is  

i ssue  w i l l  p rov ide  a comprehensive ana lys i s  o f  t h e  SEEP r e s u l t s  t o  



F i g .  1 .1 :  Map showing t h e  l o c a t i o n  o f  cores used i n  t h i s  s tudy.  box 
cores a r e  i d e n t i f i e d  by l e t t e r s  A through H on t h i s  map, as 
discussed i n  t h e  t e x t .  



F i g .  1 . 2 :  Schematic diagram of  mooring a r rays  deployed d u r i n g  t h e  
SEEP-I  experiment.  



date. The general geological and biological research of this region 

which is of importance to this thesis will be briefly described below, 

based upon previous studies and some early SEEP-I results. 

A prominent feature of the SEEP region is the continental slope, 

which is a topographic discontinuity between the continental shelf and 

the upper continental rise. While the shelf has an average seafloor 

gradient of <I0, the slope has a relatively much steeper gradient of 

2-6' with variations from 4-11" around its steepest sections (Garrison 

and McMaster, 1966; Tucholke, 1984). The slope is a relatively narrow 

feature (10-50 km wide) which is heavily dissected by a large number of  

submarine canyons and channels. The shelf/slope break occurs between 

100-200m water depths, while the base of the slope occurs at 2000 2 

200m, where there is a marked gentling of the seafloor gradient at the 

upper rise (see Fig. 1.1). 

Evidence exists for wave cut terraces at the outer shelf edge, 

which were formed at lower sea level stages during previous glaciations 

(Garrison and McMaster, 1966). During the last glaciation (15,000 

years before present), northern rivers crossed the present day shelf 

carrying melt water and suspended sediments directly t o  the slope 

region. At latitudes >41°N, glaciers are likely to have deposited 

sediment directly to the slope. With the rising sea level, the 

winnowing of shelf clays occurred. At present, a majority of river 

suspended sediments are trapped in the estuaries and at inner shelf 

sites adjacent to the major northern rivers (Milliman et al., 1972). 

Biogenic and ice rafted debris appear to be the major net contributors 

of sediment accumulation to the continental margin region since the 

last glaciation. The continued reworking and erosion of existing 

sediments will also affect sediment redistribution and accumulation 

within the region. 

Quite extensive data exist on the sedimentology of the surface 

sediments of the U.S. Atlantic continental margin. The most extensive 

surveys were conducted in the 1960's and early 1970's by the Woods Hole 

Oceanographic Institution, the U.S. Geological Survey, and Duke 

University. These surveys involved the collection of over 6000 surface 



sediments f rom the  s h e l f  and slope regions a long the  e n t i r e  U.S. 

con t i nen ta l  margin. Results from t h i s  work have been pub l ished by 

Hathaway (1971, 1972). M i l l iman  e t  a l .  (1972), and Schlee (1973). among 

others,  and t h i s  data se t  w i l l  be the  pr imary source f o r  t h e  background 

minerology d iscussions below. 

Shel f  sediments a re  genera l l y  charac ter ized by a h igh  sand 

content,  w i t h  c l a y  and s i l t  contents r a r e l y  exceeding 1%. The 

except ion t o  t h i s  i s  t h e  "Mud Patch" reg ion  where, as t h e  name imp l ies ,  

s h e l f  sediments e x i s t  which conta in  a h igh  f r a c t i o n  o f  muddy sediment 

(>30% s i l t  and c lay ,  1-2% organic carbon). The o r i g i n a l  source o f  

these f ine-gra ined sediments i s  l i k e l y  t he  prev ious winnowing and 

eros ion  o f  f i n e  sediment by s t rong t i d a l  cur ren ts  which occur on 

Georges Bank and Nantucket Shoals, r e s u l t i n g  I n  the  southwestward 

t ranspor t  o f  suspended sediments t o  t h e  Mud Patch s i t e  (Bothner e t  a l . ,  

1981). A poss ib le  present-day source o f  f ine-gra ined m a t e r i a l  i s  t h e  

cont inued reworking o f  subsurface m a t e r i a l  on Georges Bank o r  t h e  

eros ion  o f  outcrops o f  o l d e r  sediment. Evidence f o r  p h y s i c a l  

resuspension a t  the  Mud Patch s i t e  can be seen i n  bottom photographs 

which show h igh  suspended sediment loads (5-10 mg/l) i n  t h e  o v e r l y i n g  

bottom water f o l l o w i n g  h igh  wind events (Tw iche l l  e t  a l . ,  1981). 

Extensive b i o l o g i c a l  reworking o f  Mud Patch sediments has a l s o  been 
21 Opbex seen i n  numerous and 239 '240~u  sediment p r o f  1 l e s  f rorn 

t h i s  s i t e  (Santschi,  1980; Bothner e t  a l . ,  1981; Buesseler and 

Sho lkov i tz ,  1984; Anderson e t  a l . ,  1986; and f o l l o w i n g  chapters i n  t h i s  

t h e s i s ) .  It should be noted t h a t  t h e  t o t a l  area o f  t h i s  a t y p i c a l  s h e l f  

f e a t u r e  i s  r a t h e r  smal l ,  represent ing  on l y  4% o f  the  t o t a l  s h e l f  

area between Cape Hat teras and Nova Sco t i a  (Buesseler e t  a l . ,  1985). 

The s lope sediments i n  t h i s  reg ion  con ta in  somewhat h igher  o rgan ic  

carbon contents and h igher  s i l t  and c l a y  contents than sandy s h e l f  

s i t e s  (20.5% organic carbon, 20-30% s i l t  and c lays  (Hathaway, 1971; 

S te inberg  and Kaplan, 1985)).  It i s  p r e c i s e l y  t h e  presence o f  these 

f i n e  gra ined depos i ts  on the  upper s lope t h a t  have l e d  t o  t h e  

hypothesis  o f  t he  ex is tence o f  c ross-she l f  t r a n s p o r t  and p r e f e r e n t i a l  

accumulat ion o f  p a r t i c l e  r e a c t i v e  t r a c e r s  and organic carbon on the  



upper slope. 

The s lope sediments conta in  5-20s carbonate, c o n s i s t i n g  main ly  o f  

p lank ton ic  f o ramin i fe ra  tes ts ,  and genera l l y  i nc reas ing  w i t h  depth 

(Tucholke, 1984). This i s  I n  con t ras t  t o  <5% carbonate l e v e l s  on most 

o f  t he  s h e l f .  The c lays  which a re  present on the  slope i n  t h i s  study 

reg ion  are  predominant ly i l l i t e  and c h l o r i t e ,  t h e  so-cal led "nor thern  

c l a y  assemblage1' (Hathaway, 1972). The slope south o f  Cape Hat teras i s  

t h e  s i t e  o f  t h e  "southern c lay  assemblage1', c o n s i s t i n g  predominant ly o f  

mon tmor l l l on i t e  and k a o l i n i t e .  The cause o f  t h i s  d i f f e r e n c e  i n  c l a y  

minerology i s  due t o  d i f f e rences  i n  t h e  drainage basins o f  t he  no r the rn  

and southern r i v e r s .  

Less i s  known about con t i nen ta l  r i s e  sediments than e i t h e r  s lope 

o r  she l f  s i t e s .  Biogenic debr is  appears t o  c o n t r i b u t e  t o  t h e  n e t  

accumulation o f  sediment i n  t h i s  region.  Carbonate f rom s e t t l i n g  

pe lag i c  p lank ton i c  f o ramin i fe ra  makes up about 25% o r  more o f  t h e  

weight o f  t h e  r i s e  sediments. Biogenic s i l i c a  i s  a l s o  s i g n i f i c a n t  o u t  

t o  2250 m (10-1 5% amourphous Si02) (Walsh e t  a1 . , 1985). 

The f ine-gra ined s lope sediments, combined w i t h  the  r e l a t i v e l y  

steep slope topography, a re  conducive t o  down s lope g r a v i t a t i o n a l  

sediment movement. Evidence e x i s t s  i n  t he  geo log i ca l  record  f o r  

slumps, s l i d e s ,  debr is  f lows,  and t u r b i d i t y  f lows over much o f  t h e  

con t i nen ta l  s lope and r i s e  (Embley, 1980; Knebel, 1984). These mass 

f lows represent  a continuous spectrum o f  g r a v i t y - d r i v e n  t r a n s p o r t  

mechanisms on both t h e  l a r g e  ( t r a v e l  d is tances on t h e  order  o f  100's  t o  

10001s o f  k i lometers )  and small scale. Seismic data and core  samples 

prov ide  the  bu l k  o f  t he  evidence f o r  such mass wast ing processes. 

The two t race rs  which I use i n  t h i s  t h e s i s  t o  examine sediment 

mix ing  and accumulation a r e  239 ,240~u  and 210~bex.  Both o f  these 

rad ionuc l ides  record sedimentary processes which have occurred d u r i n g  

t h e  pas t  few decades, and cannot be expected t o  record  evidence f o r  

l a r g e  sca le  mass wast ing events which occur very i n f r e q u e n t l y .  I n  o n l y  

5 out  o f  t he  25 cores which have been analyzed f o r  2 3 9 s 2 4 0 ~ u  and/or 
21 Opbex du r ing  t h e  SEEP program i s  t h e r e  any obvious evidence f o r  

non-steady s t a t e  phys i ca l  o r  b i o l o g i c a l ,  m ix ing  o r  accumulat ion events 



(Anderson e t  a l . ,  1986). While sediment slumping and s l i d e s  a re  o f t e n  

suspected t o  be important  i n  t h i s  region,  these r a d i o i s o t o p i c  t r a c e r s  

support genera l l y  steady-state mix ing  and accumulation mechanisms 

du r ing  the  recent  decades. 

Previous studies o f  benth ic  fauna along t h e  New England slope can 

be used t o  est imate the  species abundance a long the  SEEP-I t ransec t  

(Rowe e t  a l . ,  1974; Grassle, 1977; Wiebe, 1984; Grassle, 1986). The 

number o f  benth ic  macrofauna c o l l e c t e d  i n  box core samples a long t h e  

slope i s  on the  order o f  4000 i n d i v i d u a l s  m 2  (us ing  a  0.5 m mesh 

s i ze )  and does no t  change sys temat i ca l l y  w i t h i n  the  1000-3000 m depth 

range (Rowe e t  a l . ,  1982; Grassle, 1986). A t  depths g rea te r  than 

3000-4000 m, the  abundance o f  benth ic  organisms decreases (Rowe e t  a l . ,  

1982); however, the  amount o f  data from con t i nen ta l  r i s e  cores f rom 

t h i s  reg ion  i s  q u i t e  l i m i t e d .  The most numerous benth ic  macrofauna 

a long the  slope a re  the  polychaetes, w i t h  Aurospi ro d ibranchata being 

the  dominant species i n  t he  1700-3600 m depth range (Grassle, 1977). 

Many o f  t h e  polychaetes and deep-sea fauna, i n  general,  feed a t  t h e  

sediment-water i n t e r f a c e ,  removing p a r t i c l e s  f rom the  sur face and 

depos i t i ng  them a t  depth i n  t he  sediment. I n  a d d i t i o n  t o  t h e  v e r t i c a l  

t r anspor t  o f  sediment by burrowing organisms, considerable l a t e r a l  

mix ing  o f  sediments may occur due t o  the  h o r i z o n t a l  burrowing 

a c t i v i t i e s  o f  hard urch ins  (a long a  subsurface p lane a t  depth o f  

10-15 cm) (Grassle, 1986). 239,240pu and 210pbex p r o f i l e s  f rom 

t h i s  reg ion  w i l l  be used t o  q u a n t i f y  benth ic  mix ing  ra tes  and t o  

examine t h e  v a r i a b i l i t y  i n  these ra tes  w i t h i n  i n d i v i d u a l  cores, between 

cores a t  t h e  same depth, and between cores a long the  e n t i r e  t ransec t  

(80-5000 m). 

I V .  SOURCES OF PLUTONIUM 

Plutonium was f i r s t  produced and hence discovered I n  1940 by 

Seaborg e t  a1 . (1946). To date 15 isotopes o f  Pu, rang ing  f rom 2 3 2 ~ ~  - - - 

t o  2 4 6 ~ u ,  have been produced and s tud ied  (Taube, 1964; ~ i l y o k u v a  e t  

a l . ,  1969). O f  these isotopes,  o n l y  s i x  have decay h a l f - l i v e s  o f  



grea te r  than one year (see F ig .  1.3). w i t h  t h e  238,239,240 and 241-Pu 

isotopes being t h e  most abundant. The tremendous energy re leased 

du r i ng  t h e  f i s s i o n  o f  2 3 9 ~ u  and hence i t s  m i  l i t a r y  weapons 

a p p l i c a t i o n s ,  r e s u l t e d  i n  t he  immediate l a rge  sca le  p roduc t ion  o f  t h i s  

a r t i f i c i a l  rad io iso tope.  The produc t ion  o f  2 3 9 ~ u  i s  commonly 

performed by t h e  i r r a d i a t i o n  and subsequent cap ture  o f  s low neutrons by 

2 3 8 ~  i n  a  nuc lear  reac to r  o r  cyc lo t ron .  The r e l e v a n t  r e a c t i o n  i s  as 

f o l l ows :  

Heavier i so topes  o f  Pu can be produced by subsequent neut ron  capture 

steps f rom 2 3 9 ~ u ,  e i t h e r  i n  a  nuc lear  reac to r  s e t t i n g ,  o r  d u r i n g  t h e  

l a r g e  neutron f l u x  which i s  produced du r i ng  t h e  exp los ion  o f  an atomic 

o r  thermonuclear bomb. The r e l a t i v e  abundances o f  t h e  Pu iso topes  i n  a 

reac to r  f u e l  o r  i n  nuclear  weapons f a l l o u t  w i l l  depend upon t h e  na tu re  

and i n t e n s i t y  o f  t h e  neutron f l u x  and t h e  t ime span over which t h i s  

f l u x  and subsequent r a d i o a c t i v e  decay occurs. Al though t h e  r e s u l t i n g  

i s o t o p i c  r a t i o  o f  Pu i n  f a l l o u t  and i r r a d i a t e d  r e a c t o r  f u e l  i s  

va r i ab le ,  these sources can gene ra l l y  be charac ter ized  by t h e i r  

i s o t o p i c  s ignatures .  Typ ica l  Pu i s o t o p i c  r a t i o s  i n  f a l l o u t  and 

i r r a d i a t e d  r e a c t o r  f u e l  a re  g iven i n  Table 1  .l. 

The i n p u t  o f  f a l l o u t  Pu f rom atmospheric nuc lear  weapons t e s t i n g  

programs i s  t h e  l a r g e s t  source o f  Pu t o  t h e  environment, i n c l u d i n g  t h e  

oceans. (Har ley,  1980; Perkins and Thomas, 1980). I n  t o t a l ,  rough ly  

400 kCi o f  2 3 9 ~ u  and 2 4 0 ~ ~  have been deposi ted i n  t h e  environment 

f rom these atmospheric weapons t e s t s ,  w i t h  ~ 3 3 0  kCi be ing  deposi ted 

as s t ra tosphe r i c ,  o r  so-cal led g loba l  f a l l o u t  (Har ley,  1980). A 

d iscuss ion  o f  t h e  h i s t o r i c a l  i n p u t  of f a l l o u t  Pu w i l l  be presented i n  

order  t o  a s s i s t  i n  i n t e r p r e t i n g  some o f  t h e  Pu i s o t o p i c  and a c t i v i t y  

pa t te rns  observed i n  present  day marine samples. 

The f i r s t  s i g n i f i c a n t  environmental  r e lease  o f  Pu occurred w i t h  

t h e  NTr in l ty l l  nuc lear  t e s t  shot on 16  J u l y  1945 i n  Alamogordo, New 

Mexico, U.S.A.. The complete h i s t o r i c a l  i n p u t  p a t t e r n  o f  f a l l o u t  Pu 

has been obta ined i n  severa l  ways: 1) through re fe rence  t o  announced 



Fig .  1.3: Plutonlum Isotopes and nuclear  decay products ( f r o m  Taube, 
1964) . 
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TABLE 1 .l. R e l a t l v e  ~bundances")  o f  P lutonlum Isotooes I n  Global 
F a l l o u t  vs. Power Reactors 

Mass Global F a l l o u t  Nuclear ~ e a c t o r ( ~ )  

2 3 8 ~ u  3.5 x 10-5 6.42 
2 3 9 ~ ~  1 1 
2 4 0 ~ u  0.18 0.45 
241 Pu 0.0035 0.168 
2 4 2 ~ u  0.004 0.067 

( 1 )  Data a re  normal lzed t o  2 3 9 ~ ~  and a re  repo r ted  on a mass basis ,  
decay co r rec ted  t o  1986 ( f r o m  1963) f o r  f a l l o u t  2 3 8 ~ u  and 2 4 1 ~ u .  

(2 )  Assumlng 30,000 Mwd/ton exposure 
Ref.: Perklns and Thomas (1980). 



atmospheric nuc lear  weapons t e s t i n g  y i e l d s  (see F ig .  1.4 and 

Table 1.2), 2) through the  de termina t ion  o f  f a l l o u t  a c t i v i t y  pa t te rns  

i n  wet and d r y  depos i t i on  (E.M.L., 1980). o r  3)  through t h e  examinat ion 

o f  f a l l o u t  records i n  dated i c e  cores (Koide e t  a l . ,  1979, 1985). 

sediment cores (Koide e t  a l . ,  1975, 1980, 1982; Krey, 1983; B r e t e l e r  e t  

a l . ,  1984), o r  co ra l s  (Freeman e t  a l . ,  1985). The ( a  f i s s i o n  

product  i n  nuc lear  f a l l o u t )  depos i t i ona l  p a t t e r n  a t  New York C i t y  has 

been r e l i a b l y  monitored s ince  1954 and i s  shown i n  F igu re  1.5. Since 

t h e  9 0 ~ r / 2 3 9 s 2 4 0 ~ u  a c t i v i t y  i s  e s s e n t i a l l y  constant  i n  f a 1  l o u t  

deb r i s  (=56 i n  1980), t h i s  ' O S ~  record can be regarded as 

represent ing  t h e  h i s t o r i c a l  i n p u t  p a t t e r n  o f  f a l l o u t  Pu a t  t h i s  s i t e .  

The main fea tures  o f  t h i s  record i n c l u d e  cons iderab le  f a l l o u t  i n  t h e  

mid- to - la te  1950's and a  d rop-o f f  i n  f a l l o u t  d e p o s i t i o n  i n  1960 and 

e a r l y  1961 ( d u r i n g  the  U.S.A./U.S.S.R. t e s t i n g  morator ium). Th is  i s  

fo l lowed by t h e  l a r g e s t  i n p u t  o f  f a l l o u t  i n  t h e  e a r l y  60 's  and a  sharp 

reduc t i on  i n  f a l l o u t  i n  t h e  l a t e r  1960's  w i t h  some minor f l u x e s  i n  t h e  

l a t e  60 's  through the  1970's.  This  p a t t e r n  i s  c o n s i s t e n t  w i t h  t h e  

announced t e s t i n g  records (see Table 1.2 f o r  d e t a i l s ) .  

The f i r s t  thermonuclear (H-bomb) t e s t  (U.S. "Mike" t e s t - 1  4Mt) i n  

1952 i n j e c t e d  cons iderab le  f a l l o u t  i n t o  t he  s t ra tosphere  f o r  t h e  f i r s t  

t ime.  F a l l o u t  cons i s t s  o f  a  range o f  r a d i o a c t i v e  d e b r i s  types,  each 

w i t h  va ry ing  physica l /chemical  p r o p e r t i e s  depending upon t h e  na ture  o f  

t h e  nuc lear  t e s t ,  and v a r i a b i l i t y  i n  f a l l o u t  p a r t i c l e  f o rma t i on  w i t h i n  

a  s i n g l e  t e s t i n g  event.  The terms s t r a t o s p h e r i c  o r  g l o b a l  f a l l o u t  vs. 

t ropospher ic  o r  c l ose - i n  f a l l o u t  r e f e r  on l y  t o  whether o r  n o t  f a l l o u t  

f rom a p a r t i c u l a r  t e s t  gained s u f f i c i e n t  he igh t  t o  reach s t r a t o s p h e r i c  

a l t i t u d e s .  Both l a r g e  y i e l d  sur face  t e s t s  and l a r g e  and smal l  y i e l d  

h igh  a l t i t u d e  t e s t s  w i l l  i n j e c t  f a l l o u t  deb r i s  i n t o  t h e  s t ra tosphere .  

I n  surface-based t e s t s  o f  any y i e l d ,  cons iderab le  su r face  m a t e r i a l  w i l l  

become incorpora ted  i n t o  t h e  nuc lear  f i r e b a l l .  As t h i s  p a r t i a l l y  o r  

complete ly  mel ted mat te r  condenses, r a d i o a c t i v e  f i s s i o n  products and 

un f i ss ioned  elements w i l l  become inco rpo ra ted  i n t o  t h i s  d.ebris (Adams, 

1960). Depending upon t h e  na tu re  o f  t h e  sur face  m a t e r i a l  (1.e. e i t h e r  

sand, s o i l ,  o r  c o r a l  ma t te r ) ,  t h e  r e s u l t i n g  c l o s e - i n  f a l l o u t  p a r t i c l e s  



' 1 .  1.4: Reported Atrnospherlc Weapons Tes t ing  y i e l d s  vs. year and by 
type.  Surface bu rs t s  i nc lude  a l l  surface, tower,  barge, and 
low a l t i t u d e  (GO0 f t . )  ba l l oon  shots. Air b u r s t s  i n c l u d e  
a l l  o ther  t e s t s .  
Ref.: DOE (1982); Zander and Araskog (1973); Perk ins and 
Thomas (1980). 

Atmospher lc  Weapons T e s t l n g -  Y l e l d  vs. Yeor 

0 

Year 

F ig .  1.5: Q u a r t e r l y  depos i t i on  o f  9 0 ~ r  measured a t  New York C i t y  
between 1954 and 1980. F lgu re  redrawn from Environmental  
Measurement Laboratory (1980).  



Table 1.2. Announced Atmospheric Nuclear Test Y ie lds  ( k ~ ~ ( ' )  

-U.S.S.R.- 
Surface A i r  

-U.K., France, China- 
Surface A i r  

(1 )  Y ie lds  a re  l i s t e d  i n  k i l o t o n s  (kT) o r  t he  energy o f  a  nuc lear  ex- 
p l o s i o n  t h a t  i s  equ iva len t  t o  an explos ion o f  1,000 tons o f  TNT. 
These y i e l d s  l i k e l y  represent  minimum values, s ince  many t e s t  
y i e l d s  have never been repor ted  o r  confirmed. 

( 2 )  Surface i n d i c a t e s  those t e s t s  which a re  l i k e l y  t o  produce consider-  
ab le  "close-in1'  o r  in te rmed ia te  f a l l o u t  due t o  t h e  de tonat ion  o f  a 
nuclear  bomb a t  o r  near t he  e a r t h ' s  surface. This  inc ludes  a l l  
tower, barge, sur face and low ba l l oon  shots ( i e .  those detonated 
a t  <500 f t .  he igh t ) .  

(3 )  A i r  i n d i c a t e s  shots l ess  l i k e l y  t o  produce " ~ l o s e - i n ~ ~  f a l l o u t .  
This  inc ludes  a l l  atmospheric, rocket ,  h igh  a l t i t u d e  b a l l o o n  and 
underwater t e s t s .  

(4 )  Inc ludes f i rs t  U.S. t e s t  ( " T r i n i t y " )  and t h e  Hiroshima & Nagasaki 
bombs . 

( 5 )  Y i n d i c a t e s  e a r l y  low y i e l d  U.S.S.R. t e s t  w i t h  unrepor ted y i e l d .  
(6 )  F i r s t  U.S. thermonuclear exp los ion  (H-bomb) 
(7 )  F i r s t  U.S.S.R. thermonuclear exp los ion  ( l i k e l y  y i e l d  a t  l e a s t  

-1000 k t ) .  

Refs.: Zander and Araskog, 1973; Perk ins and Thomas, 1980; U.S. Dept. 
o f  Energy, 1982 



may have s i g n i f i c a n t l y  d i f f e r e n t  s o l u b i l i t i e s  i n  t he  sur face ocean than 

average g loba l  f a l l o u t  debr is .  This d i f f e r e n c e  i n  f a l l o u t  p a r t i c l e  

s o l u b i l i t y  and r e a c t i v i t y  w i l l  be discussed w i t h  r e l a t i o n s h i p  t o  my 

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  data i n  Chapter 6. 

The pr imary pathway f o r  t he  i n j e c t i o n  o f  s t ra tospher i c  f a l l o u t  

back i n t o  the  troposphere i s  through the  tropopause d i c o n t i n u i t y  zone, 

which occurs predominantly i n  the  sp r ing  a t  mid l a t i t u d e s  (Perk ins and 

Thomas, 1980). The residence t ime o f  s t ra tospher ic  f a l l o u t  i s  

approximately one year, w h i l e  the  residence t ime o f  t ropospher ic  d e b r i s  

i s  much shor te r  on the  order o f  days t o  weeks (Perk ins and Thomas, 

1980; Holloway and Hayes, 1982). Due t o  the  predominance o f  t e s t i n g  

s i t e s  i n  t he  Northern Hemisphere (F ig .  1.6), and due t o  t h e  

m i d - l a t i t u d i n a l  s t ra tospher i c  i n j e c t i o n  process, t he  i n v e n t o r i e s  o f  

f a1  l o u t  2 3 9 9 2 4 0 ~ u  vary w i t h  l a t l t u d e ,  as shown i n  F igure  1.7. On a  

smal ler  scale, roughly 70 kCi o f  c l ose - in  f a l l o u t  have been deposi ted 

i n  t h e  v i c i n i t y  o f  t he  t e s t i n g  s i t e s  (Harley, 1980). The l a r g e  sur face 

based t e s t s  o f  t he  U.S. a t  the  Marshal l  I s lands  i n  t he  P a c i f i c  a r e  by 

f a r  t h e  l a r g e s t  source o f  c lose- In  f a l l o u t  and add a  cons iderab le  

i nven to ry  o f  "excess1' Pu t o  the  N. P a c i f i c  bas in  (Bowen e t  a l . ,  1980). 

Other than weapons f a l l o u t ,  r e l a t i v e l y  minor releases o f  Pu t o  t h e  

environment have occurred, and these i nc lude  ( taken f rom Harley, 1980): 

1)  t he  acc identa l  burn-up o f  t h e  SNAP-9A nav iga t i ona l  s a t e l l i t e  i n  1964 

over t he  Ind ian  Ocean ( r e l e a s i n g  = I7  kCi o f  2 3 8 ~ u ) ,  2) t h e  

d i spe rsa l  o f  weapons grade Pu f rom m i l i t a r y  a i r p l a n e  mishaps i n  

Palomares, Spain i n  1966, and Thule, Greenland i n  1968, 3) s l i g h t  

leakages f rom nuclear  reac to r  operat ions,  weapons product ions  

f a c i l i t i e s ,  and nuc lear  waste d isposa l  operat ions,  and 4) t h e  d i r e c t  

re lease o f  l i q u i d  r a d i o a c t i v e  wastes i n t o  t h e  I r i s h  Sea by t h e  

S e l l a f i e l d  f u e l  reprocessing p l a n t  i n  England ( f o r m e r l y  known as 

Windscale). This  l a s t  source i s  p r e s e n t l y  t h e  wor ld ' s  l a r g e s t  source o f  

Pu t o  t h e  environment, w i t h  an est imated 14 kCi o f  2 3 9 9 2 4 0 ~ u  hav l  ng 

been released between 1957-1978 (Needler and Templeton, 1981). 



Fig .  1.6: Worldwide nuclear  t e s t i n g  s i t e s  ( f r om Zander and Araskog, 
1973) . 

Test sites 1945 - 1972 

Fig .  1.7: Concentrat ion o f  2 3 9 , 2 4 0 ~ ~  as a f u n c t i o n  o f  l a t i t u d e  i n  
i n t e g r a t e d  so l  1 sample ( f rp rn  P e r k i n s  a n d  Thomas, 1980). 



V. AQUATIC CHEMISTRY OF PLUTONIUM 

The aquat ic  chemistry o f  Pu i s  complex s ince Pu can s imu l tan ious l y  

e x i s t  i n  s o l u t i o n  i n  f ou r  ox ida t i on  s ta tes  (111, I V ,  V,  V I )  each w i t h  

w ide ly  d i f f e r i n g  chemical p rope r t i es  (Taube, 1964; Mi lyukova e t  a l . ,  

1969; Cleveland, 1970; these references w i l l  be used f o r  t he  f o l l o w i n g  

discussion, unless otherwise noted).  This  unique fea tu re  i s  due t o  

th ree  fac to rs :  1 )  the  tendency o f  Pu t o  d i sp ropo r t i ona te  (Pu(1V) + 

Pu(V) k, Pu( I I1 )  + Pu(VI)), 2) t he  s i m i l a r  values o f  t he  Pu redox 

p o t e n t i a l s ,  and 3) t he  slow r a t e  o f  reac t ions  i n v o l v i n g  t h e  fo rmat ion  
2t or  rup tu re  o f  Pu-oxygen bonds (such as e x i s t  i n  Pu02 and 

t Pu02). I n  environmental s tud ies  the  concent ra t ion  o f  Pu i n  

s o l u t l o n  i s  so small ( I n  t h e  range o f  10-l8I4/kg) t h a t  

d i sp ropo r t i ona t i on  becomes u n l i k e l y .  Therefore, i t  i s  probable t h a t  Pu 

i s  present  i n  na tu ra l  samples i n  on ly  one o r  two o x i d a t i o n  s ta tes ,  

depending upon p r e v a i l i n g  redox cond i t i ons  and k i n e t i c  cons idera t ions .  

Attempts have been made t o  d e r i v e  physical-chemical models f o r  Pu 

spec ia t i on  i n  n a t u r a l  waters (Andelman and Rozzel l ,  1970; B o n d l e t t i  and 

Sweeton, 1977; Cleveland, 1979; Aston, 1980; A l l a r d  e t  a l . ,  1980; Rai 

e t  a l . ,  1980). There a re  two major problems w i t h  these models. F i r s t ,  

t he  data used t o  de r i ve  the  models a r e  from labo ra to ry  experiments 

u t i l i z i n g  Pu a t  many orders-of-magnitude h igher  concent ra t ions  than 

those present  i n  t h e  n a t u r a l  environment. Secondly, t h e  e q u i l i b r i u m  

constants used f o r  complexation and hyd ro l ys i s  o f  Pu a r e  sub jec t  t o  

l a r g e  u n c e r t a i n t i e s  and i n  some instances a r e  n o t  known a t  a l l .  These 

fea tu res  have l e d  t o  w ide ly  d i f f e r i n g  predictions f o r  t h e  most abundant 

Pu species i n  n a t u r a l  waters (Aston, 1980; S i l v e r ,  1983). 

Recent advances i n  t he  measurement o f  Pu o x i d a t i o n  s t a t e s  i n  

n a t u r a l  samples have been made (Nelson e t  a l . ,  1984; O r l a n d i n i  e t  a l . ,  

1986). I n  general,  some m ix tu re  o f  reduced and ox id i zed  d i sso l ved  Pu 

species i s  found i n  most f reshwater  and seawater systems. The reduced 

Pu species a re  more p a r t i c l e  r e a c t i v e  than t h e  ox id i zed  Pu forms, and 

t h e r e f o r e  changes i n  Pu redox s t a t e  a r e  impor tan t  i n  cons ide ra t i ons  o f  

Pu s o l u b i l i t y  and scavenging. I n  s tud ies  f rom the  I r i s h  Sea (Nelson and 



Lovet t ,  1978), t h e  Mediterranean (Fukai e t  a l . ,  1981), t h e  N.W. 

A t l a n t i c  (L i v ings ton  e t  a l . ,  1984), t he  B i k i n i  and Enewetok lagoons i n  

t he  P a c i f i c  (Noshkin and Wong, 1979), and i n  the  N. P a c i f i c  Ocean 

(Nelson e t  a l . ,  1984), anywhere from 50-90% o f  t he  239 '240~u  i s  found 

i n  t h e  ox id ized V o r  V I  forms. The on ly  data t o  show any systematic 

v a r i a b i l i t y  i n  Pu ox ida t i on  s t a t e  a re  t h a t  o f  Nelson e t  a l .  (1984) i n  

the  P a c i f i c ,  where the  near bottom 239 '240~u  samples a r e  

s u b s t a n t i a l l y  more ox id ized (90%) than 2 3 9 9 2 4 0 ~ ~  throughout t h e  

remainder of the  water column (50 2 15%). Laboratory s tud ies  suggest 

t h a t  reac t ions  a t  t h e  minera l  sur face a re  e f f e c t i v e l y  reducing t h e  

ox id ized forms o f  Pu t o  the  reduced forms (Sanchez, 1985; 

Keeney-Kennicutt and Morse, 1985). 

I t  can be concluded t h a t  t he  o x i d a t i o n  s t a t e  determinat ions which 

have been made on n a t u r a l  samples support t h e  basic  chemical models 

suggest ing t h a t  reduced Pu i s  s t rong ly  associated w i t h  p a r t i c l e s  and 

t h a t  ox id ized Pu i s  dominant i n  t he  d isso lved phase i n  t h e  oceans. 

However, storage e f f e c t s ,  ox ida t i on  s t a t e  t r a c e r  e q u i l i b r a t i o n ,  and t h e  

k i n e t i c s  o f  species r e - e q u i l i b r a t i o n  du r ing  a  s e l e c t i v e  e x t r a c t i o n  

procedure may add some unce r ta in t y  t o  any o f  these o x i d a t i o n  s t a t e  

separat ion techniques. Also, t h e  ac tua l  ox ida t ion-s ta te-determin ing  

mechanisms i n  t h e  environment, e i t h e r  k i n e t i c  o r  e q u i l i b r i u m  based, a r e  

no t  y e t  w e l l  understood. 

The t o t a l  p a r t i c l e  r e a c t i v i t y  o f  Pu has been descr ibed by t h e  

d i s t r i b u t i o n  c o e f f i c i e n t ,  Kd, which i s  de f ined as t h e  a c t i v i t y  o f  

2 3 9 s 2 4 0 ~ u  on the  s o l i d s  (dpm/kg) /ac t iv i ty  o f  239,240~u i n  s o l u t i o n  
4  6 

(dpm/kg). Plutonium Kdls range from 10 -10 i n  a  wide v a r i e t y  o f  

seawater and f reshwater  s e t t i n g s  (Edgington, 1981). I n  general ,  h igher  

d i s t r i b u t i o n  c o e f f i c i e n t s  a re  found, i f  on l y  t he  reduced Pu species a re  

considered (Nelson and Lovet t ,  1978, Sanchez, 1985). I n t e r p r e t a t i o n s  

o f  f i e l d  and l abo ra to ry  Kd data may be complicated by d i f f e r e n c e s  i n  

mineralogy and sediment type, competing n a t u r a l  l i gands  i n  s o l u t i o n ,  

d i f f e rences  i n  suspended sediment concent ra t ion ,  t h e  t ime  needed f o r  

e q u i l i b r a t i o n  between the  s o l i d s  and s o l u t i o n ,  and t h e  r e v e r s i b i l i t y  o f  

adsorp t ion  which i s  assumed i n  the  Kd de terminat ion  (Sho lkov l t z ,  



1983). 

The concent ra t ion  o f  d isso lved  2 3 9 9 2 4 0 ~ u  has been shown t o  be 

a f f e c t e d  by i t s  complexation w i t h  inorgan ic  and organic  l i gands .  

Elevated d isso lved  239 '240~u  concentrat ions i n  Mono Lake (Slmpson e t  

a l . ,  1980, Anderson e t  a l . ,  1982) and Soap Lake (Sanchez e t  a l . ,  1985) 

have been expla ined as being due t o  carbonate complexat ion i n  these 

h i g h l y  a l k a l i n e  lakes. This  has been supported by l a b o r a t o r y  

adsorp t ion  s tud ies  and mode l l ing  (Sanchez, 1983) which show t h a t  

carbonate can s i g n i f i c a n t l y  i n h i b i t  Pu(1V) adsorp t ion  a t  a l k a l i n l t y  

l e v e l s  comparable t o  those measured a t  Soap Lake. Dissolved organic  

carbon (D.O.C.) has a l s o  been shown t o  have a  c o n t r o l l i n g  i n f l u e n c e  on 

2 3 9 * 2 4 0 ~ u  a c t i v i t y  i n  s o l u t i o n  i n  f reshwaters (Nelson e t  a l . ,  1985). 

These researchers found t h a t  t h e  Kd o f  Pu was i n v e r s e l y  r e l a t e d  t o  

t h e  ambient D.O.C. concent ra t ion  i n  a  wide v a r i e t y  o f  f reshwaters.  



CHAPTER 2 

The Non-destruct ive Analys is  o f  21 OPb. 2 3 4 ~ h  and 2 2 6 ~ a  

by Gamma-ray Spectrometry 

I. INTRODUCTION 

The n a t u r a l l y  occur ing rad ionuc l ides  21 Opbexcess and 2 3 4 ~ h  

a re  commonly used t o  study mix ing  processes i n  marine sediments 

(Gulnasso and Schlnk, 1975; Peng e t  a l . ,  1979; Bennlnger and 

Krishnaswami, 1981; DeMaster and Cochran, 1982; and references 

t h e r e l n ) .  I n  t h i s  t h e s i s  sediment m ix ing  ra tes  were des i red  (see 

Chapters 4 and 7) as w e l l  as sediment 21 Opbex i n v e n t o r i e s  (Chapter 

5 ) .  Therefore, a non-destruct ive gamma-ray technique f o r  t h e  ana l ys i s  

o f  2 1 0 ~ b e x  and 2 3 4 ~ h  was developed. technique i s  a m o d i f i c a t i o n  

o f  those descr ibed by Yokoyama & Nguyen (1980) and Cu tsha l l  e t  a l .  

(1983). Some of t h e  fea tures  o f  t h i s  method Inc lude:  1 )  21 0 pbex 

and 2 3 4 ~ h  are  measured non-des t ruc t i ve ly ,  so t h a t  subsequent analyses 

( i n  t h l s  case, 2 3 9 s 2 4 0 ~ u  and 1 3 7 ~ s )  can be run  on t h e  exact  same 

sediment m a t e r l a l ,  and 2) t h i s  technique i s  much s imp ler  than  

t r a d i t i o n a l  21 Opbex and 2 3 4 ~ h  a1 pha-count ing procedures, whl l e  

p r o v l d l n g  r e s u l t s  w i t h  comparable accuracy. 

11. DETECTION TECHNIQUES 

The ana l ys i s  o f  2 1 0 ~ b  t r a d i t i o n a l l y  l nvo l ves  sedlment l each ing  

o r  dissolution by s t rong ac ids  fo l l owed  by chemical clean-up 

procedures, sample p l a t i n g ,  and the  de termina t ion  o f  t h e  * lOPb 

daughter (21 'Po) by a lpha-count lng (Thomson and Tureklan, 1976; 

L a l l y ,  1982). I n  add l t i on ,  
21 Opbex i s  c a l c u l a t e d  f rom t h e  

d i f f e r e n c e  between t h e  t o t a l  2 1 0 ~ b  value and t h e  2 1 0 ~ b  which i s  

supported by 2 2 6 ~ a  i n  t h e  core. 2 2 6 ~ a  de termina t ions  a r e  t h e r e f o r e  

needed and are  obta ined e i t h e r  by assuming t h a t  t h e  deep supported 

2 1 0 ~ b  values a r e  equ i va len t  t o  2 2 6 ~ a  throughout  t h e  core  o r  by t h e  

2 2 2 ~ a  emlnat lon technique (Mathleu, 1977). The t r a d l  t i o n a l  2 3 4 ~ h  



determinat ion  i s  s l m i l i a r  t o  2 1 0 ~ b  i n  t h a t  i t  invo lves  sediment 

leaching o r  d i s s o l u t i o n  fo l lowed by chemical clean-up procedures, 

p l a t i n g  and beta-count ing f o r  2 3 4 ~ h  (La1 1  y, 1982). 

The standard 210~bex  and 2 3 4 ~ h  a n a l y t i c a l  techniques a r e  a l l  

based upon t h e  de tec t i on  o f  a  rad ionuc l ide  o r  i t s  daughter by t h e i r  

most common decay mode, 1. e. alpha decay f o r  'l0pb and beta  decay f o r  

2 3 4 ~ h .  Of ten w i t h  the  alpha-decay process, a  c e r t a i n  percent  o f  t h e  

daughter nuc l ides  a re  l e f t  i n  an exc i ted  energy s t a t e  which then 

re lease t h e i r  energy v i a  gamma r a d i a t i o n  o f  a  known energy. These 

gamma-ray emmisions a re  used here t o  measure t h e  parent  a c t i v i t y .  

Since the  gamma emmlslons o f  2 1 0 ~ b  and 2 3 4 ~ h  occur a t  a  known 

energy and can be measured w i t h  h igh  reso lu t i on ,  no chemical separa t ion  

techniques need t o  be employed i n  t h e  sample prepara t ion  steps.  Also, 

s ince  gamma-rays can t r a v e l  r e l a t i v e l y  long d is tances through the  

sample (depending upon t h e i r  energy), t he  samples need n o t  be 

in t roduced as a  t h i n l y  deposited source f o r  de tec t i on .  A recen t  

breakthrough i n  gamma detec tor  design ( i . e . ,  t h e  i n t r i n s i c  germanium 

de tec to r )  has al lowed f o r  t he  d e t e c t i o n  o f  low energy gamma rays 

( ~ 1 0 0  keV) i n  a  reg ion  which inc ludes  the  pr imary 2 1 0 ~ b  (46.5 keV) 

and 2 3 4 ~ h  (63.3 keV) gamma peaks. 

The s o l i d  s t a t e  de tec tors  i n  use a re  a l l  based upon t h e  

i n t e r a c t i o n  o f  incoming gamma r a d i a t i o n  w i t h  a  semi-conductor m a t e r i a l  

c o n s i s t i n g  o f  e i t h e r  a  germanium c r y s t a l  which has been l i t h i u m  

I 1 d r i f t e d "  (Ge(L1) 's) o r  a  pure germanium c r y s t a l  alone ( t h e  i n t r i n s i c  

germanium, o r  p lanar  de tec to r ) .  When a  p o t e n t i a l  i s  a p p l i e d  t o  t h e  

Ge(Li)  o r  p lanar  de tec to r  c r y s t a l ,  incoming gamma-rays a r e  detected i n  

t h e  so-cal led i n t r i n s i c  volume o f  t h e  c r y s t a l .  This  i n t r i n s i c  volume 

i s  separated from the  sample by a  de tec to r  window, and i n  t h e  case o f  

t h e  Ge(L i ) ' s ,  by a  r e l a t i v e l y  t h i c k  c r y s t a l  l a y e r  which i s  I n s e n s i t i v e  

t o  the  incoming gamma r a d i a t i o n .  Low energy gamma rays a r e  unable t o  

penet ra te  through t h i s  I n s e n s i t i v e  c r y s t a l  volume and a r e  n o t  de tec ted  

w i t h  the  Ge(Li) design. One purpose o f  t h e  l i t h i u m  d r i f t i n g  i n  t h e  

Ge(Li)  c r y s t a l  i s  t o  n e u t r a l i z e  any o r i g i n a l  acceptor i m p u r i t i e s  i n  t h e  

germanium c r y s t a l .  The development o f  techniques f o r  manufactur ing 



pure Ge c r y s t a l s  removes these i m p u r i t i e s  and a l lows f o r  t he  de tec t i on  

o f  t h e  lower energy gamma rays due t o  the  e l i m i n a t i o n  o f  t h e  

i n s e n s i t i v e  volume associated w i t h  the  Ge(L1) design. 

A comparison o f  t he  W.H.O. I .  Ge(Li) and p lanar  de tec to r  

e f f i c i e n c i e s  vs. gamma energy can be seen i n  F igure  2.1. The W.H.O.I. 

p lanar  de tec to r  i s  r e l a t i v e l y  t h i n  ( 7  mm), and, there fore ,  t h e  de tec to r  

q u i c k l y  becomes less  e f f i c i e n t  a t  energies greater  than 100 keV, as t h e  

h igher  energy gamma rays simply pass through t h e  c r y s t a l  w i t h o u t  

i n t e r a c t i o n .  The sharp drop-of f  i n  t he  de tec tor  e f f i c i e n c y  o f  t he  

W . H . O . I .  p lanar  de tec tor  a t  h igher  energies requ i res  t h a t  bo th  t h e  

p lanar  and Ge(L1) de tec tors  are used i n  order t o  cover t h e  des i red  

energy range: ( 2 1 0 ~ b  and 2 3 4 ~ h  are  measured on the  p lanar  de tec tor  

a t  46.5 keV and 63.3 keV respec t i ve l y ,  w h i l e  2 1 4 ~ b  and 214~i a r e  

measured on t h e  Ge(L1)'s a t  352 keV and 609 keV respec t i ve l y ) .  Pure 

germanium c r y s t a l s ,  now a v a i l a b l e  i n  increased thicknesses, can improve 

t h e  p lanar  de tec to r  e f f i c i e n c y  a t  h igher  energies. Also, "we l l - type"  

c r y s t a l  designs a re  now a v a i l a b l e  i n  pure germanium which prov ide  c l o s e  

t o  4e count ing  geometry and, there fore ,  very h igh  count ing  

e f f i c i e n c i e s .  These l a r g e r  and more e labora te  c r y s t a l  designs become 

s u b s t a n t i a l l y  more expensive as t h e i r  s i z e  increases, and have h igher  

background count ra tes  as w e l l .  A comparison between a  gamma-spectrum 

f rom t h e  p lanar  de tec to r  and the  Ge(Li) de tec to r  a t  W.H.O.I. i s  

prov ided i n  Figures 2.2a and 2.2b. 

Ge(Li)  de tec tors  must always be he ld  a t  l i q u i d  N p  temperatures 

i n  order  t o  main ta in  a  constant  p a t t e r n  o f  L i  d r i f t i n g  i n  t h e  c r y s t a l .  

I n  cont ras t ,  t h e  p lanar  de tec tor  does no t  need t o  be mainta ined a t  

these low temperatures t o  insure  the  c r y s t a l  i n t e g r i t y ,  b u t  they  a r e  

s t i l l  kept  a t  l i q u i d  N2 temperatures du r ing  sample d e t e c t i o n  per iods  

i n  order  t o  improve de tec to r  r e s o l u t i o n  i n  general .  

Both the  Ge(Li) de tec tors  and p lanar  de tec to rs  b e n e f l t  

considerably f rom ex tens ive  lead s h i e l d i n g  t o  reduce t h e  amount o f  

tncoming background r a d i a t i o n  t o  the  de tec to r .  A t  W.H.O.I., rough ly  

4 inches o f  pre-bomb lead i s  used as s h i e l d i n g  a long w i t h  a  i nne r  Cu 

l i n e r  which sh ie lds  ou t  low energy r a d i a t i o n  which i s  c o n s t a n t l y  be ing  
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Fig. 2.1: Efficiency vs. Energy plot for a 50gm standard 
sediment sample in a 402. counting jar. 
-note log-log scale 



F i g .  2 .2a  and 2.2b: Gamna spectrum o f  standard sediment sample on the  
p l a n a r  d e t e c t o r  ( 2 . 2 a )  and Ge(L1) d e t e c t o r  ( 2 . 2 b ) .  
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e m i t t e d  from the  lead i t s e l f .  There a re  no s i g n i f i c a n t  background 

peaks i n  t he  regions o f  the  spectrum o f  i n t e r e s t  t o  us, and, there fore ,  

t h e  peak count r a t e  i s  simply the  ne t  count r a t e  determined above t h e  

background count r a t e  on e i t h e r  s ide  o f  t h e  peak channels. 

111. SAMPLE ANALYSES 

I n  order t o  determine 21 Opbex o r  2 3 4 ~ h  on a g iven sediment 

sample, t he  samples a re  d r i e d  and ground and placed over t h e  

gamma-detector i n  an appropr ia te  sample conta iner .  The sediment 

a c t i v i t y  o f  a g iven iso tope i s  ca l cu la ted  f rom the  general equat ion: 

dpm/g = (cpm x e f f  x abs)/g d r y  weight  

where cpm, o r  counts per  minute, i s  t he  n e t  sample count r a t e  above 

background detected by the  gamma-detector f o r  a g iven sample a c t i v i t y ,  

geometry, etc . ,  a t  a s p e c i f i c  energy peak. E f f  i s  t h e  t o t a l  de tec to r  

c o l l e c t i o n  e f f i c i e n c y  a t  t h a t  energy determined by standards f o r  a 

g iven detec tor  set-up and sample con f i gu ra t i on .  Abs i s  t h e  

se l f -absorp t ion  f a c t o r  f o r  t he  energy o f  i n t e r e s t ,  which compensates 

f o r  t h e  r e l a t i v e  d i f f e r e n c e  i n  t he  absorp t ion  o f  low energy gamma-rays 

by the  sample medium i t s e l f .  Each o f  these components w i l l  be 

discussed i n  more d e t a i l  below. 

A. Cpm (Counts Per Minute) 

Cpm o r  the  measured count r a t e  i s  a f u n c t i o n  o f  t h e  p a r t i c u l a r  

de tec to r  design, t he  energy o f  i n t e r e s t ,  sample a c t i v i t y ,  background 

a c t i v i t y ,  and the  sample geometry. A computer program c a l l e d  CPH.BAS 

was developed t o  a s s i s t  i n  c a l c u l a t i n g  t h e  n e t  count r a t e  and t h e  

associated count ing  e r r o r  f o r  a g iven gamma peak (see Appendix I). In 
b r i e f ,  t h e  average count r a t e  i s  determined on e i t h e r  s i d e  o f  t h e  peak 

region.  These two count ra tes  a r e  then averaged t o  determine t h e  

base l ine  o r  background count r a t e  over t h e  peak reg ion  i t s e l f .  Th i s  

background count r a t e  i s  subt rac ted  f rom t h e  peak reg ion  count r a t e  t o  

determine the  n e t  cpm over t h e  peak reg ion  energies. The.one standard 

d e v i a t i o n  count ing  e r r o r  on any such c a l c u l a t i o n  i s  p r o p o r t i o n a l  t o  t h e  

square r o o t  o f  t h e  number o f  counts detected. This  e r r o r  i s  determined 



f o r  both t h e  base l ine  c a l c u l a t i o n  and the peak reg ion  count ra te ,  and 

the  t o t a l  e r r o r  on the  ne t  cpm i s  ca l cu la ted  by t a k i n g  the  square r o o t  

o f  t h e  sum o f  t h e  squares o f  the  base l ine  and peak reg ion  e r ro rs .  

With a  g i ven  detec tor  set-up i t  i s  t he  sample geometry ( i . e .  t h e  

sample s i z e  and form) which can most e a s i l y  be a l t e r e d  t o  a f f e c t  t h e  

ne t  cpm t h a t  one measures. With most low energy gamma d e t e c t i o n  

procedures, t h e  sample i s  he ld  i n  a  t h i n  wal led conta iner  which i s  

placed d i r e c t l y  over t he  de tec tor  window. Wi th ln  l i m i t s  a  l a r g e r  

sample s i z e  w i l l  produce a  h igher  count ra te .  With t h e  low energy 

gamna rays, however, an increase i n  t h e  sample d is tance away f rom t h e  

de tec to r  window r e s u l t s  i n  an increase i n  t he  number o f  gamma events 

which a re  at tenuated by s e l f  absorp t ion  be fore  being detected. 

The f i r s t  conta iners which were used i n  t h i s  study (on 83-Gyre-9 

cores AK, BK, & CK) were 4 oz. p l a s t i c  screw t o p  j a r s  (-5 cm d i a . ) .  

50 g  o f  d r i e d  and ground sediment could be sealed i n t o  these conta iners  

and packed t o  a  constant  he igh t  o f  25 mm i n  t h e  j a r .  This  count ing  

geometry was used on s h e l f  and slope sediment samples w i t h  2 1 0 ~ b  - 

a c t i v i t i e s  o f  1-40 dpm/g and 2 3 4 ~ h  a c t i v i t i e s  o f  1-5 dpmlg, and 

r e s u l t e d  i n  a  5-15% count ing e r r o r  on a  1-2 day count.  Whi le 

successful ,  f u t u r e  sampling s t ra tag ies ,  geared towards o b t a i n i n g  f i n e r  

depth r e s o l u t i o n  w i t h i n  t h e  cores, prov ided l ess  sample m a t e r i a l  f o r  

analyses. Furthermore, t he  low energy gamma rays o f  2 1 0 ~ b  and 

2 3 4 ~ h  were u n l i k e l y  t o  have been very e f f e c t i v e l y  c o l l e c t e d  g iven t h e  

12.5mn mean d is tance o f  t h e  sample away f rom t h e  de tec to r  window. A 

new sample procedure was the re fo re  developed i n  order  t o  improve on 

t h i s  e x i s t i n g  sample geometry. 

This new approach I have termed t h e  "waferk1 technique s ince  t h e  

sample i s  pressed i n t o  a  t h i n  s o l i d  sediment wafer be fo re  count ing.  

The essen t i a l  steps a r e  t o  f i r s t  d r y  t h e  sediment complete ly  be fo re  

g r i n d i n g  t h e  sample very f i n e l y  ( i n  t h i s  case us ing  a  mechanical agate 

d i s k  m i l l  g r i n d e r ) .  Then up t o  20 g  o f  t h e  sediment i s  p laced i n t o  a  

2.5 cm diameter by 3.5cm deep c y l i n d r i c a l  dye o f  a  h y d r a u l i c  press 

(normal ly  used f o r  making X.R.F. p e l l e t s ) .  The dye i s  p re - t rea ted  w i t h  

TFE ( t e f l o n )  spray which ensures t h a t  once pressed, t h e  sediment wafer  



can be extruded eas i l y .  The sample i s  pressed under 40,000-50,000 

pounds o f  pressure f o r  1 1/2 t o  2 minutes. The ne t  r e s u l t  i s  t h a t  t h e  

sediment forms a t h i n  s o l i d  wafer o f  constant th ickness and geometry 

f o r  a g iven sediment mass. Our sediment count ing standards a r e  formed 

i n  exac t l y  t he  same manner (see f o l l o w i n g  sec t ion) .  The wafers a r e  

subsequently sealed i n s i d e  o f  a 5 cm diameter p l a s t i c  p e t r i  d ish ,  us ing  

s i l i c o n  rubber cement t o  ho ld  the  d i s h  shut and t o  minimize any 

hand l ing  problems. 

Table 2.1 summarizes the  e f f e c t  which t h i s  wafer technique and 

o ther  count ing  geometries have on the  observed count r a t e  o f  'l0pb. 

Two t rends a r e  seen I n  t h i s  t ab le .  F i r s t ,  t he  smal lest ,  and t h e r e f o r e  

t y p i c a l l y  t h e  th innes t  samples, have the  h ighes t  count r a t e  when 

normal ized t o  the  t o t a l  dpm per  sample ( t h i s  ranges by a f a c t o r  o f  3). 

Secondly, t h e  wafer samples have a h igher  count r a t e  than an equ iva len t  

mass o f  l oose l y  packed sample due t o  t h e i r  improved geometry. The 

conclus ion i s  t h a t  even though a 10 g wafer i s  t he  most e f f i c i e n t l y  

counted form, w i t h  t h i s  smal l  sample mass, t he  n e t  cpm per  sample i s  

smal ler  than w i t h  a l a r g e r  loose sample. I have found t h a t  t h e  20 g 

sediment wafer i s  an a t t r a c t i v e  form t o  use, s ince t h e  n e t  cpm o f  a 

20 g wafer i s  e s s e n t i a l l y  i d e n t i c a l  t o  t he  n e t  cpm o f  50 g o f  loose 

sediment. Without us ing  a very l a r g e  diameter core, 20 g proves t o  be 

a much more reasonable s i z e  sample t o  c o l l e c t  i f  one i s  i n t e r e s t e d  i n  

0.5 o r  Icm depth i n t e r v a l s  i n  t h e  t o p  o f  a g iven core. The p r e c i s e  

geometry t h a t  t h e  wafer sample o f f e r s  i s  c e r t a i n l y  an a d d i t i o n a l  bonus. 

8. E f f  ( e f f i c i e n c y )  

The e f f i c i e n c y  i s  ca l cu la ted  by count ing  sediments w i t h  a known 

a c t i v i t y  o f  a g iven rad ionuc l ide .  I n  t h i s  case, 

e f f  = dpm o f  standard/(cpm x abs). 

I use two sediment standards prov ided by t h e  U.S. Environmental 

P ro tec t i on  Agency labs  i n  Las Vegas f o r  c a l i b r a t i n g  our de tec to rs .  The 

"standard p i t chb lend  ore"  standard has a c e r t i f i e d  2 3 8 ~  a c t i v i t y  o f  
3 6.06 x 10 dpm/g ( w i t h  a standard e r r o r  o f  0.4%). Secular 

e q u i l i b r i u m  can be assumed, and t h e r e f o r e  t h e  sample 238" , 21OPb I 

2 1 4 ~ b ,  and *148i a c t l v i t i e s  would be i d e n t i c a l .  The llclimax sand 



Table 2.1. 

Samp 1 e 

AK4 

LVAl 

A Comparison o f  t he  E f f e c t s  o f  D i f f e r e n t  Counting Geometries 
on the  Detec t ion  o f  210pb a t  46.5 keV w i t h  t he  W.H.O. I .  
P lanar  Detector 

gm Form- he igh t  x 2 1 o ~ b  ~ e l a t f  ve* n e t  
dry diameter d ~m/sm c pm cDm 

10  1)  wafer- 7 x 10.7 +/- 0.3 3.1 x 10-3 0.332 
2 5mm 

10 2) loose- 5 x 10.7 +/- 0.3 2.9 x 10-3 0.309 
5omm 

15 3) wafer- 10 x 10.7 +/- 0.3 2.5 x 10-3 0.407 
2 5mm 

20 4) wafer- 15 x 11.0 +/- 0.3 2.3 x 10-3 0.51 3 
2 5mm 

17 5) loose- 18 x 8.9 +/- 0.5 2.0 x 10-2 0.309 
30mm 

35 6) loose- 23 x 9.1 + / - 1 . 0  1.2 x 1 0 - 3  0.398 
50mm 

50 7)  loose- 25 x 10.7 +/- 0.3 1.0 x 10-3 0.552 
50mm 

* = R e l a t i v e  cpm i s  t h e  ne t  counts per minute normal ized t o  t h e  
t o t a l  dpm per sample, 1.e. n e t  cpm/(dpm/gm x we igh t ) .  



t a t  l i n g "  standard has a  c e r t i f  l e d  2 3 4 ~ h ,  2 1 0 ~ b  and 2 2 6 ~ a  a c t i v i t y  
5  5  5 o f  5.93 x  10 dpm/g, 6.66 x  10 dpm/g, and 7.64 x 10 dpm/g, 

respec t i ve l y ,  as o f  May 1, 1976 ( w i t h  a  4% standard e r r o r ) .  Th is  mine 

t a i l i n g  standard i s  t he re fo re  no t  i n  e q u i l i b r i u m  and t h e  c u r r e n t  

2 1 0 ~ b  a c t i v i t y  must be ca lcu la ted  assuming ingrowth o f  2 2 6 ~ a  and 

2 1 0 ~ b  decay. The cu r ren t  2 1 0 ~ b  a c t i v i t y  as o f  December 1983 i s  
5  6.88 x 10 dpm/g. 

These EPA standards were counted overn igh t  i n  t h e  i d e n t i c a l  

count ing c o n f i g u r a t i o n  as the samples. E f f i c i e n c y  c a l c u l a t i o n s  w i t h  

both standards were i n  agreement w i t h i n  the  count ing e r r o r s  ( t y p i c a l l y  

1%). The l a r g e s t  e r r o r  i n  t he  e f f i c i e n c y  c a l c u l a t i o n  i s  de termin ing  

the  s e l f  absorpt ion f a c t o r  f o r  these standards, which w i l l  be discussed 

i n  the  f o l l o w i n g  sec t ion .  

C.  Abs ( s e l f  absorpt ion) :  

The s e l f  absorp t ion  f a c t o r  simply co r rec ts  f o r  t h e  r e l a t i v e  

a t tenua t i on  o f  t he  low energy gamma r a d i a t i o n  by the  sample m a t e r i a l  

i t s e l f .  D i f f e r e n t  elements and minera ls  absorb gamma rays t o  

s i g n i f i c a n t l y  d i f f e r e n t  ex ten t  (see Table 2.2). D i f f e rences  between 

samples and/or t he  sample and standard mineralogy w i l l  a f f e c t  t h e  

apparent count r a t e .  As the  gamma energy increases, t h e  f r a c t i o n  o f  

gamma rays which a re  at tenuated decreases such t h a t  a t  energies g rea te r  

than approximately 100 keV, t he re  i s  e s s e n t i a l l y  no need f o r  t h i s  

co r rec t i on .  The s e l f  absorp t ion  c o r r e c t i o n  i s  made by count fng  samples 

w i t h  a  h o t  2 1 0 ~ b  and 2 3 4 ~ h  source placed over t h e  sample such t h a t  

t he  ex ten t  t o  which each sample a f f e c t s  the  ho t  source a t t e n u a t i o n  can 

be taken i n t o  considerat ion.  

The p r i n c i p l e s  behind the  s e l f  absorp t ion  f a c t o r  c a l c u l a t i o n  a r e  

taken f rom Cutsha l l  e t  a l . .  1983. Three count ra tes  a r e  com~ared  (see 

F igure  2.3) : 1)  t he  count r a t e  o f  a  h o t  2 1 0 ~ b  and 2 3 4 ~ h  source over  

an empty sample conta iner  ( =  I), 2) t h e  count r a t e  o f  t h i s  h o t  source 

when placed over a  r e a l  sample ( =  T) ,  and 3) t he  no rma l l y  c o l l e c t e d  

count r a t e  o f  the  sample a lone ( =  S) . Given these d e f i n i t i o n s ,  t h e  

under ly ing  equat ion f o r  t he  t r a n s m i t i o n  o f  gamma rays i s :  

(1 )  T'  = I exp(-ppx) 



Table 2.2. Absorpt lon o f  2 1 0 ~ b  Gamma-Rays 
i n  Minera ls  

Minera l  

Quar tz  
Feldspars 

A1 b i  t e  
Anor th i t e  
Orthoclase 

C a l c i t e  
Doloml t e  
Hemat I t e  
Water 

Absorpt ion C o e f f i c i e n t  
------- ( cm2/q) -------- 

0.362 

- -  

Reference: Cutshe l l  e t  a l . ,  1983. 

F ig .  2.3: S e l f  Absorpt lon c o r r e c t j o n  scheme. 
I = Count r a t e  o f  h o t  source over empty conta lner .  
T = Count r a t e  o f  h o t  source over sample i n  conta iner .  
S = Count r a t e  o f  sample. 

Hot Source- 

Petri dish- 

Detector 

, , Sample 



where p i s  t he  t o t a l  attenuation c o e f f i c i e n t ,  p i s  t h e  sample 

dens i ty ,  x  i s  t he  path length,  and T '  i s  the count r a t e  o f  t h e  h o t  

source alone (4.e. = T-S usIng the  above n o t a t i o n ) .  The necessary 

gamma s e l f  absorp t ion  equat ion i s :  

(2 )  abs = ppx/l-exp(-ppx). 

From equation (1 )  one can c a l c u l a t e  t h a t :  

( 3 )  ppx = -1n (Tb / I ) .  

S u b s t i t u t i n g  equat ion (3 )  i n t o  (2 )  one obta ins:  

(4) abs = l n ( T 1 / I ) / ( ( T ' / I ) - 1 )  o r  abs = ln((T-S)/I)/(((T-S)/I)-1). 

I n  most cases, T >>S, such t h a t  T = T I  g iven our ho t  source a c t i v i t y  

( I  use a ho t  2 2 6 ~ a  source wafer and a urany l  n i t r a t e  h o t  source w l t h  

count ra tes  o f  >I00 cpm a t  these energies) .  Our sediment samples need 

on l y  be counted f o r  30 minutes under t h e  ho t  source w h i l e  t h e  standards 

a re  counted overn igh t  f o r  these c a l c u l a t i o n s .  The standards need t h e  

longer count ing i n t e r v a l s  s ince the  d i f f e r e n c e  bewtween T and S i s  

smal l  and t h e  longer count improves t h e  s t a t i s t i c s  on t h e  e r r o r  o f  t h i s  

d i f f e rence .  Selected abs f a c t o r s  ca l cu la ted  I n  t h e  above manner a t  t h e  

energies o f  2 1 0 ~ b  and 2 3 4 ~ h  a re  g iven i n  Table 2.3. As expected. 

as t h e  gamma energy increases, t h i s  s e l f  absorp t ion  f a c t o r  becomes less  

s i g n i f i c a n t .  W i th in  a g iven core I have no t  found any r e a l  d i f f e r e n c e  

i n  t he  s e l f  absorp t ion  f a c t o r ,  and t h e r e f o r e  the  abs f a c t o r  which I use 

f o r  a s p e c i f i c  core i s  determined f rom t h e  r e s u l t s  on 3 o r  4 depths per  

core. 

I V .  OTHER FACTORS 

A. Rn l oss  

I n  order t o  est lmate 2 2 6 ~ a  a c t l v l t y  w i t h l n  a g iven sample, 

2 1 4 ~ b  ( a t  352 keV) and 214~i ( a t  609 keV) a re  determined 

simultaneously on t h e  Ge(Li) de tec tors .  These decay products  o f  

2 2 6 ~ a  can on ly  be i n  e q u i l l b r l u m  w l t h  t h e i r  parent  i f  t h e  

ln te rmed la te  gas 2 2 2 ~ n  does n o t  escape f rom the  sample (see decay 

cha r t ,  F ig .  2.4). Some 2 2 2 ~ n  gas can be expected t o  be l o s t  d u r i n g  

sample g r i n d i n g  procedures. Once the  sample i s  sealed, g i ven  a couple 



Table 2.3. Se l f  Absorp t ion  Factors  (Abs) f o r  20 gm Sample 
"Waf ers t '  

Samp 1 e 
P i t chb lend  s t d .  
Climax Sand s td .  

Core D- 2362111 
0-1 cm 
1 -2cm 
2-3cm 
4-6cm 
10-1 2cm 
14-1 6cm 

Core E- 1275111 
0-1 cm 
3-4cm 
10-1 2cm 
22-24cm 

Core F- 501111 
0-1 cm 
3-4cm 
6-8cm 
12-1 4cm 

46.5 KeV 63.3 KeV 
2.35 1.52 



F l g .  2 .4 :  N a t u r a l l y  occurlng 2 3 8 ~  decay s e r l e s .  



of weeks and t h e  3.8 day h a l f  l i f e  o f  Rn, e q u i l i b r i u m  w i l l  once again 

be reached. I have measured 2 1 4 ~ b  and 214~i i n  samples w i t h o u t  a 

cover i n  an at tempt t o  access the  p o s s i b i l i t y  o f  Rn gas loses. I found 

no d i f f e r e n c e  between the  open o r  closed conta iner  sample count ra tes  

and conclude t h a t  Rn loses i n  general a r e  minimal, a t  l e a s t  w i t h  these 

samples which con ta in  on average 1-2 dpm/g o f  t he  2 2 6 ~ a  parent .  This  

i s  supported by some e a r l i e r  gamma-work by K i m  and Burnet t  (1983) who 

found no evidence f o r  significant 2 2 2 ~ n  eminat ion from a ground NBS 

phosphate rock standard. 

B. Th decay: 

Excess 2 3 4 ~ h  i s  formed w i t h i n  the  water column from i t s  

so lub le  parent,  2 3 8 ~ .  Given the  24.1 day h a l f - l i f e  o f  Th and i t s  

r a p i d  removal t o  marine sediments, t he  bui ld-up o f  excess Th can on l y  

be seen i n  t h e  most r a p i d l y  mixed upper l aye rs  a t  shal low sediment 

s i t e s .  234Thex i s  determined by the  d i f f e r e n c e  between t h e  

measured 2 3 4 ~ h  a c t l v l t y ,  and the  2 3 4 ~ h  a c t l v i t y  which i s  supported 

s o l e l y  by 2 3 8 ~  from w i t h i n  the  sediments. I n  t h i s  study, t h e  deep 

2 3 4 ~ h  values below the  234Thex a c t i v i t y  i n  t he  core  top, a r e  used 

t o  c o r r e c t  f o r  t he  supported Th a c t i v i t y .  Only those cores w i t h  a very 

a c t i v e  benth ic  a c t i v i t y  show any 
234Thex a t  a l l .  Given t h e  s h o r t  

2 3 4 ~ h  h a l f - l i f e ,  t he  unsupported 2 3 4 ~ h  w i l l  decay q u i t e  rap id1  y ,  

such t h a t  t he  gamma measurements themselves must occur r e l a t i v e l y  soon 

a f t e r  t he  core i s  c o l l e c t e d  ( w i t h i n  about one month). The observed 
234Thex a c t i v i t i e s  a re  a l l  decay cor rec ted  t o  t h e  date o f  core  

c o l l e c t i o n .  I was on ly  ab le  t o  de tec t  2 3 4 ~ h e x  i n  a few o f  t h e  

cores c o l l e c t e d  on the  83-Gyre-9 c r u i s e  which I was a b l e  t o  prepare and 

count soon a f t e r  t h e i r  c o l l e c t i o n .  

V.  RESULTS 

The f i n a l  2 1 0 ~ b ,  2 2 6 ~ a  and 2 3 4 ~ h  r e s u l t s  determined by t h i s  

technique a r e  repor ted  i n  Appendix 11. The data f rom t h i s  work w i l l  be 

discussed i n  Chapters 4, 5 and 7 o f  t h i s  t h e s l s .  I n  general,  t o t a l  

"Opb a c t i v i t i e s  o f  1-40 dpn/g were detected w i t h  a 5-10% e r r o r  



us ing  a 1-2 day count ing i n t e r v a l .  2 3 4 ~ h  a c t i v i  t i e s  ranged f rorn 

1-5 dpm/g and t y p i c a l l y  had a l a r g e r  associated e r r o r  than the  'lOpb 

values from the  same p lanar  de tec tor  count (10-20s). 2 2 6 ~ a  

a c t i v i t i e s  o f  1-3 dpm/g were determined w i t h  a 5-10% coun t ing  e r r o r  f o r  

bo th  '14pb and '148i on the  Ge(L1) detectors over a 2 day count ing  

i n t e r v a l .  These 'lOpb and "(Ra data are  w e l l  su i t ed  f o r  t h e  

determinat ion o f  sediment mix ing  ra tes  and sediment i n v e n t o r i e s  w i t h i n  

a l l  o f  t he  cores. Also, an i n t e r c a l i b r a t i o n  exerc ise  was performed on 

a sediment sample analyzed f o r  'lOpb and 2 2 6 ~ a  a t  W.H.O.I . .  Yale 

and Lamont by gamma de tec t i on  procedures, and a t  Lamont by t r a d i t i o n a l  

alpha-count ing procedures as w e l l .  A l l  o f  t he  r e s u l t s  were found t o  be 

I d e n t i c a l  w i t h i n  the  count ing p r e c i s i o n  (Anderson e t  a l . ,  1986). 



CHAPTER 3 

The Mass Spectrometr ic Analys is  o f  F a l l o u t  2 3 9 ~ ~  and 2 4 0 ~ u  

i n  Marine Samples 

I. INTRODUCTION 

Plutonium has been int roduced t o  the  oceans predominant ly i n  t h e  

1950's and e a r l y  1960's as f a l l o u t  f rom the  atmospheric nuc lear  weapons 

t e s t i n g  programs (Perk ins and Thomas, 1980; Harley, 1980). Since t h i s  

t ime, p lu ton ium has been used by oceanographers as a geochemical t r a c e r  

t o  study removal processes i n  the  water column, and i n  understanding 

mix ing  processes i n  marine sediments (see Sholkovi tz ,  1983 f o r  

rev iew).  I n  general, geochemical researchers have measured f a l l o u t  Pu 

by standard alpha-count ing techniques. This  r e s u l t s  i n  t h e  

de terminat ion  of 239*240Pu, which represents t h e  combined a c t i v i t y  o f  

t he  two most common f a l l o u t  Pu isotopes, 2 3 9 ~ u  and 2 4 0 ~ u  ( these 

isotopes being inseparable when Pu i s  determined by a lpha-count ing) .  

An a l t e r n a t i v e  Pu de tec t i on  technique i s  thermal i o n i z a t i o n  mass 

spectrometry, which has been shown t o  be h i g h l y  s e n s i t i v e  and capable 

o f  separat ing t h e  239 and 2 4 0 ~ u  isotopes ( S t r e b i n  and Robertson, 

1977; Halverson, 1981; P e r r i n  e t  a l . ,  1985). We have a p p l i e d  a mass 

spectrometr ic  technique f o r  t he  de terminat ion  o f  f a l l o u t  Pu 

concentrat ions and i s o t o p i c  r a t i o s  i n  sea water, ocean sediments, po re  

waters and sediment t r a p  m a t e r i a l .  The opt ima l  procedures used f o r  t h e  

p repa ra t i on  and analyses o f  Pu by thermal i o n i z a t i o n  mass spectrometry 

i n  these samples w i l l  be presented. 

11. THERMAL IONIZATION MASS SPECTROMETRY 

Techniques f o r  t h e  ana lys i s  of Pu iso topes by thermal i o n i z a t i o n  

mass spectrometry have been developed p r i m a r i l y  w i t h i n  t h e  U.S. 

n a t i o n a l  labs (Fasset and K e l l y ,  1984). Wi th  iso tope d i l u t i o n  mass 

spectrometry, a Pu spike i s  added t o  t h e  sample ( i n  our  case 2 4 2 ~ u ) ,  

such t h a t  t he  concentrat ions o f  239 and 240Pu can be determined as 



w e l l .  The mass spectrometer (m.s.) used i n  t h i s  study i s  operated by 

E . I .  DuPont de Nemours & Co. a t  t he  Savannah River  Laboratory (S.R.L.) 

i n  South Carol ina.  The instrument was designed and b u i l t  s i m i l a r  t o  

o ther  mass spectrometers w i t h i n  the  n a t i o n a l  labs, t o  f i t  t h e  necessary 

requirements f o r  t r a c e  l e v e l  Pu i s o t o p i c  analyses (Lagergren and 

S t o f f e l s ,  1970). A complete d e s c r i p t i o n  o f  t he  m.s. i s  g iven by 

Halverson (1981), and i s  b r i e f l y  summarized below. 

The mass spectrometer i s  designed i n  a th ree  stage arrangement 

c o n s i s t i n g  o f  two i d e n t i c a l  magnetic analyzers (90°, 30.5 cm rad ius)  i n  

a ttC1l-configuration, fo l lowed by an e l e c t r o s t a t i c  analyzer  (90'. 

30.5 cm rad ius)  and a i on -mu t ip l i e r  type detec tor .  The source i s  a 

Itcanoet1-shaped s i n g l e  Re-ribbon. The inst rument  i s  i n t e r f a c e d  w i t h  a 

PDP 11/34 computer f o r  automated mass stepping (accomplished by 

sweeping t h e  acce le ra t i ng  vo l tage)  and data a q u i s i t i o n .  The inst rument  

i s  housed i n  a ttClass 1001t c lean room f a c i l i t y  where a l l  o f  t h e  

f i l amen t  f a b r i c a t i o n  and sample load ing  occurs. Samples can be loaded 

i n t o  the  vacuum system f i v e  a t  a t ime. One o f  t h e  f i l a m e n t  p o s i t i o n s  

i s  occupied by a uranium standard (NBS U standard U005) which can be 

repeatedly  used a t  t he  s t a r t  o f  a g iven run  t o  a l i g n  t h e  beam by 

focusing o f  t he  2 3 5 ~  and 2 3 8 ~  mass peaks. Up t o  f o u r  samples can 

then-be analyzed w i t h i n  a per iod  o f  two t o  th ree  hours. 

A. Source and Loading 

The source f i l a m e n t  arrangement i s  a c r i t i c a l  component o f  any 

m.s .  se t  up, s ince t h e  a b i l i t y  t o  e f f i c i e n t l y  form Pu ions  a t  t h e  

source determines t o  a l a r g e  ex ten t  t h e  o v e r a l l  d e t e c t i o n  e f f i c i e n c y  

( t y p i c a l l y  0.1-1% f o r  these samples). The f i l a m e n t  r i bbon  i s  made f rom 

a s t r i p  (0.12 cm wide) o f  t r i p l e  zone-ref ined Re which i s  f o l d e d  i n t o  a 

v-shape. The ends o f  t h e  r i bbon  a re  then pinched, and t h e  r i b b o n  i s  

spot welded onto the  tungsten posts o f  t he  f i l a m e n t  base fo rming a 

ttcanoe-shapedlt source f i l amen t .  The assembled f i l a m e n t s  a r e  baked a t  

1500°C f o r  30 mlnutes under vacuum t o  ensure a c lean source. The 

f i l amen ts  a re  then ready t o  be carbur lzed.  

The e f f e c t s  o f  c a r b u r l z a t i o n  on t h e  i o n i z a t i o n  o f  Pu o f f  Re 



filaments have been well studied (Palmer et al., 1980a, 1980b; Kelly 

and Robertson, 1985). In general, carburization refers to the 

deposition of a carbon source onto a m.s. filament. The carbon which 

is deposited dissolves into the Re ribbon to form a solid solution. 

The work function of the carburized ribbon is thereby increased, 

resulting in an improvement in the efficiency of Pu ion production off 

of the m.s. filament (Palmer et al., 1980a; Kelly and Robertson, 

1985). As a reducfng agent, the carbon also serves to promote the 

production of Pu ions over Pu oxides, the latter being undesirable for 

m.s. analysis (Studier et al., 1962; Kelly and Robertson, 1985). 

Furthermore, the presence of carbon has been shown to counteract Pu 

diffusion on the filament surface, so that a point source for good ion 

optics is maintained (Smith et al., 1980). 

At S.R.L. the carburization procedure is as follows: a current is 

run through a series of up to eight filaments which are held i n  a 

vacuum chamber (p<5 x torr.). The current is raised slowly 

until the temperature of the filaments reaches -1050°C, as determined 

by an optical pyrometer. A valve on a trap containing xylene in a dry 

ice and alcohol bath is opened until the chamber pressure reaches 5 x 

torr. This allows for leakage of xylene vapor into the 

chamber. The xylene vapor serves as the carbon source which Is 

deposited onto the hot Re filaments. The extent of carburization is 

controlled by stopping the xylene flow after 30 minutes has elapsed. 

Once carburized, the filaments are returned to room temperature and 

pressure after closing the valve to the xylene trap and reducing the 

current to zero. This carburization procedure has been sucessfully 

performed on filaments which are either loaded or unloaded, i.e. either 

with or without a sample being in place on the filament prior to 

carburization. We have not found any major difference in the observed 

ionization efficiency between these two options. 

The actual sample is loaded onto the filament as two 

anion-exchange beads which are placed in the center of the filament 

trough. The resin bead technique was first described by Freeman et al. 

(1970). and first reported for the use in the determination of U and Pu 



by m.s. by Walker e t  a l .  (1974). Plutonium samples loaded as r e s i n  

beads have up t o  an order-of-magnitude increased i o n i z a t i o n  e f f i c i e n c y  

when compared t o  Pu samples loaded as so lu t i ons  (Smith e t  a l . ,  1980). 

We have a l s o  found t h a t  t he  bead technique provided h igher  i o n i z a t i o n  

e f f i c i e n c i e s  than Pu samples which were e lec t rodepos i ted  onto s ing le ,  

f l a t  Re r ibbons, s i m i l a r  t o  the  procedure described by P e r r i n  e t  a l .  

(1984), bu t  we d i d  no t  r i g o r o u s l y  t e s t  t h i s  a l t e r n a t e  procedure. 

The advantages o f  the  bead technique are  several.  The beads 

prov ide  a good p o i n t  source f o r  t he  i o n  o p t i c s  o f  t he  m.s.. Also, based 

upon a study which u t i l i z e d  the  r e s i n  bead technique f o r  t h e  m.s. 

ana lys i s  o f  U, i t  appears t h a t  t he  r e s i n  beads prov ide  a sample 

r e s e r v o i r  f rom which the  U ( o r  Pu) can s lowly  migra te  t o  t h e  

f i lament/bead i n t e r f a c e ,  evaporat ing and d i f f u s i n g  i n t o  t h e  Re m a t r i x  

(Smith e t  a l . ,  1980). This prov ides f o r  a s t a b l e  Pu i o n  sample beam 

which a l lows f o r  maximum Pu i o n i z a t i o n  over long per iods  o f  d e t e c t i o n  

t ime. 

To load t h e  sample onto the  beads a t  S.R.L., we f i r s t  add 

50-100 r l  of 8N HN03 t o  the  bottom o f  a con ica l  shaped Te f l on  

beaker which conta ins the  evaporated and p u r i f i e d  Pu sample (see 

f o l l o w i n g  sect ions f o r  t he  Pu chemical clean-up procedures).  We then 

add two pre-cleaned anion exchange beads (AG 1 x 2, 50-100 mesh, 

Bio-Rad Labs) t o  the  Pu sample s o l u t i o n .  The beads a r e  l e f t  i n  t h e  

s o l u t i o n  overn igh t  which a l lows ample t ime f o r  t h e  beads t o  

q u a n t i t a t i v e l y  remove the  Pu f rom the  so lu t i on .  The beads a r e  then 

p icked out  o f  t h e  n i t r i c  a c i d  s o l u t i o n  w i t h  a tungsten needle under a 

low powered microscope, and placed i n t o  t h e  center  o f  a prepared 

f i l a m e n t  trough. Once both  beads have been loaded, a drop o f  d i l u t e  

c o l l o d i o n  s o l u t i o n  i s  used t o  secure the  beads i n  p lace  on t h e  r ibbon.  

Two beads a re  used t o  i nsu re  t h a t  i f  one bead f a i l s  t o  pick-up t h e  Pu 

f o r  any reason, o r  i s  l o s t  d u r i n g  handl ing,  t he  second bead can s t i l l  

p rov ide  an adequate sample s igna l .  Once loaded, t he  samples a re  p laced 

i n t o  a vacuum chamber where they undergo a slow p repa ra to ry  hea t i ng  

procedure. This  s tep i s  most o f t e n  inc luded i n  t h e  standard m.s. 

thermal i o n i z a t i o n  procedures f o r  Pu once a g iven m.s. run  has begun. 



The advantage o f  per forming t h i s  step ou ts ide  o f  t he  m.s. i s  a 

considerable savings i n  va luable m.s. run time. The S.R.L. 

sample/preparatory procedure cons is ts  o f  r a i s i n g  the  c u r r e n t  through 

the  f i laments  (up t o  e i g h t  a t  a t ime)  under vacuum (p<5 x t o r r )  

s lowly u n t i l  a  temperature o f  1250°C i s  reached, as determined by an 

o p t i c a l  pyrometer. The purpose o f  t h i s  heat ing  step i s  t o  s low ly  

decompose the  sample bead a t  r e l a t i v e l y  low temperatures, which i s  

needed before  the  i o n i z a t i o n  o f  t he  Pu sample o f f  o f  t h e  f i l a m e n t  can 

occur. The f i laments  a re  kept  a t  1250°C f o r  45 minutes, and then 

s lowly brought back t o  room temperature. Care must be taken t o  ensure 

t h a t  t he  temperature on the  f i l amen t  i s  ra i sed  s lowly,  such t h a t  t h e  

bead o r  a fragment thereof  does no t  f l y  o f f  o f  t h e  r ibbon.  Care fu l  

mon i to r ing  o f  the  chamber pressure can usua l l y  de tec t  such a l oss .  

8. Detec t ion  

The i o n  beam i n  the  S.R.L .  m.s. i s  measured i n  t h e  pu l se  

count ing mode by a e l e c t r o n  m u l t i p l i e r  o r i g i n a l l y  designed by D i e t z  

(1965). The m u l t i p l i e r  was constructed a t  S.R.L. and has a v i r t u a l  

100% de tec t i on  e f f i c i e n c y  a long w i t h  e s s e n t i a l l y  zero background (3-4 
8 background counts per  hour a t  a ga in  o f  10 ) (Halverson, 1981). I n  

the  pu lse  count ing mode, t he  c u r r e n t  c o l l e c t e d  by the  m u l t i p l i e r  i s  

passed through a pu lse  he igh t  d i s c r i m i n a t o r ,  whereby o n l y  pulses above 

a c e r t a i n  th resho ld  vo l tage a r e  accepted as ac tua l  sample i o n  pulses.  

I n  t h i s  fashion, background no ise  s igna ls  a re  e l im ina ted,  and w i t h  

proper design >99% o f  a l l  t r u e  sample pulses exceed the  th reshho ld  

vo l tage s e t t i n g .  

The standard f i l a m e n t  temperature f o r  op t ima l  Pu i o n i z a t i o n  i s  

1350-1450°C. The f i l a m e n t  i s  brought up t o  t h i s  temperature w h i l e  

mon i to r ing  the  2 4 2 ~ u  mass peak f o r  an i o n  beam s igna l .  The i o n  

source i s  tuned a t  t h e  2 4 2 ~ u  mass peak i n  order  t o  a l i g n  t h e  beam f o r  

maximum de tec t i on  by t h e  i o n  m u l t i p l i e r .  Dur ing a g iven sample run, t h e  

m.s. i s  programed t o  scan the  239, 240, 242 and 243 Pu mass peaks, 

I n c l u d i n g  9 . 2  mass u n i t s  around each peak ( 2 4 3 ~ u  i s  moni tored t o  

examine p o t e n t i a l  i s o b a r i c  i n te r fe rences  f rom Fe and Re). 2 3 6 ~ u  



and/or 2 4 1 ~ u  can a l s o  be examined i f  desi red.  The opt ima l  count ing  

t imes a t  each mass peak are  determined by the  computer t o  minimize t h e  

variances o f  t h e  est imated i s o t o p i c  composit ion. Repeated mass scans 

(up t o  64, depending upon the  sample s i z e  and the  i o n  beam s t rength)  

a re  made, and t h e  data are  c o l l e c t e d  and repor ted as t h e  atom percent  

o f  a g iven Pu iso tope dur ing  the  e n t i r e  run. The repor ted  atom percent  

e r r o r  associated w i t h  each iso tope i s  determined e i t h e r  f rom count ing  

s t a t i s t i c s  from the  square r o o t  o f  t he  t o t a l  number o f  Pu ions  detected 

a t  a g iven peak, o r  by the  v a r i a b i l i t y  i n  t he  atom percent  values 

obtained between i n d i v i d u a l  mass scans, whichever i s  g rea te r .  I f  no 

counts were detected a t  a g iven mass peak, then a maximum atom percent  

r a t i o  i s  ca l cu la ted  assuming t h a t  one count had been detected a t  t h a t  

mass du r ing  the  run. No co r rec t i ons  i n  our data have been made f o r  

i s o t o p i c  f r a c t i o n a t i o n ,  s ince t h i s  e f f e c t  has been shown t o  be r a t h e r  

small f o r  t he  Pu isotopes (<<I%) r e l a t i v e  t o  the  e r r o r s  seen i n  our 

ac tua l  sample analyses (1-10%). 

111. PREPARATION AND PURIFICATION OF MARINE SAMPLES 

P r i o r  t o  t he  m.s. ana lys is ,  Pu must be chemical ly  separated and 

p u r i f i e d .  The techniques used depend upon the  i n i t i a l  sample type and 

are  based p r i m a r i l y  upon mod i f i ca t i ons  o f  techniques used f o r  t h e  

prepara t ion  and p u r i f i c a t i o n  o f  marine samples f o r  t h e  d e t e c t i o n  o f  

2 3 9 * 2 4 0 ~ u  by alpha-count ing (Wong, 1971 ; L iv ings ton  e t  a1 . , 1975). 

A. Sample Preparat ion 

P r i o r  t o  t h e  Pu p u r i f i c a t i o n  steps, a l l  o f  t h e  samples must be 

spiked and e q u i l i b r a t e d  w i t h  a 2 4 2 ~ u  t r a c e r  and brought  up i n  a 

s o l u t i o n  o f  8N HN03 before  load ing  onto the  f i r s t  i o n  exchange 

column. These p repa ra t i on  procedures w i l l  be descr ibed below i n  some 

d e t a i l  f o r  each type o f  marine sample t h a t  has been analyzed. 

a. Sediment p repa ra t i on  procedure 

T y p i c a l l y  1-10 g ( d r y  weight)  of oceanic sediments proved 

s u f f i c i e n t  f o r  t h e  m.s. ana l ys i s  o f  f a l l o u t  2 3 9 ~ u  and 2 4 0 ~ ~ .  An 

a l i q u o t  o f  d r i e d  sediment i s  placed i n t o  an a c i d  cleaned 500 ml beaker, 



and 100 m l  o f  8N HN03 (made w i t h  reagent grade HN03 and de- ionized 

water) a re  c a r e f u l l y  added along w i t h  1 m1 o f  our standard 2 4 2 ~ u  

t r a c e r .  The t r a c e r  conta ins a known quan t i t y  o f  2 4 2 ~ u  (10.2pg) i n  

d i l u t e  n i t r i c  ac id,  which has been weighed i n t o  an a c i d  cleaned covered 

p l a s t i c  conta iner .  The t race rs  a r e  added t o  t h e  sample us ing  repeated 

(5x)  r i nses  o f  t he  t r a c e r  v i a l  w i t h  n i t r i c  a c i d  t o  ensure q u a n t i t a t i v e  

t r a n s f e r  o f  t he  t r a c e r .  The beaker i s  then covered w i t h  a watchglass 

and heated g e n t l y  t o  near b o i l i n g  (-80°C) and l e f t  overn tgh t  w i t h  

occasional s t i r r i n g .  This acid/sediment s l u r r y  i s  then f i l t e r e d  

through an a c i d  cleaned glass f i b e r  f i l t e r  set-up fo l l owed  by repeated 

r i n s i n g s  o f  t he  o r i g i n a l  sample conta iner  and the  sediment s l u r r y  w i t h  

8N HN03. The f i l t r a t e  i s  c o l l e c t e d  i n  a 500 m l  beaker and i s  s low ly  

evaporated down w h i l e  the  remaining s o l i d  res idue i s  re tu rned t o  t h e  

o r i g i n a l  beaker and re-leached i n  ho t  8N HN03 f o r  6-8 hours. The 

sediment s l u r r y  i s  f i l t e r e d  a second time, and t h i s  f i l t r a t e  i s  added 

t o  the  o r i g i n a l  sample so lu t i on .  The combined f i l t r a t e  i s  evaporated 

down u n t i l  50 m l  o f  what i s  now concentrated HNOQ remains. An equal 

volume o f  de-ionized water i s  added t o  the  sample, thus forming 100 m1 

o f  sample i n  8N HN03 One gram o f  NaN02 i s  added t o  t h e  sample 

which i s  then heated s l i g h t l y  (10-15 min. a t  40°C) be fore  t h e  sample i s  

ready t o  load onto t h e  f i r s t  i o n  exchange column. NaN02 serves t o  

f i x  t he  Pu i n  the  n i t r i c  ac id  s o l u t i o n  i n  t he  t 4  o x i d a t i o n  s ta te ,  

r e s u l t i n g  i n  t he  fo rmat ion  o f  t he  nega t i ve l y  charged Pu-hexani t rate 

complex which i s  s t r o n g l y  adsorbed onto t h e  anion exchange column 

(Milyukova e t  a l . ,  1969; L i v ings ton  e t  a l . ,  1975). 

b. Seawaterhore water p repa ra t i on  procedure 

The t y p i c a l  sample s i z e  we have been ana lyz ing  f o r  Pu i n  

seawater i s  3-5 l i t e r s ,  g iven seawater 2 3 9 s 2 4 0 ~ u  a c t i v i  t e s  o f  

0.01-0.1 dpm/100kg. For pore waters t h e  a c t i v i t y  o f  Pu can be somewhat 

h igher  (0.1-1 dpm/100kg), t h e r e f o r e  t h e  sample volume can be reduced t o  

the  order  o f  100's o f  m l ' s  (see Buesseler and Sho lkov i tz ,  1984 and 

Sho lkov i tz  and Mann, 1984 f o r  sampling procedures and pore water 

a c t i v i t i e s ) .  Since t h e  t o t a l  Pu i n  these samples i s  ext remely smal l  

g ) ,  care must be taken t o  ensure t h a t  t he  sample i s  



handled under cond i t ions  which ensure t h a t  no Pu bear ing  p a r t i c l e s  

( i . e .  n a t u r a l  sediments) can enter  the  so lu t i on .  A l l  o f  the  hand l ing  

procedures f o r  t he  water samples are  the re fo re  performed i n  a  c lean 

room f a c i l i t y ,  and a l l  glassware/Teflonware i s  s tored i n  d i l u t e  a c i d  

baths p r i o r  t o  use. 

Seawater and pore water samples a re  weighed i n t o  2- o r  6 - l i t e r  

beakers, fo l lowed by the  a d d i t i o n  o f  our 2 4 2 ~ u  spike. The sample and 

spike a r e  e q u i l i b r a t e d  f o r  36-48 hours w h i l e  being s low ly  s t i r r e d .  The 

Pu sample i s  c o l l e c t e d  by a  c o - p r e c i p i t a t i o n  step which invo lves  t h e  

a d d i t i o n  o f  1  m1 o f  a  pure Fe stock s o l u t i o n  (20 mg/ml Fe i n  I N  HN03) 

fo l lowed by the  adjustment o f  t he  pH t o  9-10 by the  a d d i t i o n  o f  

concentrated reagent grade NH40H. The Fe(OH3) p r e c i p i t a t e s  t h a t  

form a r e  s t i r r e d  f o r  1-2 hours and then al lowed t o  s e t t l e  overn igh t .  

The Pu (and o ther  ac t i n ides ,  metals,  e tc . )  a re  c a r r i e d  by t h e  Fe 

hyrdoxides. The sample supernate i s  c a r e f u l l y  siphoned o f f  and t h e  Fe 

p r e c i p i t a t e  s l u r r y  i s  c o l l e c t e d  i n  a  250 m l  c e n t r i f u g e  tube, w i t h  

repeated r i n s i n g s  o f  the  sample beaker w i t h  pH = 8 H20 t o  

q u a n t i t a t i v e l y  c o l l e c t  the  Pu bear ing p r e c i p i t a t e s .  The sample i s  then 

spun a t  20,000 rpm f o r  30 minutes so t h a t  t he  o v e r l y i n g  s o l u t i o n  can 

simply be poured o f f  o f  the  sample p r e c i p i t a t e s .  The Fe(OH3) I s  then 

d isso lved i n  t he  c e n t r i f u g e  tube w i t h  =I -3 m l  o f  concentrated 

HN03. 50 m l  o f  8N HN03 i s  a d d e d t o  the  sample a long w i t h  0.5 g  o f  

NaN02. The c e n t r i f i g e  tube i s  then heated i n  a  40°C waterbath f o r  

10-15 minutes, and t h e  sample i s  now ready t o  run on to  t h e  prepared i o n  

exchange column. 

c. Sediment t r a p  sample p repa ra t i on  procedure 

5-10 mg samples o f  organic and inorgan ic  s e t t l i n g  p a r t i c l e  

deb r i s  which were c o l l e c t e d  by a  sediment t r a p  have been analyzed f o r  

Pu isotopes and concent ra t ion  by m.s. The sediment t r a p  samples a r e  

d iges ted  overn igh t  under a  heat lamp i n  a  covered 30 ml T e f l o n  beaker 

w i t h  t h e  a d d i t i o n  o f  a  m ix tu re  o f  1  m l  each o f  reagent grade, 

concentrated HF, HCl, HN03, and our 2 4 2 ~ u  spike. The sample i s  

taken t o  dryness and t r a n s f e r r e d  t o  a  100 ml g lass beaker w i t h  t h e  

a d d i t i o n  o f  3 ml o f  aqua reg ia .  A second aqua r e g i a  r i n s e  i s  used t o  



ensure a complete t r a n s f e r ,  and t h e  aqua r e g i a  s o l u t i o n  i s  taken t o  

dryness. 2 ml o f  concentrated n i t r i c  ac id  i s  added, and t h e  sample i s  

evaporated t o  dryness. This n i t r i c  ac id  step i s  repeated a second 

time. A f t e r  t he  f i n a l  evaporat ion step, t he  sample i s  brought up i n  

50 ml o f  8N HN03, a long w l t h  0.5 g o f  NaN02. The sample i s  warmed 

t o  40°C f o r  10-15 minutes t o  prepare the  sample f o r  t he  i n i t i a l  i o n  

exchange column. 

B. Plutonium P u r i f i c a t i o n  by I o n  Exchange 

The p u r i f i c a t i o n  o f  Pu from o ther  ac t i n ides ,  metals and s a l t s  i s  

accomplished by an i o n  exchange technique adapted from procedures 

described by Wong, 1971, L i v ings ton  e t  a l . ,  1975, and P e r r i n  e t  a1 ., 
1985. A c lean Pu source i s  essen t i a l  f o r  t r a c e  l e v e l  Pu m.s. analyses 

s ince t h e  presence o f  o ther  elements i n  the  sample i n t e r f e r e  n o t  o n l y  

w i t h  i o n i z a t i o n  and t h e  general m.s. e f f i c i e n c y ,  bu t  can a l s o  cause 

i s o b a r i c  i n te r fe rences  a t  the  Pu mass peaks ( P e r r i n  e t  a l . ,  1985). The 

i o n  exchange procedures used w i l l  be discussed below f o r  each type o f  

marine sample analysed. I n  general,  t he  procedures are  s i m i l a r  f o r  a l l  

samples, however the  sediment samples r e q u i r e  much more clean-up than  

do the  water o r  sediment t r a p  samples. 

a. Sediment i o n  exchange column #1 

The f i r s t  column used i n  the  sediment p u r i f i c a t i o n  procedure 

conta ins 20 ml o f  wet r e s i n  (AG1-x8, 50-100 mesh, Bio-Rad Labs) i n  a 

1.5 cm 1.d. x 30 cm column. The column i s  equipped w i t h  a 250 ml sample 

resevo i r ,  g lass wool plugs t o  con ta in  t h e  r e s i n  w i t h i n  t h e  column, a 

stop-cock t o  c o n t r o l  t h e  f l o w  r a t e ,  and a "goose neck" e x i t  tube such 

t h a t  t he  r e s i n  cannot run  d ry  i f  l e f t  unattended (see F ig .  3 . l a ) .  The 

column i s  pre-condi t ioned w l t h  80 ml o f  concentrated HN03 fo l l owed  by 

100 ml o f  a 8N HN03 s o l u t i o n  t o  which 1 g o f  NaN02 has been added 

( t h e  f l o w  r a t e  i s  kept  a t  approximate ly  2 m l  per  minute) .  A l l  o f  t h e  

so lu t i ons  used i n  t h i s  and the  second sediment column a r e  made up f rom 

reagent grade ac ids  and de- ionized water .  

The sample i s  added t o  the  column resevo i r ,  and a l lowed t o  f l o w  

through the  column a t  a f l o w  r a t e  o f  1 ml per  minute. The sample 
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beaker i s  r i nsed  w i t h  8N HN03, and these washings - along w i t h  an 

a d d i t i o n a l  250 ml o f  8N HN03 - a re  passed through the  column ( t h i s  

step removes much o f  t he  Fe and U from the  sample, which pass through 

t h e  column under these cond i t i ons ) .  Next, 150 m l  o f  concentrated HC1 

a re  passed through the  column a t  a f a s t  f l o w  r a t e  (2-4 ml/min.) which 

serves t o  e l u t e  Th o f f  t he  column. The Pu f r a c t i o n  i s  then c o l l e c t e d  

by passing a s o l u t i o n  o f  150 ml concentrated HC1 w i t h  7.5 ml o f  I N  

NH41, through t h e  column a t  a f l o w  r a t e  o f  1 ml/min. The NH41 

reduces the  Pu t o  the  t 3  ox ida t i on  s ta te ,  which i s  no longer  adsorbed 

t o  the  column and i s  thereby e lu ted .  The e lu ted  Pu f r a c t i o n  i s  

c o l l e c t e d  i n  a 250 ml beaker and evaporated t o  dryness, us ing  repeated 

treatments w i t h  aqua reg ia  (2x us ing  1 ml o f  aqua reg ia )  t o  des t roy  t h e  

remaining NH41, fo l lowed by evaporat ing t o  dryness i n  t h e  presence o f  

HN03 (3x us ing  2 ml o f  HN03) t o  r e t u r n  the  sample t o  t h e  n i t r i c  

a c i d  form. 

b. Sediment column #2 

The second i o n  exchange column used i n  the  sediment 

procedure i s  s i m i l a r  t o  t he  f i r s t  except t h a t  t h e  volumes o f  a c i d  and 

r e s i n  have now been g r e a t l y  reduced. The e l u t e d  Pu sample f rom t h e  

prev ious column i s  brought up i n  5 ml o f  8N HN03, and 0.02 g o f  

NaN02 i s  added w i t h  s l i g h t  heat ing.  The i o n  exchange column i s  made 

w i t h  2 ml of r e s i n  (AG1-x8, 100-200 mesh, Bio-Rad Labs) i n  a g lass 

column w i t h  a 1.0 cm 1.d. x 2 cm he igh t .  The sample i s  loaded onto t h e  

column w i t h  a g lass p i p e t t e  ( a c i d  cleaned) i n  order  t o  ensure t h a t  no 

sample s o l u t i o n  i s  l o s t .  Once loaded onto t h e  column, t h e  f l o w  r a t e  i s  

maintained a t  roughly 1 rnl/min. due t o  the  geometry o f  t h e  column and 

t h e  f i n e  mesh r e s i n  which i s  used. The sample i s  f o l l owed  by 10 ml o f  

8N HN03 which i s  used t o  r i n s e  t h e  beaker, fo l lowed by 20 ml o f  EN 

HN03 as a general column wash. A f t e r  t he  n i t r i c  a c i d  i s  e lu ted ,  

25 m l  o f  concentrated HC1 i s  passed through t h e  column. F i n a l l y ,  t h e  

Pu i s  c o l l e c t e d  i n  a 50 ml beaker by passing a s o l u t i o n  made up o f  

1.5 ml o f  I N  NH41 i n  30 m1 o f  concentrated HCI through t h e  column a t  

a f l o w  r a t e  o f  1 ml/min. 

This  f i n a l  Pu e lua te  i s  evaporated t o  dryness, and as w i t h  t h e  



f i r s t  column, the  NH41 I s  destroyed by the  a d d i t i o n  o f  aqua r e g l a  

(2x),  between repeated evaporat ions t o  dryness. The sample i s  f i n a l l y  

brought t o  dryness (2x) w i t h  the  a d d i t i o n  o f  1 ml o f  concentrated HC1. 

c. Sediment column #3 

The f i n a l  Pu i o n  exchange column i s  s i m i l a r  f o r  a l l  samples, 

and serves t o  achieve the  added clean-up necessary f o r  t r a c e  l e v e l  Pu 

ana lys is  by m.s. The column work I s  performed i n  a separate p o s i t i v e  

pressure clean-room, where the  room a i r  i s  cont inuously  f i l t e r e d  

through a l a r g e  HEPA f i l t e r  c lean-a i r  bench. A l l  o f  t h e  ac ids  used i n  

these steps a re  h igh  p u r i t y  grade, t o  ensure t h a t  t he  f i n a l  Pu e l u t a t e  

i s  obtained f r e e  from any I n t e r f e r i n g  contaminants (Seastar  double 

sub-bo l l ing  d i s t i l l e d  concentrated HN03 and HCI; EM Reagents 

l'Suprapurll h igh  p u r i t y  47% HBr). The glassware/Teflonware i s  a l l  h o t  

a c i d  leached (4N HC1) and stored i n  I N  HC1 baths p r i o r  t o  use. The 

water which i s  used i s  d i s t l l l e d  and de-ionized through a M i l l i - C J  

p u r i f i c a t i o n  system. The f o l l o w i n g  procedures are  based on those o f  

Larsen and Oldham, 1974 and P e r r i n  e t  a l . ,  1985. 

The sample from the  prev ious column i s  brought-up I n  1 ml o f  

f r e s h l y  prepared HC1/H202 s o l u t i o n  (10 m1 concentrated HCI w i t h  one 

drop 30% H202 added). The sample i s  warmed s l i g h t l y  (=40°C) f o r  

60 mSnutes be fore  load ing  onto t h e  column. 

The column i t s e l f  i s  prepared i n  an a c i d  cleaned, d isposab le  1 ml 

Epplndorf  p i p e t t e  t i p  (see F ig .  3 . lb ) .  A p l u g  o f  h o t  acid- leached and 

de-ionized water- r insed g lass wool i s  pressed i n t o  t h e  t i p  o f  t h e  

column. The r e s i n  used i s  AGMP-1, 20-50 mesh (Bio-Rad Labs) which has 

been h o t  a c i d  (4N HC1)-leached and repeatedly  r i nsed  w i t h  t h e  

de-ionized water and s tored as a s l u r r y  i n  de-ionized water .  The r e s i n  

s l u r r y  i s  added t o  the  column w i t h  a d isposable p l a s t i c  p i p e t t e  such 

t h a t  a r e s i n  bed volume o f  1 m l  i s  obta ined (2.5 cm h e i g h t ) .  A second 

g lass wool p l u g  i s  placed on t o p  o f  t h e  column and a 10 ml p l a s t i c  

funnel  i s  pushed i n t o  t h e  column t o p  t o  serve as t h e  sample and r i n s e  

s o l u t i o n  resevo i r .  This  resevo i r  i s  covered by a p l a s t i c  top.  The 

column i s  pre-condi t ioned w i t h  2-3 ml o f  t h e  HC1/H202 s o l u t i o n ,  and 

the  column f l o w  r a t e  i s  c o n t r o l l e d  simply by t h e  column design, i n  



p a r t i c u l a r  by t h e  dens i ty  and packing o f  t he  i n i t i a l  g lass wool p lug .  

The sample i s  loaded onto the  column w i t h  a p l a s t i c ,  d isposable 

3 m1 p i p e t t e .  This i s  fo l lowed by 2 ml o f  t h e  HC1/H2O2 s o l u t i o n  

which i s  used t o  r i n s e  the  o r i g i n a l  sample conta iner  be fore  adding t h e  

s o l u t i o n  t o  t h e  resevo i r .  The HC1 s o l u t i o n  i s  fo l lowed by a 2 ml wash 

o f  8N HN03. Pu i s  e lu ted  w i t h  3 m1 o f  concentrated HBr, which a r e  

c o l l e c t e d  d i r e c t l y  i n  a 5 m l  screw top, con i ca l  shaped T e f l o n  v i a l .  

The v i a l  i s  covered by a Tef lon  watchglass w i t h  holes which pe rm i t  t h e  

column t i p  t o  reach j u s t  i n s i d e  the  covered v i a l  (see F ig .  3 . l b ) .  Once 

the  HBr e l u t a n t  i s  co l l ec ted ,  the  sample i s  placed under a heat  lamp 

and the  HBr s o l u t i o n  i s  evaporated. When on ly  a few drops o f  t h e  HBr 

s o l u t i o n  remain, 6-8 drops o f  concentrated HN03 a re  added t o  des t roy  

any t races  o f  HBr. The s o l u t i o n  i s  evaporated t o  dryness, sealed w i t h  

the  threaded Tef lon  top  and i s  now ready t o  be t ranspor ted  t o  t h e  m.s. 

f a c i l i t y  f o r  load ing  and ana lys is .  A summary o f  t h e  sediment i o n  

exchange p u r i f i c a t i o n  prodcedures i s  prov ided i n  F ig .  3.2a. 

d. Seawater, pore water and sediment t r a p  sample column #1 

The f i r s t  i o n  exchange column f o r  these samples i s  designed 

s i m i l a r  t o  t h e  i n i t i a l  sediment column except t h a t  t he  r e s i n  bed volume 

has been reduced t o  10 m l .  We use 10 m l  o f  wet r e s i n  (AG1-x8, 50-100 

mesh, Bio-Rad Labs) i n  a 1.0 1.d. x 20 cm t a l l  "goose-neck" column 

equipped w i t h  a 125 m l  sample resevo i r  and a stop-cock t o  a d j u s t  t h e  

f l ow  ra te .  The column i s  pre-condi t ioned w l t h  50 m l  o f  8N HNOgto 

which 0.5 g o f  NaN02 has been added ( f l o w  r a t e  i s  2 ml/min). A l l  o f  

t he  ac ids  used i n  t h i s  column a r e  reagent grade, and as requ i red ,  a r e  

d i l u t e d  w i t h  I 1 M i l l i - Q "  de- ionized water.  

The sample i s  poured i n t o  t h e  column resevo i r  and passed th rough 

t h e  column a t  a f l o w  r a t e  o f  1 ml/min. This  i s  fo l lowed by t h r e e  5 ml 

8N HN03 r i nses  o f  t h e  o r i g i n a l  sample c e n t r i f u g e  tube con ta ine r  and 

then a 150 m1 column wash w l t h  8N HN03 a t  a f l o w  o f  1 rnllmln. Next. 

150 ml o f  concentrated HC1 i s  passed through a t  a f a s t e r  f l o w  r a t e  o f  

2 ml/min. The Pu f r a c t i o n  i s  then e l u t e d  a t  a f l o w  r a t e  o f  1 ml /minute 

w l t h  75 m1 o f  concentrated HCl t o  which 6 m1 o f  I N  NH41 s o l u t i o n  has 

been added. This  Pu f r a c t i o n  i s  c o l l e c t e d  i n  a 100 ml beaker, and 





evaporated s lowly  t o  dryness. Two treaments w i t h  1 ml o f  aqua r e g i a  

are  used t o  destroy the  remaining NH41. The sample i s  prepared f o r  

the  f o l l o w i n g  column by evaporat ing the  s o l u t i o n  t o  dryness (3x) w i t h  

the  a d d i t i o n  o f  1-2 m l  o f  concentrated HC1. 

e. Seawater. pore water and sediment t r a p  sample column #2 

Only two c lean up columns a re  used f o r  these samples, t h e  

second i o n  exchange column being i d e n t i c a l  t o  t he  f i n a l  sediment column 

#3 described p rev ious l y  ( i - e .  a 1 m l  AGMP r e s i n  column; sample on as 

concentrated HCl/H202, o f f  w i t h  HBr and i n t o  5 m1 Te f l on  v i a l s  w i t h  

evaporat ion t o  dryness).  A summary o f  t he  water and sediment t r a p  i o n  

exchange procedures i s  g iven i n  F ig .  3.2b. 

I V .  RESULTS AND DISCUSSION 

A. 2 4 2 ~ u  Tracer 

The 2 4 2 ~ u  t r a c e r  which was used i n  t h i s  study was prepared i n  

1N HN03 f rom a d i l u t i o n  o f  t he  NBS 2 4 2 ~ u  standard 4334-8. Th is  

standard has been r o u t i n e l y  used i n  our labs  as a y i e l d  mon i to r  f o r  Pu 

determinat ions by alpha count ing. It i s  important  t o  check f o r  o ther  

Pu Isotopes i n  our standard 1 ml a l i q u o t  o f  t h e  2 4 2 ~ u  spike.  Table 

3.1 shows the  r e s u l t s  o f  two separate m.s. analyses o f  t h i s  sp ike.  The 

2 3 9 ~ "  and 2 4 0 ~ u  concentrat ions a re  so low t h a t  on ly  an upper l i m i t  

on the  atom percent  o f  these isotopes can be ca l cu la ted  assuming t h a t  

one count o f  2 3 9 ~ u  o r  2 4 0 ~ ~  i s  detected i n  t he  2 4 2 ~ u  sp ike  (see 

Table 3.1).  We conclude t h a t  our 2 4 2 ~ u  spike i s  indeed f r e e  o f  any 

o ther  Pu iso tope contaminants. 

The concent ra t ion  o f  t he  2 4 2 ~ u  m.s. standard was checked by 

I n t e r c a l  i b r a t l o n  wi  t h  a known q u a n t i t y  o f  a 2 3 9 ~ u  sp ike  prov lded by 

the  E.P.A. Labs i n  Las Vegas, Nevada U.S.A.. Two samples c o n s i s t i n g  o f  

200 m1 o f  our 2 4 2 ~ u  standard s o l u t i o n  ( ~ 0 . 4  dpm 2 4 2 ~ u  each) were 

splked w i t h  0.4 dpm of t he  EPA 2 3 9 ~ u  s o l u t i o n  and alpha-counted. 

Also, an a l i q u o t  o f  one o f  these samples (1/100th o f  t h e  sample by 

volume) was analyzed d i r e c t l y  by t h e  S.R.L. m.s. t o  o b t a i n  an atom 

r a t i o  o f  2 3 9 ~ u / 2 4 2 ~ u  as w e l l .  The 2 4 2 ~ u  concent ra t ton  o f  our 





spike i s  determined assuming t h a t  the  q u a n t i t y  o f  added 2 3 9 ~ u  i s  

p r e c i  se l y  known. The r e s u l t s  o f  t he  2 3 9 ~ u / 2 4 2 ~ u  r a t i o s  determined 

by alpha-count ing and by m.s. agree w i t h i n  the  count ing p r e c i s i o n  

( ~ 2 . 7 %  f o r  a-count ing and 9 . 6 %  f o r  m.s . ) .  The c a l i b r a t e d  2 4 2 ~ u  

concent ra t ion  o f  our sp ike was determined f rom these th ree  analyses t o  

be 0.239fl.003 pg 2 4 2 ~ u / g  so lu t i on .  I n  p r a c t i c e ,  1 g a l i q u o t s  o f  

t h i s  2 4 2 ~ u  t r a c e r  s o l u t i o n  are  weighed i n t o  a c i d  cleaned v i a l s  and - 
used f o r  i so tope d i l u t i o n  m.s. determinat ions o f  f a l l o u t  2 3 9 ~ u  and 

2 4 0 ~ ~  concentrat ions i n  our samples. 

B. Blanks 

Procedural blanks f o r  t h e  m.s. technique a re  g iven i n  

Table 3.1. Essen t i a l l y ,  these blanks a r e  determined by running a 

2 4 2 ~ u  sp ike  through a l l  o f  t h e  associated p repa ra t i on  and 

p u r i f i c a t i o n  procedures described p rev ious l y  f o r  t h e  sediment and water  

samples. The sediment sample b lank i s  s i g n i f i c a n t l y  h igher  than t h a t  

o f  t he  water samples, which i s  l i k e l y  due t o  the  a d d i t i o n a l  hand l ing  

and reagents needed i n  the  sediment a n a l y t i c a l  technique. A b lank  

c o r r e c t i o n  o f  0.8 x pg 239~u/samp1e has been app l i ed  t o  our 

sediment data. This  c o r r e c t i o n  i s  r e l a t i v e l y  i n s d g n i f i c a n t  g iven t h e  

l e v e l s  o f  2 3 9 ~ u  measured i n  our samples, and represents <1% o f  t h e  

t o t a l  mass o f  2 3 9 ~ u  i n  most o f  these sediment samples. As expected, 

the  blanks f o r  t h e  seawater and pore water samples a r e  i d e n t i c a l  due t o  

the  s i m i l a r  hand l ing  procedures used on these samples. The observed 

blank f o r  these samples averaged 6.8 x pg 239~u/sample (see 

Table 3.1). Some o f  t he  deeper pore water samples had 2 3 9 ~ u  

concentrat ions a t  t h i s  blank l e v e l ,  and represent  zero Pu l e v e l s ,  o r  

more accura te ly ,  l e v e l s  o f  Pu <6.8 x pg 239~u/sample. I n  

p rac t i ce ,  samples w i t h  2 3 9 ~ u  concent ra t ions  l ess  than c0.5-1 x 

pg 239~u/sample ( o r  10-15 times t h e  b lank ) ,  proved d i f f i c u l t  t o  

e x t r a c t  s t a t i s t i c a l l y  meaningful Pu data from, due t o  t h e  l i m i t e d  

number o f  Pu ions  detected. Though a sediment t r a p  b lank  was n o t  

measured, t he  two sediment t r a p  samples have been co r rec ted  by t h i s  

same Pu water procedural  blank, due t o  t h e  s i m i l a r i t y  i n  hand l i ng  



procedures between these sample types. 

C. Sample Results 

Results f o r  an assortment o f  marine samples a r e  g iven as atom 

percent  values, 240/239 Pu i s o t o p i c  r a t i o s ,  and as Pu concent ra t ions  i n  

Table 3.2. Complete r e s u l t s  and t h e i r  i n t e r p r e t a t i o n s  w i l l  be 

presented elsewhere (Chapter 6, t h i s  t h e s i s ) .  The Pu determinat ions by 

m.s. agree w e l l  w i t h  alpha-count ing determinat ions o f  Pu on l a r g e r  

q u a n t i t i e s  o f  t he  same sample (see Table 3.2).  Also, repeated analyses 

o f  t he  same seawater sample by m.s. have provided cons i s ten t  Pu r a t i o s  

and concentrat jons w i t h i n  t h e  a n a l y t i c a l  p r e c i s i o n  (see seawater sample 

"QCW1' i n  Table 3.2). I n t e r c a l i b r a t i o n  exercises have been run  between 

the  Savannah River  Laboratory and o ther  m.s. f a c i l i t i e s  a t  Los Alamos 

and Scripps and prov ide  e x c e l l e n t  agreement between labs  i n  t h e  

determinat ion o f  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  (Koide e t  a l . ,  1985). As 

discussed w i t h  regards t o  our water blank, t he  abso lu te  d e t e c t i o n  

c a p a b i l i t y  i s  approximately 0.5-1 x dpm 239 '240~u  per  sample 

(g i ven  a 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.18). o r  0.5-1 x g o f  

2 3 9 ~ u  per  sarnpl e. 

As f a r  as t h e  ana lys is  o f  environmental marine samples i s  

concerned, i t  must be remembered t h a t  t h e  s p e c i f i c  a c t i v i t y  o f  Pu spans 

seven orders-of-magnitude on a weight basis ,  when one i s  d e a l i n g  w i t h  

sediment t rap ,  sediment, pore water, and seawater samples (see i n s e r t ,  

F ig .  3.3). I f  t y p i c a l  c o l l e c t e d  sample weights f o r  each o f  these 

sample types a r e  compared t o  the  range o f  Pu a c t i v i t i e s  found, severa l  

f a c t o r s  become c l e a r  (F ig .  3.3). For a l l  o f  these sample types, some 

combination o f  r e l a t i v e l y  h igh  a c t i v i t y  and/or l a r g e  sample mass can 

prov ide  ample Pu above t h e  d e t e c t i o n  l i m i t  o f  t h i s  m.r. technique.  

This i s  eas ies t  t o  ob ta in  f o r  sediments, where most samples have 

considerable a c t i v i t y ,  and where mul t i -gram sampling i s  common and 

s t ra igh t - fo rward .  I t  must be remembered however, t h a t  even i n  

sediments, deep i n  a g iven core  one w i l l  reach a p o i n t  where zero Pu 

t r a c e r  i s  present,  s ince  t h i s  i so tope  has on ly  r e c e n t l y  been i n t roduced  

i n t o  t h e  environment. Pre-bomb samples o f  any type should have 

e s s e n t i a l l y  b lank s igna ls .  The pore water samples prove most d i f f i c u l t  
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Table 3.2. Selected Plutonium Analyses by Mass S ~ e c t r o m e t r ~  I n  N. A t l a n t i c  Marine 
Samples ( w i t h  Com~ar isons t o  Alpha-countina) 

Atom Atom Atom Ra t i o  + e r r o r  R a t i o  + e r r o r  
Samp 1 e % 2 4 2 ~ u  % 2 3 9 ~ u  % 2 4 0 ~ u  239/242 ;i39/242 240/239 ?40/239 

Sediments 

SEEP LVA1:O-1 .5cm 92.667 6.224 1.0884 0.0672 0.0016 0.175 0.008 
SEEP LVE1A:O-lcm 21.102 68.125 10.7699 3.2284 0.0187 0.158 0.002 
SEEP LVE2A: 2-3cm 97.571 2.127 0.3020 0.021 8 0.0005 0.142 0.009 
SEEP LVE8: 14-1 6cm 99.951 0.042 0.0067 0.0004 0.00003 0.159 0.029 
SEEP LVF1A:O-lcm 98.217 1.513 0.2707 0.0154 0.0003 0.179 0.005 

Pore water  

SEEP LVEl:O-2cm 94.094 4.997 0.8934 0.0531 0.0006 0.179 0.007 
SEEP LVE2:2-4cm 98.659 1.115 0.2051 0.0113 0.0011 0.184 0.044 
SEEP LVFl:O-2cm 97.788 1.859 0.3489 0.0190 0.0004 0.188 0.007 

Sediment t r a p  m a t e r i a l  

SEEP #4 1200m 97.541 2.078 0.3722 0.0213 0.0005 0.1 79 0.008 
EN CMME-4 3985m 93.764 5.262 0.9455 0.0561 0.0025 0.180 0.013 

Seawater 

S a r g a s s o S e a s u r f .  99.801 0.163 0.0295 0.0016 0.00003 0.181 0.011 
Sargasso Sea s u r f .  99.825 0.148 0.0266 0.0015 0.000045 0.180 0.011 
SEEP STA-D:1700m 99.763 0.1937 0.0409 0.0019 0.0001 '0.211 0.018 
SEEP 3TA-F: 454m 99.885 0.0958 0.0184 0.00096 0.000025 0.192 0.010 



Table 3.2.: (Continued) 

---------- m.s. Detect ion-----------  ----Alpha Detection---- 
Samp 1 e Pu Samp 1 e Samp 1 e 

Sampl e wt.  (sm) dpm/sample 239.240Pu w t .  (qm) 239,240Pu 

Sediments (d~m/kg )  ( d ~ m / k g )  

SEEP LVAl :O-l.Scm 0.30 0.0345 114.76 + 5.90 15 107.1 2 4.9 
SEEP LVE1 A: 0-1 cm 2.80 0.1678 59.92 2 0.78 15 62.7 2 3.5 
SEEP LVE2A:2-3cm 0.30 0.0107 35.49 + 2.39 15 36.2 + 2.2 
SEEP LVE8: 14-1 6cm 0.30 0.0002 0.70 2 0.14 15 0.8 2 0.4 
SEEP LVF1A:O-lcm 0.30 0.0079 26.23 2 0.89 15 27.4 2 2.1 

Pore water (dpm/100 kg) 

SEEP LVEl : 0-2cm 51 5 0.0029 0.567 2 0.007 
SEEP LVE2:2-4cm 502 0.0006 0.122 2 0.012 
SEEP LVF1:O-2cm 574 0.0010 0.181 2 0.004 

Sediment t r a p  m a t e r e r l a l  ( d ~m/gm) 

SEEP #4 1200m 0.0047 0.0011 0.244 + 0.012 
EN CMME-4 3985111 0.0086 0.0031 0.355 + 0.030 

Seawater (dpm/lOO kg) 

Sargasso Sea s u r f .  1300 0.001 8 0.138 + 0.009 55000 0.13 + 0.03 
Sargasso Sea s u r f .  1400 0.0018 0 .129+0 .009  55000 0.13 + 0.03 
SEEP STA-0 : 1700m 1000 0.0010 0.099 + 0.009 55000 0.10 + 0.01 
SEEP STA-F:454m 1000 0.0013 0 . 1 2 4 + 0 . 0 0 7  55000 0.13 2 0.01 



t o  run, s ince Pu a c t i v i t i e s  are  extremely low, and s ince  t h e  volumes o f  

sample which can be co l l ec ted  a re  r a t h e r  smal l .  The range i n  pore 

water sample mass used i n  F igure 3.3 i s  50-900 g, which i s  s t i l l  r a t h e r  

la rge ,  r e q u i r i n g  considerable e f f o r t  t o  c o l l e c t  g iven t h e  a v a i l a b l e  

sampling techniques. Again, s ince the  t o t a l  Pu s igna l  i n  these marine 

cores i s  o f t e n  concentrated i n  t he  upper most cm's, t h e  pore water Pu 

s igna l  i s  on ly  above de tec t i on  i n  shal low and r e l a t i v e l y  l a r g e  

samples. Seawater samples can be as low i n  Pu a c t i v i t y  as t h e  pore  

waters, however here much l a r g e r  water volumes can be e a s i l y  c o l l e c t e d .  

Thermal i o n i z a t i o n  mass spectrometry provides a  number o f  

advantages f o r  environmental s tud ies  of Pu. The increased s e n s i t i v i t y  

o f  t he  m.s. de tec t i on  technique a l lows f o r  t he  de terminat ion  o f  Pu on 

l i t e r  q u a n t i t i e s  o f  seawater i n  con t ras t  t o  t he  50-100 l i t e r  water 

samples used f o r  alpha-count ing analyses. These smal ler  volumes a r e  

much more p r a c t i c a l  t o  ob ta in ,  and prov ide  a  r e a l  savings i n  terms o f  

t he  costs and e f f o r t  needed no t  on ly  i n  sampling, b u t  a l s o  i n  t h e  

sample prepara t ion  and p u r i f i c a t i o n  steps. I n  add i t i on ,  t h e  g a i n  i n  

i s o t o p i c  i n fo rma t ion  which the  m.s. prov ides has been shown t o  be a  

va luab le  i n d i c a t o r  o f  t he  source(s) o f  f a l l o u t  Pu a t  a  g i ven  s i t e  

( S c o t t  e t  a l . ,  1983; Koide e t  a l . ,  1985; Buesseler e t  a l . ,  1985; 

Chapter 6, t h i s  t h e s i s ) .  The i s o t o p i c  r a t i o  o f  2 4 0 ~ u / 2 3 9 ~ u  can 

a l s o  p o t e n t i a l l y  be used t o  t r a c e  the  r e l a t i v e  s i g n i f i c a n c e  o f  r e a c t o r  

vs. f a l l o u t  Pu a t  a  g iven s i t e ,  o r  t o  t r a c e  releases o f  Pu i n  nuc lea r  

waste d isposa l  operat ions.  

V. CONCLUSIONS 

1. Thermal i o n i z a t i o n  mass spectrometry prov ides an extremely s e n s i t i v e  

technique f o r  t he  d e t e c t i o n  o f  Pu i n  marine samples. Th is  technique 

i s  orders-of-magnitude more s e n s i t i v e  than a lpha-count ing d e t e c t i o n  

techniques. This  i s  a  va luab le  f e a t u r e  i n  environmental s tud ies  

where Pu concentrat ions a r e  ext remely smal l .  

2. The chemical p repa ra t i on  and p u r i f i c a t i o n  procedures f o r  t h e  

ana lys i s  o f  Pu by m.s. a re  s i m i l a r  t o  those used f o r  alpha-count ing, 

w i t h  some a d d i t i o n a l  a t t e n t i o n  needed t o  main ta in  c lean  sample 



cond i t i ons  and low blanks. 

3. The Savannah River  Laboratory m.s. f a c i l i t y  can analyze 8 Pu samples 

w i t h i n  a pe r iod  o f  roughly 8 hours. This i s  considerably f a s t e r  

than the  de tec t i on  t imes needed f o r  alpha-counting. The i nhe ren t  

problem w i t h  alpha-counting i s  t h a t  the long h a l f - l i v e s  o f  

alpha-decay f o r  2 3 9 ~ u  (24,390 y r s )  and 2 4 0 ~ u  (6,620 y rs )  

combined w i t h  the  low abundances o f  these isotopes i n  t h e  

environment simply r e s u l t  i n  extremely few alpha-decay events d u r i n g  

the  course o f  a g iven count ing i n t e r v a l .  

4. The i sotopic r a t l o  o f  2 4 0 ~ u / 2 3 9 ~ u  can be accura te ly  determined 

by m.s. This  can prov ide  valuable a d d i t i o n a l  i n fo rma t ion  concerning 

the  source o f  Pu i n  a g iven sample. 





CHAPTER 4 

A Pore Water Study o f  Plutonium i n  She l f ,  Slope, and 

Deep-Sea Sediments 

I. INTRODUCTION 

This  chapter  w i l l  focus on the  unresolved ques t ion  o f  Pu 

r e m o b i l i z a t i o n  f rom and w i t h i n  marine sediments (see Sho lkov i t z  (1983) 

f o r  rev iew).  T radq t i ona l l y ,  evidence f o r  o r  aga ins t  Pu m o b i l i t y  has 

been i n f e r r e d  f rom water column s tud ies  (Bowen e t  a l . ,  1980; Santschi  

e t  a l . ,  1980), sediment d i s t r i b u t i o n s  (Koide e t  a l . ,  1975; L i v i n g s t o n  

and Bowen, 1979; Carpenter and Beasley, 1981; Cochran, 1985; S to rda l  a t  

a l . ,  1985; Sayles and L iv ings ton ,  1985) and l a b o r a t o r y  s tud ies  

(Sho lkov i t z  a t  a l . ,  1983; Santschi e t  a l . ,  1983; Higgo and Rees, 

1986). However, these studies a re  n o t  conc lus ive .  For ins tance,  e a r l y  

evidence o f  downcore decreases i n  t h e  2399240~u /1  3 7 ~ s  r a t i o  i n  

coas ta l  sediments has been used t o  argue bo th  f o r  ( L i v i n g s t o n  and 

Bowen, 1979) and aga ins t  (Edgington 1981; Carpenter and Beasley, 1981) 

Pu m o b i l i t y  i n  sediments. Whi le pore water s tud ies  a r e  known t o  

p rov ide  t h e  most s e n s i t i v e  i n d i c a t i o n  o f  d iagene t i c  m o b i l i t y  (Emerson, 

1976; F r o e l i c h  e t  a l . ,  1979; Berner, 1976, 1980). pore  water  Pu s t u d i e s  

have been l i m i t e d  due t o  t h e  extremely low concen t ra t i on  o f  f a l l o u t  

239 * 2 4 0 ~ ~  expected i n  n a t u r a l  pore waters (=I 0 - l 8  moles/kg) 

(Edgington, 1981 ; Shol kov i  t z ,  1983). 

The advantages i n  o b t a i n i n g  2 3 9 9 2 4 0 ~ u  pore water da ta  a r e  seen 

i n  t h e  study o f  Sho l kov i t z  and Mann (1984). They were a b l e  t o  measure 

bo th  2 3 9 * 2 4 0 ~ u  and 13'cs i n  t h e  s o l i d  phase and l a r g e  volume 

(1-3.4 kg) pore water samples a t  t h e  same Buzzards Bay s i t e  s tud ied  by 

L i v i n g s t o n  and Bowen (1979). The i r  data show evidence f o r  t h e  

d i f f u s i v e  t r a n s p o r t  o f  1 3 7 ~ s  r e l a t i v e  t o  2 3 9 s 2 4 0 ~ u  and can account 

f o r  t h e  decreasing s o l i d  phase 2399240~u /1  3 7 ~ s  r a t i o  w i  t h  depth  i n  

t h e  core. They found t h a t  t h e  exchange o f  Pu between t h e  s o l i d s  and 

t h e  pore  waters was roughly  constant  throughout  t h e  co re  w i t h  a  



4 
d i s t r i b u t i o n  c o e f f i c i e n t  (Kd) o f  3-12 x  10 (Kd = (dpm/kg 

solids)/(dpm/kg s o l u t i o n ) ) .  Thei r  239 '240~u  pore water data remain 

t h e  most conclus ive evldence against  s i g n i f i c a n t  Pu r e m o b i l i z a t i o n  a t  a 

shal low reducing marine s i t e .  

Data on 2 3 9 ' 2 4 0 ~ ~  pore water chemistry under more o x l d i z i n g  

cond i t ions  and i n  d i f f e r e n t  sediment types are  lack ing .  Enhanced Pu 

m o b i l i t y  i n  deep-sea sediments has r e c e n t l y  been suggested based upon 

comparisons i n  t he  s o l i d  phase between f a l l o u t  2 3 9 p 2 4 0 ~ ~  and the  

n a t u r a l l y  occur ing t r a c e r  2 1 0 ~ b  (Cochran, 1985; S torda l  a t  a1 . , 1985; 

Sayles and L iv ings ton ,  1985). I n  these studies both t h e  pene t ra t i on  o f  

239 ' 2 4 0 ~ u  be1 ow 21 Opbex a t  depth i n  a  core and d iscrepencies i n  

t he  s o l i d  phase 
239, 240pU and 21 Opbex 

mix ing  ra tes  a r e  used t o  

argue f o r  Pu m o b i l i t y .  Cochran (1985) est imates t h a t  a  Pu Kd o f ,  
2  -10 would be needed t o  support t he  s o l i d  phase 239 '240~u  data  i n  

h i s  deep-sea cores (MANOP). Pore water 239 '240~u  data f rom the  deep 

sea a r e  needed t o  t e s t  t h i s  hypothesis.  

The c h i e f  o b j e c t i v e  o f  t h i s  work i s  t o  compare Pu pore water 

d i s t r i b u t i o n s  from a  v a r i e t y  o f  l o c a t i o n s  which d i f f e r  i n  t h e i r  

geochemical s e t t i n g s  bu t  which have received r e l a t i v e l y  s i m i l a r  i n p u t s  

o f  2 3 9 * 2 4 0 ~ u  f rom atmospheric f a l l o u t .  To t h i s  end, samples have 

been obtained from a  t ransec t  o f  seven cores ranging f rom reducing muds 

on the  U.S. con t i nen ta l  s h e l f  t o  sub-oxic and ox i c  cores i n  

carbonate-r ich sediments i n  t he  deep Northwest A t l a n t i c .  A t  these 

s i t e s  239 '240~u d i s t r i b u t i o n s  i n  t he  s o l l d  and pore water phases w i l l  

be examined i n  l i g h t  o f  a n c i l l a r y  pore water measurements (Fe, Mn, 

D.O.C., a l k a l i n i t y ,  SO:-, NO;) and s o l i d  phase 21 0 pbex 

and 3 7 ~ s  r e s u l t s .  Both t r a d i t l o n a l  alpha-count ing d e t e c t i o n  

techniques and a  newly developed mass spectrometr ic  (m.s.) technique 

(see Chapter 3, t h i s  t h e s i s )  have been used t o  de tec t  239,24Opu in 

the  pore waters and sediments a t  these s i t e s .  These data  extend 

considerably our knowledge o f  t he  d iagene t i c  chemistry o f  Pu beyond 

coasta l  s i t e s  where the  on l y  prev ious pore water 239 p 2 4 0 ~ u  data  e x i  s t  

(Heatherington, 1978; Nelson and Lovet t ,  1981; Sho lkov i t z  and Mann, 



11. SAMPLING 

Sediment and pore water samples were c o l l e c t e d  f rom box cores 

taken a t  seven s i t e s  dur ing  th ree  c ru ises  i n  water depths ranging f rom 

90-5000 m between Woods Hole and Bermuda i n  the  Northwest A t l a n t i c  

(F ig .  4.1). Core loca t ions ,  sampling dates, c r u l s e  numbers, and water 

depths a re  g iven i n  Table 4.1. Sediment cores were c o l l e c t e d  w i t h  a 
2 50 x 50 cm s i n g l e  spade box corer ,  and on ly  those cores w i t h  a l e v e l  

and v i s u a l l y  undisturbed sur face l aye r  were sampled. Sho lkov l t z  and 

Mann (1984) descr ibe i n  more d e t a i l  the  s t ra tegy  needed t o  c o l l e c t  

l a rge  volumes o f  pore water. B r i e f l y ,  t h i s  invo lves  rep lac ing  one s ide  

o f  t he  box core w i t h  an assembly o f  2 cm wide h o r i z o n t a l  p l a t e s  which 

can be removed I n d i v i d u a l l y  t o  a l l o w  sequent ia l  2 cm s l i c e s  t o  be made 

from the  e n t i r e  box core surface. Each sec t i on  o f  mud i s  then loaded 

I n t o  c e n t r i f u g e  b o t t l e s  f o r  pore water e x t r a c t i o n  and subsequent 

f i l t r a t i o n .  A l l  hand l ing  steps need t o  i nc lude  precaut ions  t o  avo id  

atmospheric (1.e. 02) contaminat ion o f  sub-oxlc muds and t h e i r  

inc luded pore waters (Troup e t  a l . ,  1974), and ex tens ive  changes i n  

temperature should be avoided (Manglesdorf e t  a l . ,  1969; B i s c h o f f  e t  

a l . ,  1970). As t h i s  procedure becomes unmanageable a t  sea, a s torage 

technique was devised t o  preserve e n t i r e  box cores f o r  up t o  f i v e  days 

a t  ambient temperatures and under anoxic cond i t i ons  be fo re  they a r e  

processed upon our r e t u r n  t o  shore based f a c i l i t i e s .  

The core hand l ing  and storage procedures begin immediately once 

the  box core reaches the  s h i p ' s  deck where o v e r l y i n g  waters a r e  

c a r e f u l l y  siphoned o f f  t he  core and a temperature probe i s  p laced i n  

t he  mud. The core i s  covered i n i t i a l l y  w i t h  a p l a s t i c  t o p  and f r e o n  

gas I s  used t o  purge the  o v e r l y i n g  head space. The box core i s  t hen  

l i f t e d  onto a c r a d l e  where the  c o r i n g  t r i p o d  and t r i g g e r i n g  mechanisms 

o f  t he  box corer  can be removed. The remaining 50 x 50 cm s t a i n l e s s  

s t e e l  box, con ta in ing  the  sediment core w i t h  the  spade i n  place, i s  

secured. This e n t i r e  core i s  then covered by an I n s u l a t i n g  box whtch 

i s  f i l l e d  w i t h  i c e  t o  main ta in  t h e  i n - s i t u  core temperatures (-S°C). 

A more permanent t o p  i s  sealed over t h e  core  and t h e  o v e r l y i n g  5-10 cm 



FIGURE 4 .1 :  Map Showlng t h e  Locat lon o f  Box Cores A throuqh H 



TABLE 4.1:  Locat ion o f  Pore Water Sampling S i t e s  and Date  o f  C o l l e c t i o n  

Depth - Core Cru ise  - Date  L a t i t u d e  Longi tude  



broken-up and hot  a c i d  leached (8N HN03) i n  t he  presence o f  a 2 4 2 ~ u  

and s tab le  Cs spike, fo l lowed by standard i o n  exchange p u r i f i c a t i o n  

procedures f o r  239,240~u and 1 3 7 ~ s  (Wong, 1971 ; L iv lngs ton  s t  a l . .  

1975). 1 3 7 ~ s  I s  c o l l e c t e d  as a c h l o r o p l a t l n a t e  p r e c i p i t a t e  and 

detected w i t h  low background beta de tec tors  (Noshkin and De Agazio, 

1966). 2 3 9 , 2 4 0 ~ ~  i s  e l e c t r o p l a t e d  onto s t a i n l e s s  s t e e l  planchets and 

alpha-counted (Wong, 1971 ; L iv ings ton  e t  a1 . , 1975). The repor ted  

e r r o r s  f o r  a l l  o f  t he  rad!o isotopic  data a r e  the  propigated one 

standard d e v i a t i o n  count ing e r r o r s  from t h e  rad iomet r ic  analyses. 

The f i r s t  pore water samples analyzed f o r  239 '240~u  were f rom 

cores A (90 m) and C (2700 m). These l a r g e  volume pore water samples 

(0.8-3.3 kg) were processed by standard alpha-count ing procedures (see 

Sho lkov i t z  and Mann (1984) f o r  d e t a i l s ) .  Alpha-counting i n t e r v a l s  o f  

up t o  e i g h t  weeks per  sample on our low background S i -sur face b a r r i e r  

de tec tors  were needed t o  ob ta in  s t a t i s t i c a l l y  s i g n i f i c a n t  r e s u l t s .  

Even w i t h  such long count ing i n t e r v a l s ,  t he  a c t i v i t i e s  o f  239, 24OPu 

i n  the  pore waters were a t  o r  below d e t e c t i o n  i n  t h ree  o f  t he  f o u r  

samples f rom core C, and i n  t he  deepest sample from core  A. An 

increase i n  t he  s e n s i t i v i t y  f o r  d e t e c t i n g  2 3 9 * 2 4 0 ~ ~  was t h e r e f o r e  

needed i f  r e l i a b l e  deep-sea pore water 2 3 9 , 2 4 0 ~ ~  data were t o  be 

obtained . 
Dur ing the  course o f  t h i s  p r o j e c t ,  a m.s. technique was developed 

f o r  low l e v e l  Pu analyses (Chapter 3, t h i s  t h e s i s ) .  The m.s. technique 

was used t o  measure 2 3 9 , 2 4 0 ~ ~  i n  the  remaining pore waters (cores D 

through H), and on r e p l i c a t e s  o f  some o f  t h e  sediment samples and pore 

waters which had p rev ious l y  been analyzed by alpha-count ing (Table 4.A 

prov ides i n f o r m a t i o n  on the  a n a l y t i c a l  technique and sample s izes  used 

f o r  t he  pore water analyses).  Using i so tope  d i l u t i o n  m.s., 
239, 24OPu 

a c t i v i t i e s  can be determined down t o  the  dpm 239. 24Opu per 

sample l e v e l .  The m.s. 239 '240~u technique i s  s i m i l a r  t o  

a lpha-count ing i n  t h e  sample p repa ra t i on  and clean-up steps, w i t h  

a d d i t i o n a l  a t t e n t i o n  being pa id  t o  ensure complete Pu p u r i f i c a t i o n  and 

low blanks.  The pore water procedural  b lank was found t o  be constant  

(n.5) a t  1 .0 x dpm 239 '240~u  per  sample, and the  pore water 



239 '240~u  da ta  i n  Table 4.A are  cor rec ted  f o r  t h i s  blank. I n  on l y  

four  cases i s  t h i s  c o r r e c t i o n  l a r g e r  than 25% o f  t h e  t o t a l  r epo r ted  

2 3 9 * 2 4 0 ~ u  a c t i v i t y  (Table 4.A). 

I n  c o n t r a s t  t o  alpha-count ing, t h e  m.s. technique p rov ides  a 

separate de termina t ion  o f  t h e  2 3 9 ~ u  and 2 4 0 ~ u  isotopes.  The m.s. 

data presented i n  t h i s  chapter have been converted i n t o  239, 24OPu 

a c t i v i t i e s  i n  order  t o  compare them d i r e c t l y  w i t h  Pu a c t i v i t y  da ta  

repor ted  i n  t h e  l i t e r a t u r e  and determined by alpha-count ing. A 

complete d l  scussion o f  t h e  m. s. technique and 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  

data appears i n  Chapters 3 and 6 o f  t h i s  t hes i s .  

I V .  RESULTS AND DISCUSSION 

A. Geochemical s e t t i n g  

Whi le t h e  i n p u t  o f  f a l l o u t  Pu t o  cores A through H has been 

s i m i l a r ,  a c o n t r a s t i n g  range o f  geochemical s e t t i n g s  e x i s t s  a long t h i s  

t r ansec t .  T rans i t i ons  between sediment types and redox environments 

need t o  be e luc ida ted  i n  order  t o  i n t e r p r e t  downcore and between co re  

v a r i a b i l i t y  i n  t h e  pore water 2 3 9 s 2 4 0 ~ ~  data. These a n c l  1  l a r y  da ta  

a re  Important  s ince  t h e  s o l u b i l i t y  o f  pore water  2 3 9 s 2 4 0 ~ u  may vary  

as a f u n c t i o n  o f  t h e  sediment minera logy (Duursma and Gross, 1971; 

Aston e t  a l . ,  1985). complexat ion reac t i ons  w i t h  organic  o r  i n o r g a n i c  

l i gands  (Anderson a t  a l . ,  1982; Sanchez, 1983; Nelson e t  a l . ,  1985; 

Higgo and Rees, 1986). i n  con junc t i on  w i t h  t h e  redox cyc les  o f  Fe and 

Mn (Sho lkov i t z  e t  a l . ,  1982; Buesseler e t  a l . ,  1985), o r  as a r e s u l t  o f  

d i r e c t  redox t rans format ions  o f  Pu i t s e l f  (Nelson and L o v e t t ,  1978 and 

1981; Sanchez e t  a l . ,  1985; Keeney-Kennicutt and Morse, 1985). 

The sediment minera logy a long t h i s  t r a n s e c t  v a r i e s  s y t e m a t i c a l l y  

depending upon t h e  r e l a t i v e  abundance o f  land vs. b iogen i c  d e r i v e d  

sediment sources a t  a  s i t e  and sediment r e d i s t r i b u t i o n  processes w i t h i n  

t h e  ocean. S o l i d  phase aluminum and carbonate da ta  a r e  p rov ided  i n  

Table 4.8. The g r a i n  s i z e  data discussed below a r e  f rom e x t e n s i v e  

survey work i n  t h i s  reg ion  (Hathaway, 1971, 1972; M i l l iman ,  1972) and 

f rom q u a l i t a t i v e  observat ions o f  sediment t e x t u r e  i n  these cores.  



The shal lowest  core (A, 90 m) l i e s  i n  a reg ion  known a p p r o p r i a t e l y  

as the  "Mud Patcht' s ince the  sediments here a r e  predominant ly s i l t y  and 

c layey muds, w i t h  on ly  t race  amounts o f  b iogenic carbonate o r  s i l i c a .  

The core a t  501 m (F)  i s  somewhat sandier than core A ( lower  water 

contents; sandy tex tu re )  poss ib ly  due t o  the  increased eros ion  o f  

f ine-gra ined sediments a t  the  she l f -s lope break. The s lope core E 

(1275 m) cons is ts  o f  muddy sediments which have been d i l u t e d  w i t h  

110% carbonate by weight.  CaC03 i s  t he  dominant b iogenic phase 

which i s  generated i n  t h i s  reg ion  due t o  the  format ion o f  c a l c i t e  t e s t s  

by the  p lank ton ic  f o ramin i fe ra  (Tucholke, 1984). Cores D (2362). C 

(2700 m), H (4990 m), and G (4469 m) are  more enriched i n  these 

carbonate phases, which average 25, 27, 30, and 60% by weight  o f  t h e  

sediment respec t i ve l y  (Table 4.8). 

Along w i t h  t h i s  t r a n s i t i o n  from shal low muds t o  deep-sea 

carbonate-r ich sediments, t he re  i s  a gradual t r a n s i t i o n  i n  t h e  redox 

c h a r a c t e r i s t i c s ~ o f  t h e  cores as w e l l .  The redox t r a n s i t i o n s  a r e  

u l t i m a t e l y  d r i v e n  by the  f l u x  o f  organic mat te r  t o  t h e  sediments. Th i s  

f l u x  i s  h ighes t  i n  t h e  coas ta l  waters, decreasing away f rom shore i n  

t h i s  region.  As i s  now w e l l  documented, t h e  degradat ion o f  organic 

mat te r  i n  marine sediments i s  coupled t o  the  sequent ia l  u t i l i z a t i o n  o f  

ox idants i n  t h e  order o f  h ighes t  t o  lowest energy producers per  mole o f  

organic carbon which i s  ox id ized.  That i s ,  t h e  consumption o f  O2 i s  

fo l lowed by d e n i t r f f i c a t i o n ,  which i s  fo l lowed by Mn(1V) reduct ion,  
2 - 

F e ( I I 1 )  reduc t ion  and p o t e n t i a l l y  SO4 reduc t i on  ( F r o e l i c h  e t  a l . ,  

1979; Emerson e t  a l . ,  1980; Berner, 1980). W i t h i n  a g i ven  core, one 

can expect t o  f i n d  p rog ress i ve l y  more reducing cond i t i ons  deeper i n  t h e  

sediments. Moreover, a long the  t ransec t  a t r a n s i t i o n  i s  expected f rom 

h i g h l y  reducing sediments i n  t h e  coas ta l  s i t e s  ou t  t o  more o x i c  

cond i t i ons  i n  t he  deep-sea sediments. 

As an i n d i c a t o r  o f  redox s ta te ,  I have focused on t h e  

de terminat ion  o f  pore water Mn(I1) and Fe( I1 )  which r e f l e c t s  Mn(1V) and 

F e ( I I 1 )  reduc t ion  as o u t l i n e d  i n  t he  above sequence. I n  t h e  most 
2 - reducing core ( A )  I have a l s o  measured pore water SO4 , w h i l e  i n  

the  ox i c  deep-sea s i t e s  G and H, pore water NOg data  were obta ined 



(Table 4.0). 

The pore water Mn and Fe data in Table 4.8 (and shown later in 

Figure 4.3) support a gradual transition from oxidizing to reducing 

sediments along thls transect. For example, the deep-sea cores G 

(4469 m) and H (4990 m) are found to have undetectable Mn and Fe 

(<1pM/1) throughout their pore waters, consistent with the highly 

oxidizing nature of these sites. Pore water NO; data place 

denitriflcation within the sediments at core G (with a subsurface 

NO; maxlmun at 7 cm) and at the sediment/water interface for core 

H. At 2700 m (core C), pore water Mn and Fe are undetectable in the 

upper 5 cm of the core. Below 5 cm in core C, pore water Mn 

concentrations rapidly increase to over 40 pM/1 by 15 cm and remain 

high between 15-25 cm. Pore water Fe in core C remains less than 

3 pM/1 at all depths below 5 cm. Hence, core C exhibits a downcore 

shift from sub-oxic conditions in the top 5 cm to Mn reducing but not 

strongly Fe reducing conditions in the 10-25 cm depth zone. As the 

data are examined from the shallower sites, the zone of Mn and Fe 

reduction gradually shifts upwards within the cores so that by core A 

(90 m), pore water Mn is highest in the 0-1.5 cm sample (42 pM/l) 
with a pore water Fe maximum (37 pM/L) at 2.5 cm. In a highly 

reducing core such as A, evidence exists for the removal of pore water 

Mn and Fe below 5 cm, possibly due to the formation of less soluble 

carbonate and sulfide phases (Elderfield et al., 1981; Pedersen and 
2- 

Price, 1982). The pore water SO4 concentrations at core A are 

constant with depth (Table 4.8). 

In summary, the pore water Mn and Fe data indicate a well defined 

set of redox conditions along this transect. Conditions range from 

oxic and sub-oxic in the deep-sea sediments to progressively more 

reducing on the slope and shelf. Within any given core there is a 

transition to more reducing conditions with increasing depth in the 

sediments. 

In cores C (2700 m), D (2362 m), E (1275 m), and F (501 m) solid 

phase Wn data can be used to examine the long term stablility of the 

above described redox conditions (Froelich et al., 1979). In these 



cores t h e  ne t  r e s u l t  o f  t he  upward d i f f u s i o n  o f  so lub le  Mn(1I) and i t s  

reac t i on  w i t h  downward d i f f u s i n g  O2 a re  seen i n  t h e  s o l l d  phase Mn 

p r o f i l e  where a peak i n  s o l i d  Mn02 e x i s t s  j u s t  above t h e  pore water 

Mn(I1) g rad ien t  (Table 4.0). The steepest pore water Mn gradients,  and 

hence t h e  l a r g e s t  d i f f u s i v e  Mn(1I) f luxes ,  a re  matched by t h e  l a r g e s t  

increase i n  s o l i d  phase Mn i n  core C (2700 m). I f  I c a l c u l a t e  t h e  

diffusive Mn f l u x  upwards i n  cores C, D, E and F and compare t h i s  t o  

the  observed s o l i d  phase enrichment i n  Mn, an indication o f  t h e  long 

term s t a b i l i t y  o f  t h e  redox s e t t i n g  i s  obtained. This  c a l c u l a t i o n  

(neg lec t i ng  advect ion) leads t o  an est lmate o f  50-150 years over which 

the d i f f u s i o n  o f  Mn and the  p r e c i p i t a t i o n  o f  Mn oxldes must have been 

occur ing a t  these s i t e s  ( t =  Mn s o l i d  i nven to ry /Mn( I I )  f l u x ;  

where the  excess Mn s o l i d  phase inventory  i s  taken f rom t h e  data i n  

Table 4.8; t h e  pore water Mn(I1) f l u x  i s  ca l cu la ted  from: 

1 .  w l t h  4 = 0.7. m = 2.5, Db = 2 x  cm/sec, and dC/dx i s  

taken f rom the  nn2* pore water p r o f i l e s  a t  cores C, 0, and E ( L i  and 

Gregory, 1974; Berner, 1980; Ullman and A l l e r ,  1982)).  Thls 

c a l c u l a t i o n  suggests t h a t  t he re  has been no major change i n  t h e  

sediment redox p rope r t i es  s ince the  I n t r o d u c t i o n  o f  f a l l o u t  239, 24OpU 

t o  these sediments du r ing  the  pas t  30 years. 

F i n a l l y ,  I t  I s  o f  I n t e r e s t  t o  examine the  a n c i l l a r y  pore water 

D.O.C. and a l k a l i n i t y  data (Table 4.8). While t h e  D.O.C. da ta  a r e  

somewhat scat tered,  some general t rends a r e  ev ident .  I n  t h e  shal lower 

cores (90 m and 501 m), D.O.C. values a r e  r e l a t i v e l y  low i n  t h e  upper 

0-2 cm ( r 1 0  mgC/1) and increase t o  a subsurface maximum o f  44 mgC/1 

a t  12.5 cm i n  core A and 25 mgC/1 a t  5 em i n  core  F. Below these 

maximum D.O.C. concentrat ions the re  i s  a .gradual d r o p o f f  i n  D.O.C. 

concent ra t ion  w i t h  depth i n  these cores. This  p a t t e r n  c o n t r a s t s  w i t h  

D.O.C. da ta  from E (1275 m), D (2362 m) and C (2700 m), where t h e  

h ighes t  D.O.C. concentrat ions a r e  i n  t h e  upper 0-2 cm o f  t h e  core  

(30-35 mgC/1) decreasing r a p i d l y  t o  values i n  t h e  10-20 mgC/1 range 

( w i t h  some s c a t t e r )  i n  t h e  deeper samples. No D.O.C. da ta  were 

c o l l e c t e d  f o r  t he  deep-sea cores G and H f o r  comparison. 



The a l k a l i n i t y  data show no cons is ten t  t rends except t h a t  t h e  

shal lower cores A and F appear t o  have genera l l y  h igher  a l k a l i n i t y  

values than t h e  o ther  s i t e s .  A n a l y t i c a l  d i f f i c u l t i e s  w i t h  d i f f e r e n t  

Gran t i t r a t i o n  procedures i n  t he  l a b  between c ru ises  does n o t  i n s t i l l  

conf idence i n  these data. 

B. Sedimentary 239, 240pU 21 Opbex 
I and 1 3 7 ~ s  

The s o l i d  phase p r o f i l e s  o f  
239, 240pu 21 Opbex , and 

1 3 7 ~ s  a re  shown i n  F igure  4.2 and repor ted i n  Table 4.A. A major 

f ea tu re  o f  t h e  s o l i d  phase r e s u l t s  a re  the  genera l l y  s i m i l a r  

d i s t r i b u t i o n s  o f  these th ree  t r a c e r s  F ig.  4.2). Also, t h e r e  i s  a  

decrease i n  t h e  depth o f  t r a c e r  pene t ra t i on  along the  t r a n s e c t .  The 

shal lowest core (A, 90 m) e x h i b i t s  de tec tab le  239, 240pu and 
21 Opbex down t o  a t  l e a s t  35 cm. I n  cores F (501 m), E (1275 m), D 

(2362 m) and C (2700 m) the  t r a c e r  pene t ra t i on  depths a r e  a l l  found t o  

be s i m i l a r  and l i e  between 10 and 15 cm. I n  the  deep-sea cores G 

(4469 m) and H (4990) these t r a c e r s  a re  on ly  found i n  the  t o p  8  cm o f  

t h e  core. These t r a c e r  d i s t r i b u t i o n s  a re  cons i s ten t  w i t h  a  t r e n d  f rom 

more r a p i d  and deeper benth ic  mix ing  a t  the  s h e l f  s i t e ,  towards 

decreased benth ic  mix ing  i n  t h e  slope cores and the  l e a s t  i n t e n s e  

benth ic  mix ing  a t  t h e  deep-sea s i t e s .  It i s  l i k e l y  t h a t  t h i s  r e f l e c t s  

a  change i n  benth ic  macrofauna community s t r u c t u r e  and d e n s i t y  w i t h  

i nc reas ing  water depth (Rowe e t  a l . ,  1974). 

Previous s tud ies  have used a  comparison between t h e  depths o f  

pene t ra t i on  of 
239, 240pu and 21 Opbex as evidence i n  arguments 

support ing enhanced Pu m o b i l i t y  i n  t he  sediments (Cochran, 1985; 

S torda l  e t  a l . ,  1985; Sayles and L iv ings ton ,  1985). For ins tance,  

Cochran (1985), S to rda l  e t  a l .  (1985) and Sayles and L i v i n g s t o n  (1985) 

a l l  argue t h a t  2 3 9 s 2 4 0 ~ u  i s  present  deeper than 21 Opbex i n  a t  

l e a s t  some o f  t h e i r  cores. The assumption i s  t h a t  g i ven  t h e  22.3 year 

h a l f - l i f e  o f  2 1 0 ~ b ,  zero 210~bex values should be reached a t  an 

age and depth equ iva len t  t o  about 100 years ( i . e .  -5 h a l f - l i v e s ) ,  

whereas f a l l o u t  2 3 9 * 2 4 0 ~ u  should o n l y  be present  i n  p o s t - f a l l o u t  

samples (4.e. 25-40 years be fore  present ) .  This  i s  n o t  e n t i r e l y  
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c o r r e c t  s ince 2 3 9 * 2 4 0 ~ u  may reach the  same depth as 210~bex  over 

t ime i f  sediment mix ing  I s  rap id  (Anderson e t  a l . ,  1986). I n  general 

though, t he  presence o f  f a l l o u t  239 * 2 4 0 ~ u  be1 ow 21 Opbex i n  t h e  

s o l i d  phase a t  t h i s  t ime would argue f o r  enhanced 239 * 2 4 0 ~ u  mobi 1  l t y  

i n  t h e  pore waters o r  i t s  p r e f e r e n t i a l  t r anspor t  by a  s e l e c t i v e  

p a r t i c l e  mix ing  process (Cochran, 1985; S torda l  e t  a l . ,  1985) s ince  

2 1 0 ~ b  immob i l i t y  has been assumed g iven the  2 ' 0 ~ b e x  pore water 

work o f  Cochran and Krishnaswami (1980). 

I n  a  s i m i l a r  manner, t he  depth o f  pene t ra t i on  o f  239, 24OP, 

r e l a t i v e  t o  
21 Opbex can be examined a long my t ransec t  f o r  evidence 

o f  Pu m o b i l i t y .  I n  a l l  of my cores t h e  pene t ra t i on  depths o f  
239,240pu and 210pbex i n  t h e  sediments a r e  i d e n t i c a l  w i t h i n  t h e  

count ing  e r r o r s .  I n  cores A, D, and F i t  can be seen t h a t  t h e r e  a r e  

samples deep I n  these cores where 
21 Opbex values cannot be 

determined above 0.3 dpm/g, w h i l e  t he  2 3 9 p 2 4 0 ~ u  s igna l  i s  s t i l l  

de tec tab le  i n  t h e  sediments (Table 4.A). To conclude t h a t  t h i s  

represents a  r e a l  separat ion between these two t r a c e r s  and hence 

evidence f o r  Pu m o b i l i t y  i s  no t  w i t h i n  t h e  accuracy o f  t he  data s e t  

(see f o l l o w i n g  d iscuss ion) .  

There a re  two main problems when comparing s o l i d  phase 239, 24OPu 

and 2 1 0 ~ b e x  data which make the  r e s u l t s  i n s e n s i t i v e  i n d i c a t g r s  o f  

Pu m o b i l i t y .  F i r s t ,  i n  many previous s tud ies  - such as i n  S to rda l  e t  

a l .  (1985) and i n  some o f  t he  Sayles and L i v ings ton  (1985) da ta  - 
239, 240pu and 21 Opbex a c t i v i t i e s  were n o t  determined on t h e  same 

sediment sample. This  i s  a  ser ious problem i n  t h a t  cons iderab le  

s p a t i a l  v a r i a b i l i t y  can e x i s t  i n  benth ic  sediment m ix ing  w i t h i n  a g iven 

reg ion  o r  even w i t h i n  a  g iven core (Cochran, 1985; Deblaster e t  a l . ,  

1985; Anderson e t  a l . ,  1986). Therefore, d i r e c t  comparisons amongst 

t r a c e r s  i n  terms o f  t h e i r  pene t ra t i on  and mix ing  r a t e s  between c l o s e l y  

spaced samples can cause an apparent discrepency which i s  an a r t i f a c t  

o f  t h e  r e a l  s p a t i a l  v a r i a b i l i t y  i n  ben th i c  processes. 

A second problem mentioned above w i t h  respect  t o  my data  s e t  (and 

any o the r )  i s  t h e  s e n s i t i v i t y  i n  de termin ing  t h e  abso lu te  depth o f  zero 

210~bex  a c t i v i t i e s  a t  depth i n  a  core r e l a t i v e  t o  zero 239, 24OpU 



a c t i v i t i e s .  While r e l a t i v e l y  small 2 3 9 p 2 4 0 ~ u  a c t i v i t i e s  (<0.5 

dpm/kg) can be r e l i a b l y  determined above zero f a l l o u t  
239, 24OPu 

a c t i v i t i e s  deep i n  a core, t he  de tec t i on  o f  small 21 Opbex 

a c t i v i t i e s  above the  supported 2 1 0 ~ b  values i s  i n h e r e n t l y  prone t o  

l a r g e  e r r o r s .  Simply stated, t h e  e r r o r  on t h e  de terminat ion  o f  a smal l  

value (210~bex ) ,  f rom the  d i f f e r e n c e  between two much l a r g e r  values 

( t o t a l  2 1 0 ~ b  minus supported 2 1 0 ~ b )  i s  sub jec t  t o  cons iderab le  

statistical unce r ta in t y .  This problem i s  p a r t i c u l a r y  d i f f i c u l t  i n  t h e  

P a c i f i c  deep-sea samples o f  Cochran (1985) where supported 2 1 0 ~ b  

values a r e  h igh  and var iab le ,  15-90 dpm/g, and the  de te rm ina t i on  o f  
21 Opbex values o f  l ess  than a few dpm/g i s  sub jec t  t o  a l a r g e  

e r r o r .  I n  a l a t e r  sec t i on  data f rom a core i n  Cochran (1985) w i l l  be 

used as a t e s t  case t o  i l l u s t r a t e  t h i s  e f f e c t .  

De ta i l ed  modeling o f  t he  239, 240pu and 21 Opbex sediment 

p r o f i l e s  i n  order t o  est imate sediment mix ing  c o e f f i c i e n t s  has been 

presented elsewhere f o r  cores A, F, E, 0, and C (Anderson e t  a l . ,  1986; 

Chpt. 7, t h i s  t h e s i s ) .  I n  summary, t he re  i s  no s t a t i s t i c a l  d i f f e r e n c e  

between sediment mix ing  ra tes  determined by steady-state 
21 Opbex 

eddy-d i f fus ive  benth ic  mix ing  models (Goldberg and Koide, 1962; Nozaki 

e t  a l . ,  1977; Peng e t  a l . ,  1979; Krishnaswami e t  a l . ,  1980; DeMaster 

and Cochran, 1982; Chpt. 7, t h i s  t h e s i s )  and those determined by 

239'240~u, e i t h e r  assuming a pu lse  i n p u t  f o r  Pu t o  t h e  sediments 

(Cochran, 1985, and references t h e r e i n )  o r  by us ing  a numer ica l  model 

which u t i l i z e s  the  nuclear  weapons f a l l o u t  I n p u t  curve t o  determine 

2 3 9 , 2 4 0 ~ ~  f l uxes  t o  t h e  sediments (Anderson e t  a l . ,  1986). A t  90m 

(core  A) i n  t he  "Mud Patch' region,  sediment mix ing  r a t e s  average 
2 1.5 cm /year. The remaining cores from 501m out  t o  2700m have 

2 
sediment mix ing  ra tes  which average 0.5 cm /year ( r a n g i n g  f rom 

2 0.14-1.0 cm /year) w i t h  no systematic v a r i a b i l i t y  between depths. 

The sub-surface peaks i n  bo th  2 3 9 * 2 4 0 ~ u  and 210~bex  i n  t h e  

deep-sea cores G and H a re  a d i s t i n c t  and somewhat unusual f e a t u r e  

which p r o h i b i t  t h e  a p p l i c a t i o n  o f  a simple d i f f u s i v e  m i x i n g  model a t  

these s i t e s .  I n  bo th  o f  these cores, a c t i v i t i e s  o f  239 , 240pu and 

21 Opbex which a r e  s i m i l a r  t o  those a t  t h e  sediment i n t e r f a c e  a r e  



found i n  a sub-surface peak centered a t  3-4 cm I n  core H and a t  

4-4.5 cm i n  core G (F ig .  4.2).  These peaks would be much less  obvious 

i f  l a r g e r  sediment sampling i n t e r v a l s  (1.e. 2 cm) had been analyzed. 

These very sharp subsurface peaks may be caused by t h e  s e l e c t i v e  

feeding and defecat ion  depths o f  a popu la t ion  o f  ben th i c  organisms 

(conveyor b e l t  species (Benninger e t  a l . ,  1979; A l l e r ,  1982), by 

phys ica l  mass t ranspor t  processes (Y ings t  and A l l e r ,  1982; Chanton e t  

a l . ,  1983; Knebel, 1984), o r  as pos tu la ted  recent ly ,  by the  

p r e f e r e n t i a l  accumulatfon and r e d i s t r i b u t i o n  o f  these t r a c e r s  i n  

sterecomes o f  deep-sea rhizpopods (Swinbanks and Skirayama, 1986). 

This  l a s t  p o s s i b l i l i t y  seems l e a s t  l i k e l y  based upon what i s  known o f  

the  benth ic  communities i n  t h i s  reg ion  (Grassle, 1986). The 

210~bex sediment i nven to r i es  i n  cores G and H, 10.8 and 14.2 
2 dpm/cm , respec t i ve l y ,  a re  s i m i l a r  t o  o ther  i nven to ry  da ta  f rom t h i s  

reg ion  (Buesseler e t  a l . ,  1985). The 210~bex  i n v e n t o r i e s  a l s o  

agree w i t h  annual sediment t r a p  2 1 0 ~ b  f l u x e s  measured above core 6,  

i f  a steady-state I n p u t  f o r  2 1 0 ~ b  i s  assumed (Bacon e t  a1 ., 1985). 

Because o f  t h i s  balance between the  measured and expected i n v e n t o r i e s  

o f  210~bex,  the  process which i s  respons ib le  f o r  c r e a t i n g  the  sharp 

subsurface t r a c e r  peak cannot have added subs tan t i a l  t r a c e r  r i c h  

sediment t o  t h i s  s i t e .  This  argument would r u l e  ou t  phys i ca l  t r a n s p o r t  

processes such as slumping o r  t u r b i d i t y  f lows as a p o s s i b l e  mechanism 

f o r  c r e a t i n g  the  subsuface peaks, unless an e a r l i e r  l o s s  o f  core  t o p  

sediment was fo l lowed by an equ iva len t  a d d i t i o n  o f  t r a c e r  r i c h  sur face 

sediment t o  both s i t e s .  Since these samples were taken f rom a 10 cm 

diameter sediment subcore i t  a l s o  seems u n l i k e l y  t h a t  a f e a t u r e  t h i s  

s t rong could be produced by the  acc iden ta l  sampling o f  a s i n g l e  recent  

worm burrow. A l t e r n a t i v e l y ,  t h e  sub-surface peaks cou ld  be formed by 

the  r e d i s t r i b u t i o n  o f  surface, t r a c e r - r i c h  sediment t o  depth by benth ic  

conveyor b e l t  species. The cormunity o f  benth ic  fauna respons ib le  f o r  

t h i s  peak a re  unknown and were n o t  seen upon j nspec t i on  o f  t h e  cores. 

Previous researchers have suggested t h a t  239 , 240pu and 

210~bex a r e  mixed w i t h  d i f f e r e n t  ra tes  I n  t h e  sediments (Cochran, 

1985; S to rda l  e t  a l . ,  1985). Sayles and L i v i n g s t o n  (1985) have a l s o  



suggested t h a t  2 3 9 s 2 4 0 ~ u  sediment mix ing  ra tes  increase a t  depth i n  

t h e i r  cores. To account f o r  t h e i r  model data a l l  t h ree  o f  these 

s tud ies  concluded t h a t  2 3 9 s 2 4 0 ~ ~  was somehow mobi le  r e l a t l v e  t o  

210~bex  i n  t he  sediments. There are, however, many i nhe ren t  e r r o r s  

associated w i t h  determin ing sediment mix ing  ra tes ,  such t h a t  apparent 

dev ia t i ons  between the  mix ing  c o e f f i c i e n t s  ca l cu la ted  f rom 
239 ,24OPu 

and 210~bex  mix ing  models cannot be i n t e r p r e t e d  as being a r e l i a b l e  

i n d i c a t o r  o f  Pu m o b i l i t y  o r  p r e f e r e n t i a l  mix ing.  Some o f  t h e  model 

e r r o r s  which requ i re  f u r t h e r  a t t e n t i o n  inc lude:  a) assumptions 

concerning the  i n p u t  f l u x  o f  2 3 9 9 2 4 0 ~ u  t o  the  sediments, s i nce  recent  

data from sediment t raps  and 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  i n  A t l a n t i c  cores 

suggest a more complex Pu i n p u t  than i s  inc luded i n  the  models 

(Buesseler and Sholkovi tz ,  1986; Chapters 6 and 7, t h i s  t h e s i s ) ,  

b) p o t e n t i a l  unce r ta in t i es  i n  f i t t i n g  a complex time-dependent curve t o  

l i m i t e d  sediment data as discussed by O f f i c e r  and Lynch (1982, 1983) 

and Lynch and O f f i c e r  (1984), c )  t he  non -d i f f us i ve  na ture  o f  m ix ing  

( A l l e r ,  1982). d) t he  assumption o f  constant  2 1 0 ~ b  f l uxes ,  when 

sediment t r a p  data suggest a t  l e a s t  seasonal and poss ib l y  some 

Inter-annual  v a r i a b i l i t y  i n  these f l u x e s  (Bacon e t  a l . ,  1985). and e) 

evidence f o r  enhanced mix ing  due t o  t r a c e r  pene t ra t i on  I n  s o l u t i o n  i n  

evacuated burrows ( A l l e r ,  1982, 1984). Whi le model de r i ved  sediment 

mix ing  ra tes  can be use fu l  parameters f o r  q u a n t i f y i n g  average ben th i c  

mix ing  processes, they are  no t  s e n s i t i v e  i n d i c a t o r s  o f  239, 24OPu 

m o b i l i t y .  This  w i l l  be demonstrated l a t e r  us ing  t h e  MANOP data  o f  

Cochran (1985) as a case study. 

13'Cs s o l i d  phase data were obta ined f o r  cores F, E, D and C and 

a r e  prov ided i n  Table 4.A and F igure  4.2. As s ta ted  p rev ious l y ,  t h e  

a c t i v i t y  o f  1 3 7 ~ s  tends t o  f o l l o w  t h e  o ther  s o l i d  phase m i x i n g  

t race rs .  The 2 3 9 ' 2 4 0 ~ ~ / 1 3 7 ~ s  r a t i o s  i n  t h e  sediments range between 

0.15-0.40 and show no systematic downcore v a r i a b i l i t y .  Th i s  i s  i n  

general agreement w i t h  prev ious s tud ies  o f  2 3 9 s 2 4 0 ~ u  and 1 3 7 ~ s  i n  

a l l  but  t he  most reducing s i t e s  ( L i v i n g s t o n  and Bowen, 1979; Carpenter 

and Beasley, 1981). Only shal low and h i g h l y  reducing cores show 

evidence f o r  a decrease i n  t he  s o l i d  phase 2399240~u /1  3 7 ~ s  w i t h  



depth i n  a  core (L i v ings ton  and Bowen, 1979; Sho lkov i t z  and Mann, 1984). 

C.  Pore water 
239, 24OPu 

Pore water 239 '240~u  data are  g iven i n  Table 4.A, and a re  

compared d i r e c t l y  t o  t he  s o l i d  phase 239'240Pu and Fe and Mn pore 

water p r o f i l e s  i n  F igure  4.3. These a re  the  f i r s t  repo r ted  da ta  on pore 

water 2 3 9 p 2 4 0 ~ ~  from s i t e s  o ther  than coas ta l  seas and embayments 

(Heatherington, 1978; Nelson and Lovet t ,  1981; Sho lkov i t z  and Mann, 

1984). 239 '240~u a c t l v l t i e s  o f  up t o  0.75 dpm/100 kg a r e  found i n  

the  pore waters w i t h  the  h ighest  a c t i v i t i e s  occur ing i n  t h e  

near-surface samples o r  i n  the  case o f  core F  (501 m), i n  a  subsurface 

pore water 239 '240~u maximum a t  2-4 cm. The near-surface pore water 

239 '240~u  act! v i  t i e s  always exceed the  near bottom water 239, 24OPu 

a c t i v i t i e s  ( these average q0.1 dpm/100 kg - see F ig .  4.3). The pore 

water 239i240~u a c t i v i  t i e s  decrease w i t h  depth i n  the  cores f o l  low ing 

the  d i s t r i b u t i o n  o f  s o l i d  phase 239s240Pu. There i s  a l s o  no obvious 

o r  cons i s ten t  r e l a t i o n s h i p  between the  pore water 2 3 9 p 2 4 0 ~ u  p r o f 1  l e s  

and the  pore water d i s t r i b u t i o n s  o f  Fe, Mn, o r  D.O.C. 

The main fea tu re  o f  t he  e n t i r e  data se t  i s  a  f a i r l y  cons i s ten t  

r e l a t i o n s h i p  between pore water 2 3 9 p 2 4 0 ~ u  and t h e  corresponding s o l  i d  

phase 23g,240~u a c t i v i t i e s .  This  r e l a t i o n s h i p  can be descr ibed by 

the  dimensionless d i s t r i b u t i o n  c o e f f i c i e n t ,  Kd. which i s  o p e r a t i o n a l l y  

de f ined as the  r a t i o  o f  2 3 9 p 2 4 0 ~ u  i n  the  s o l i d  phase (dpm/kg) t o  

239 '240~u i n  t h e  pore s o l u t i o n  (dpm/kg). The c a l c u l a t e d  Kdls a long 
4  t h i s  e n t i r e  t ransec t  range from 0.2-23 x  10 (Table 4.A and F ig .  4.3). 

which i s  w i t h i n  the  range o f  p rev ious l y  repor ted  values f rom labo ra to ry  
3  

and f i e l d  s tud ies  (10 - l o 5 :  Edgington, 1981; Sho lkov i tz ,  1983). 

A general t r end  i n  t he  K data i s  an apparent decrease i n  K 
d  d  

values between the  shal lower and deeper s t a t i o n s .  The mean Kd values 

(us ing  a l l  o f  t h e  Kd da ta  w i t h  an associated e r r o r  o f  <25%) i n  t h e  

deeper cores a t  2700 m, 4460 m, and 4990 m a r e  0.61, 0.44, and 0.32 x 
4  10 , respec t i ve l y .  This  i s  s l g n l f i c a n t l y  lower than t h e  mean Kd 

values w i t h i n  t h e  shal lower cores, which average 2.0, 2.0, 6.4 and 12 
4  x10 a t  90 m, 501 m, 1275 m and 2362 m, respec t t ve l y .  



Figure  4.3: Pore Water and S o l i d  Phase 239,240~u P r o f i l e s ,  Pu D i s t r i -  
b u t i o n  Coe f f i c i en ts ,  and Pore Water Fe and Mn ( o r  NO3) Data 

Pore Water 
Fe 6 Mn k M . /  

Core A-90m J 

h 
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Solid Mn fppm / 

For each core, I have p l o t t e d  the  s o l i d  phase ( x ' s )  and pore water 
(open c i r c l e s )  239,240~u data i n  t he  l e f t  hand f i g u r e  The s o l i d  
c i r c l e  above zero cm, represents t h e  o v e r l y i n g  water 139*240~u  a c t i v -  
i t y  a t  these s i t e s  ( L i v i n  ston, 1986). I f  the associated one standard 
d e v i a t i o n  e r r o r  on the  238*240Pu a c t i v i t y  de terminat ion  i s  l a r g e r  than 
t h e  symbol, than the  e r r o r  bars a r e  p l o t t e d  as w e l l .  

The center  f i g u r e  f o r  each core  dep ic t s  t h e  d i s t r i b u t i o n  c o e f f i c -  
i e n t  (Kd=dpm on sol ids/dpm i n  s o l u t i o n )  f o r  each p a r t  where a  Kd 
c a l c u l a t i o n  could be made. The e r r o r  bars represent  t h e  propagated 
e r r o r  on the  Kd c a l c u l a t i o n  ( t n  t h e  h o r i z o n t a l  d i r e c t i o n )  and t h e  
depth i n t e r v a l  represented by t h e  pore water sample ( i n  the v e r t i c a l  
d i r e c t i o n ) .  Note the  l o g  scale.  

The r igh thand f i g u r e  f o r  each core  shows the  pore water and s o l i d  
phase data used t o  examine the  redox c h a r a c t e r i s t i c s  a t  each s i t e ,  a s  
discussed i n  the  t e x t .  
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I n  a d d i t i o n  t o  t h i s  t rend  o f  decreasing Kd values w l t h  increas tng  

core depth, t he re  i s  s i g n i f i c a n t  w i t h i n  core v a r i a b i l i t y  i n  t h e  Kd 

values. These downcore s h i f t s  i n  t he  Kd data can be seen i n  F igure  

4.3, which inc ludes  the  associated e r r o r  on t h e  Kd c a l c u l a t i o n .  I n  

core A (90 m) the re  i s  a maximum i n  the  Kd values a t  2.5 cm, fo l l owed  

by a gradual decrease i n  Kd w l t h  depth. A t  501 m t h e  Kd data a r e  

sca t te red  w l t h  no d iscernable t rend  and a wide range o f  Kd values 
4 (0.2-7 x 10 ) .  A t  slope s i t e s  (1275 m and 2362 m) Kd values a r e  j u s t  

4 above 10 a t  t h e  sediment/water i n t e r f a c e  and increase t o  values around 
5 1-2 x 10 a t  5-10 cm i n  the  core. I n  t h e  deeper cores i n s u f f i c i e n t  da ta  

a re  a v a i l a b l e  t o  discuss t h e  downcore K t rends.  I t  should be remembered 

t h a t  w i t h  a Kd value o f  l o5 ,  as the  s o l i d  phase a c t i v i t i e s  approach 

1 dpm/kg t h e  pore water a c t i v i t i e s  w i l l  approach t h e  d e t e c t i o n  l i m i t .  
5 Therefore, t he  Kd values deep i n  cores E and D o f  1-2 x 10 do have 

considerable unce r ta in t y  due t o  the  extremely low pore water 239, 24OPu 

a c t i v i t i e s .  On the  o ther  hand, i f  2 3 9 9 2 4 0 ~ ~  was somehow enhanced i n  
3 4 s o l u t i o n  deep i n  these cores, a Kd o f  10 o r  10 would be r e a d i l y  

observable I n  t h e  pore water data. 

These 2 3 9 s 2 4 0 ~ ~  pore water data can be compared t o  t h e  work o f  

Sho lkov i tz  and Mann (1984) who have the  on ly  o ther  r e l i a b l e  pore  water 

2 3 9 * 2 4 0 ~ u  data i n  marine sediments. I n  t h e i r  study, t h e  pore  water 

2 3 9 9 2 4 0 ~ ~  d i s t r i b u t i o n s  fo l lowed the  s o l i d  phase p r o f i l e s  w i t h  an assoc- 
4 

i a t e d  Kd o f  3-12 x 10 . These data  a re  f rom one s i t e  i n  a h i g h l y  re- 
duclng coas ta l  embayment (Buzzards Bay, Massachusetts), and t h e  Kdls 

a r e  w e l l  w i t h i n  t h e  ranges o f  my shal lower cores A, F, E, and D. Pore 

water 239 '240~u  has been determined a t  one o ther  s i t e  i n  sediments f rom 

t h e  I r i s h  Sea which were contaminated by nuclear  f u e l  reprosessing wastes 

(Heatherington, 1978; Nelson and Lovet t ,  1981). The K da ta  f rom these 

s tud ies  a re  s l i g h t l y  h igher  than my values and the  Buzzards Bay values. 

This  d i f f e r e n c e  cannot be e laborated upon s ince t h e  I r i s h  Sea s tud ies  

may con ta in  a r t i f a c t s  due t o  t h e  o x i d a t i o n  o f  Fe( I1 )  f rom t h e  reducing 

sediments du r ing  pore water e x t r a c t i o n  and f i l t r a t i o n  under atmospheric 

O2 conddl ions (Sho lkov i tz .  1983). 

Given the  a n c i l l a r y  geochemical data, one would l i k e  t o  be a b l e  t o  

suggest poss ib le  mechanisms which cou ld  account f o r  t h e  t rends  I n  t h e  



pore water 2 3 9 p 2 4 0 ~ u  a c t l v i  t y  . Possl b l e  mechanisms o f  i n t e r e s t  

i nc lude  redox r e l a t e d  processes, v a r i a b i l i t y  i n  t he  sediment type, and 

complexation reac t ions  w i t h  Pu i n  so lu t i on .  With respect  t o  redox pro- 

cesses, e i t h e r  d i r e c t  ox ida t ion / reduct ion  t r a n s i t i o n s  o f  Pu o r  reac t i ons  

i n v o l v i n g  the  c o - p r e c i p i t a t i o n  o r  s o l u b i l i z a t i o n  o f  Pu i n  con junc t i on  

w i t h  the  Fe and Mn cyc les could be important .  I f  t h e  l a t t e r  i s  s i g n i f -  

i c a n t ,  one would expect 2 3 9 ' 2 4 0 ~ ~  a c t i v i t i e s  t o  be enhanced i n  solu-  

t i o n  ( i . e .  lower Kd1s) i n  zones w l t h  so lub le  Fe( I1)  and Mn(I1) i n  t h e  

pore water and depleted i n  zones o f  Mn and Fe o x i d a t i o n  and hence 

removal from so lu t i on .  The data t rend  i n  t he  opposi te d i r e c t i o n  as seen 

I n  cores E (1275 m) and D (2362 m) where Pu Kd maxima a t  depth occur 

i n  zones o f  h igh  pore water Mn(I1) and Fe( I1)  concentrat ions.  I n  add i -  

t i o n ,  Pu Kdls a r e  lowest i n  cores G and H which show no de tec tab le  

Mn(I1) o r  Fe( I1 )  concentrat ions i n  s o l u t i o n  throughout t h e  core. 

D i r e c t  redox t ransformat ions o f  Pu a re  an a l t e r n a t i v e  process whjch 

cou ld  be important  i n  c o n t r o l l i n g  Pu s o l u b i l i t y  s ince i t  i s  w ide l y  

accepted t h a t  Pu can e x i s t  i n  s o l u t i o n  simultaneously i n  a  combinat ion 

o f  t h e  111, I V ,  V, o r  V I  o x i d a t i o n  s ta tes  and t h e  lower o x i d a t i o n  s t a t e s  

( I 1 1  and IV )  a r e  known t o  be r e l a t i v e l y  more p a r t i c l e  r e a c t i v e  (Taube, 

1964; Milyukova e t  a l . ,  1969; Cleveland, 1979; Nelson e t  a l . ,  1985). 

Indeed, l abo ra to ry  experiments have shown t h a t  t h e  Kdts o f  t r a c e r  

l e v e l  Pu i n  t h e  V and V I  o x i d a t i o n  s t a t e  a r e  one t o  two orders o f  magni- 

tude lower than the  Kdls o f  Pu i n  t h e  more reduced o x i d a t i o n  s t a t e s  

(Nelson and Or land in i ,  1979; Sanchez a t  a l . ,  1985; Higgo e t  a l ,  1985; 

Keeney-Kennicutt and Morse, 1985). I n  a  l i m i t e d  data s e t  f rom t h e  

A t l a n t i c  water column ( L i v i n g s t o n  e t  a l . ,  1984). t h e  deep water Pu i s  

found t o  be 90% i n  the  more ox id i zed  V and V I  s ta tes .  The observed 

increase i n  t h e  Pu Kd values w l t h  depth i n  t h e  cores a t  1275 m and 

2362 m would be expected i f  they r e f l e c t e d  a  down core s h i f t  t o  more 

reducing and hence more p a r t i c l e  r e a c t i v e  Pu species. Est imates o f  t h e  

Eh cond i t ions  necessary t o  enact t h i s  change i n  Pu o x i d a t i o n  s t a t e  i n  

t h e  na tu ra l  environment a r e  sub jec t  t o  considerable e r r o r  b u t  a r e  s im l -  

l a r  t o  redox p o t e n t i a l s  necessary t o  d r i v e  t h e  redox cyc les  o f  Mn and 

Fe (Cleveland, 1970 and 1979). A s h i f t  i n  Pu redox s p e c i a t i o n  would 

a l s o  be cons i s ten t  w i t h  t h e  data from cores G and H which i n d i c a t e s  



decreased Kdls i n  t he  more o x i d i z i n g  deep-sea cores. However, a redox 

c o n t r o l l i n g  mechanism does not  work f o r  a l l  o f  t he  data. I n  t h e  most 

reducing cores (A, 90 m; and F, 501 m) lower Pu Kdls a r e  found r e l a -  

t i v e  t o  cores E (1275 m) and D (2362 m); t h i s  t r e n d  i s  oppos i te  t o  what 

one would expect i f  the  reduced species o f  Pu were dominant a t  t h e  more 

reducing s i t e s .  

Another f a c t o r  which can p o t e n t i a l l y  a l t e r  t h e  d i s t r i b u t i o n  o f  Pu 

between s o l u t i o n  and the  s o l i d  phase i s  simply a change i n  t h e  sediment 

type s ince v a r i a b i l i t y  i n  Pu uptake w i t h  d i f f e r e n t  sediments has been 

shown (Duursma and Gross, 1971; Aston e t  a l . ,  1985). S o l i d  phase alum- 

inum data (Table 4.8) represent  c l a y  contents and do n o t  appear t o  be 

r e l a t e d  t o  e i t h e r  the K v a r i a b i l i t y  w i t h i n  a core o r  t he  decreasing Kd 

values i n  t h e  deep-sea cores. The CaC03 data i n  Table 4.6 can be 

examined f o r  evidence o f  t h e  d i l u t i o n  o f  c lays  by b iogen ic  carbonate 

phases. The general s h i f t  i n  Pu Kdls t o  lower values a t  i nc reas ing  

water depths i s  on ly  p a r t i a l l y  cons i s ten t  w i t h  t h e  increased carbonate 

content  o f  t he  deeper samples, which ranges f rom t r a c e  amounts on t h e  

s h e l f ,  10% a t  core E (1275 m), 25-30% a t  cores D (2362 m, C (2700 m), 

and H (4990 m), and up t o  60% a t  core G (4469 m). The complexat ion o f  

Pu by carbonates has been argued i n  o ther  s tud ies  t o  be e f f e c t i v e  i n  

main ta in ing  e levated Pu a c t i v i t e s  i n  s o l u t i o n  (Sanchez, 1983; Anderson 

e t  a l . ,  1982; Higgo and Rees, 1986). S p e c i f i c a l l y ,  t h e  study o f  Higgo 

and Rees suggests t h a t  a t  h igh  sediment t o  s o l u t i o n  r a t i o s  such as i n  

marine pore so lu t i ons ,  t h e  d i s t r i b u t i o n  r a t i o  o f  Pu w i t h  carbonates can 
2 

be as low as 1-4 x 10 ; low Kd values a re  no t  seen w i t h  o the r  sedf- 

ment types o r  a t  low s o l i d  t o  s o l u t i o n  r a t i o s  (below =20 g sediment/ l  

s o l u t i o n ) .  Higgo and Rees suggest t h a t  a Pu-carbonate complex i n  so lu-  

t i o n  i s  respons ib le  f o r  t h i s  apparent increase i n  Pu s o l u b i l i t y .  This  

mechanism i s  cons i s ten t  w i t h  the  lower Kd i n  t h e  carbonate- r ich  

deep-sea core 6, b u t  does n o t  e x p l a i n  an equa l l y  low Kd a t  t h e  30% 

carbonate core H a t  4990 m. 

I a l s o  have analyzed one pore water Pu sample f rom a carbonate 

ooze (80% CaC03-MANOP s i t e  C i n  t h e  P a c i f i c  (Cochran. 1985)).  and t h e  
4 Kd the re  i s  0.1 x 10 ( a t  7.9-10.2 cm) - the  lowest va lue t o  date. 

Unfor tunate ly  t h e  sample was s tored under r e f r i g e r a t i o n  w i t h o u t  c o n t r o l  



over atmospheric contaminat ion p r i o r  t o  pore water ex t rac t i ons  (Cochran, 

1986 - personnal comun ica t l on ) .  No o ther  data a re  p resen t l y  a v a i l a b l e  

from deep-sea pore waters f rom e i t h e r  carbonate-r ich o r  carbonate-poor 

sediments which would a l l o w  f o r  more extensive comparisons and i n t e r -  

p re ta t i ons .  

I f  carbonate complexation does p l a y  an Important  r o l e  i n  de termin ing  

the  general Pu Kd s h i f t  between these cores, then t h e  p r e c i p i t a t i o n  o f  

CaC03 upon depressur iza t ion  dur ing  core r e t r i e v a l  could c e r t a i n l y  b i a s  

these r e s u l t s .  For example, I n  a  comparison between pore waters c o l l e c -  

t ed  by an i n - s i t u  probe and those ex t rac ted  from a  box core, Toole e t  a l .  

(1984) found a  decrease i n  t he  deep-sea pore water uranium concen t ra t i on  

by up t o  40% i n  the  box core samples. I f  the  s h i f t  f o r  Pu upon depres- 

s u r i z a t i o n  were s i m i l a r ,  my ca l cu la ted  K d l s  would be t o o  h igh  by a 

f a c t o r  o f  two i n  t he  deep-sea cores. This  a r t i f a c t  would work t o  i n -  

crease the  d i f f e r e n c e  I have found between the  deep-sea and shal low water  

Kdls. 

Pu s o l u b i l i t y  i n  a  v a r i e t y  o f  s e t t i n g s  has been suggested t o  be 

modulated by complexation w i t h  D.O.C. (Nelson e t  a l . ,  1985). The gen- 

e r a l  decrease w i t h  depth i n  D.O.C. i n  t h e  top  few cm's o f  cores E and D 

i s  perhaps cons i s ten t  w i t h  t h e  i nc reas ing  Pu Kdls a t  these s i t e s  b u t  

t h e  D.O.C. data cannot e x p l a i n  the  major v a r i a b i l i t y  seen i n  t h e  Kd 

data which i s  t h e  decreasing Kd values i n  t he  deep-sea cores. 

A f i n a l  f a c t o r  o f  i n t e r e s t  i n  these N. A t l a n t i c  pore water  da ta  

a r i s e s  from 2 4 0 ~ u / 2 3 9 ~ u  r a t l o  determinat ions on these same pore water 

and sediment samples ( these data a re  discussed i n  more d e t a i l  i n  Chapter 

6) .  There i s  a d i s e q u i l i b r i u m  between t h e  s o l i d s  and the  pore  waters i n  

t he  Pu i s o t o p i c  s ignature.  This r e f l e c t s  t h e  i n p u t  o f  Pu t o  t h e  sedi -  

ments f rom two sources. The major source o f  Pu i s  g loba l  s t r a t o s p h e r i c  

f a l l o u t ,  t h e  bu l k  o f  which remains i n  t h e  water column today ( L i v i n g s t o n  

and Buesseler, 1985). The second source i s  t ropospher ic  sur face d e b r i s  

f rom the  Nevada t e s t  s i t e  which c a r r i e s  Pu i n  an unreac t ive  form which 

i s  r a p i d l y  deposi ted t o  marine sediments. The s p a t i a l  d i s t r i b u t i o n  o f  

the  Nevada deb r i s  has been shown t o  i n c l u d e  t h e  Gu l f  o f  Mexico ( S c o t t  

e t  a l . ,  1983) and much o f  t he  N. A t l a n t i c  (Buesseler and Sho lkov i t z ,  



1985; Chapter 6, t h i s  t h e s i s ) .  The data I n d i c a t e  t h a t  Pu c a r r i e d  by 

Nevada t e s t  debr is  i s  no t  p a r t i c i p a t i n g  i n  the  general s o l i d / s o l u t i o n  

exchange reac t ions .  The Pu K I s  should perhaps be reca l cu la ted  r e l a -  d  
t i v e  t o  Pu from the  s t ra tospher i c  f a l l o u t  source alone. The percent o f  

Nevada f a l l o u t  i n  sediments var ies  as a  f u n c t i o n  o f  t he  t o t a l  sediment 

i nven to r i es  such t h a t  i n  the  deep Northwest A t l a n t i c  (cores  G and H) 

where Pu sediment i nven to r i es  a re  low, the Nevada s o l i d  phase component 

represents j u s t  over 40% o f  the  t o t a l  s o l i d  phase 239 '240~u ac t1  v l  t y  

(Chapter 6, t h i s  t h e s i s ) .  Therefore, i f  t h i s  unreac t ive  f r a c t i o n  o f  

t he  s o l i d  phase 2 3 9 ' 2 4 0 ~ ~  i s  subtracted from the  s o l i d  phase a c t i v i t y  

I n  the  Kd c a l c u l a t i o n ,  t he  K d l s  i n  t he  deep-sea cores would decrease 

by 50%; a t  t he  shal lower cores t h i s  e f f e c t  would be l ess  important ,  and 

the  K d l s  would be 30%, 15%. o r  <5% lower a t  cores C, D o r  E, and F o r  

A, r espec t i ve l y .  

The main conclus ion from t h i s  pore water 239,240~u da ta  se t  i s  t h a t  

t he  pr imary f a c t o r  c o n t r o l l i n g  Pu s o l u b i l i t y  i n  t h e  pore waters i s  t h e  

concent ra t ion  o f  239 '240~u  i n  t h e  s o l l d  phase. A secondary fea tu re  i s  

t h e  s h i f t  t o  lower Kdls w i t h  Increas ing  water depth; however, t h e  pro- 

cesses respons ib le  f o r  t h e  s h i f t  t o  lower Kdls cannot be determlned w i t h  

c e r t a i n t y .  This Kd v a r i a b i l i t y  w i l l  be important  i n  any d i scuss ion  o f  

Pu d i f f u s i o n  ra tes  s ince a  two order  o f  magnitude change i n  t h e  Pu Kd 

f rom shal low t o  deep-sea cores would r e s u l t  i n  increased Pu m o b i l i t y  i n  

t h e  deep-sea sediments (see f o l l o w i n g  model c a l c u l a t i o n s ) .  It should be 

emphasized t h a t  these Pu K d l s  a re  o p e r a t i o n a l l y  determined by t h e  analy-  

s i s  o f  s o l i d  phase and pore water Pu. Depressur izat ion e f f e c t s  on pore 

water Pu s o l u b i l i t y  and t h e  ex is tance o f  a t  l e a s t  two d i s t i n c t  Pu-bearing 

phases i n  t h e  s o l i d s  ( s t r a t o s p h e r i c  vs. Nevada f a l l o u t  Pu - see Chapter 

6) could produce an a r t i f a c t  i n  t h e  deeper cores which would tend t o  

overest imate t h e  t r u e  Pu Kd. 

V. PORE WATER 2 3 9 p 2 4 0 ~ ~  FLUXES 

Estimates o f  p o t e n t i a l  Pu r e m o b i l i z a t i o n  r a t e s  can be made us ing  a 

simple d i f f u s i v e  f l u x  c a l c u l a t i o n  based upon t h e  observed pore  water 



239 '240~u  grad ien ts .  The c a l c u l a t i o n  i s  s i m i l a r  t o  t h a t  used t o  model 

Mn(I1) f luxes  i n  a  previous sec t i on  i n  t h a t  advect ion and h o r i z o n t a l  

processes a r e  neglected, and the  data used i n  the  c a l c u l a t i o n  a t  each 

s i t e  a r e  prov ided i n  Table 4.2. The ca l cu la ted  239 * 2 4 0 ~ ~  f 1  uxes across 

the  sediment/water i n t e r f a c e  vary from 0.3-24 x  10" dpm 239, 240Pu/cm 2  

year. I t  can be concluded t h a t  s ince i t s  i n t r o d u c t i o n  l ess  than 30 

years ago, l i t t l e  2 3 9 9 2 4 0 ~ ~  has been l o s t  t o  the  o v e r l y i n g  seawater due 

t o  d i f f u s i v e  f l uxes  ou t  o f  t he  sediment a t  my study s i t e s  (30 years x 
2 -4 2  0.3-24 x  1  0-' dpmlcm year = 0.9-72 x  10 dpm/cm ) . 

When t h e  f l u x  a t  each s i t e  i s  compared t o  the  t o t a l  sediment 

239,240~u inven to ry  (which var ies  from >I dpm/cm2 i n  the  shal lowest  
2  cores t o  <0.05 dpm/cm i n  the  deep-sea cores),  one sees t h a t  i n  t h e  

3  4 shal lower cores (A, F, E, and D ) ,  i t  would take 10 -10 years t o  

remobi l i ze  the  present 2 3 9 9 2 4 0 ~ ~  inventory ,  whi l e  i n  t h e  deep-sea cores 
3 (C, H, and 6) i t  would take l ess  than 10 years. This  i s  due t o  t h e  l ow  

sediment 2 3 9 ' 2 4 0 ~ ~  inven to r i es  i n  the  deep-sea cores and t h e i r  r e l a -  

t i v e l y  sharp pore water g rad ien ts ;  these grad ien ts  a r e  mainta ined by t h e  

low Kdls and hence r e l a t i v e l y  h igh  pore water a c t i v i t i e s  i n  t h e  deep-sea 

cores as discussed prev ious ly .  This c a l c u l a t i o n  i s  c e r t a i n l y  an over- 

s i m p l i f i c a t i o n  o f  t h e  t r u e  r a t e  o f  Pu r e m o b i l i z a t i o n  on the  l ong  t ime  

scale f o r  several  reasons. F i r s t ,  t he  Pu sediment g rad ien t  - and hence 

the  Pu pore water g rad ien t  a t  t h e  sediment/water i n t e r f a c e  - w i l l  be 

a l t e r e d  as benth ic  sediment m ix ing  cont inues t o  mix t h e  Pu deeper i n t o  

the  sediments. The Pu d i f f u s i v e  f l uxes  would have been g r e a t e s t  i n  t h e  

pas t  when the  bu l k  o f  t he  Pu was l ess  deeply mixed, and t h e  d i f f u s i v e  
3 

f l uxes  w i l l  decrease w i t h  t ime. Also, on t h e  10 year t ime scale, t h e  

cont inued f l u x  o f  Pu t o  the  sediments and b u r i a l  by sedimentat ion cannot 

be ignored. 

V I .  TEST CASE: MANOP SITE C 

The 2 3 9 v 2 4 0 ~ u  and 2 ' 0 ~ b e x  data o f  Cochran (1985) a t  MANOP s i t e  C 

a re  g iven i n  Table 4.3, and w i l l  be used as a  t e s t  case t o  examine t h e  

p o t e n t i a l  e f f e c t s  o f  Pu d i f f u s i o n  i n  t h e  pore waters. This  s tudy 



Table 4.2: 2 3 9 p 2 4 0 ~ u  D i f f u s i v e  Flux Ca lcu la t lons .  

S ta t i on /  F l u x x 1 0 - ~  Inv .  Time 
Depth AL L dC/dz dpm/cm2yr) (dpm/cm2) ( l o 3  y r )  

F lux  = d m ~ i ( d ~ / d z ) ;  where d = avg. p o r o s i t y  i n  sediments s p e c i f l c  t o  t h e  
grad ien ts  used; m = 2 t o  3 depending upon sediment t y  e (Ul lman & A l l e r ,  
1982); (dC/dz) i s  taken f rom the  data  i n  Table 4 0: = 1-2 x cm2/ 
sec., assuming analogy w i t h  Th and U d i f f u s i o n  c o e f f i c i e n t s  a t  O°C f rom 
L l  and Gregory (1974); 2 3 9 * 2 4 0 ~ ~  s o l i d  phase i nven to ry  data taken f rom 
t h i s  work and Buesseler e t  a l .  (1985); Time = Inv. /F lux.  



Table 4.3: MANOP S i t e  C Data. 
Core MBC-3 (4423111 c o l l e c t e d  12/10/82 01°01.6'N, 138°56.1'W) 

Depth 
( cm) 

0-1 .5 
1.5-3.5 
3.5-7.5 
5.7-7.9 
7.9-10.2 

10.2-12.2 

Dry Bulk 
Dens i t y  

0.382 
0.434 
0.476 
0.506 
0.539 
0.576 

-- 

Data f rom Cochran (1985). 
Dry b u l k  d e n s i t y  = grams d ry ,  s a l t - f r e e  sediment/cm3 wet sediment. 
A c t i v i t i e s  as dpm per  mass d r y ,  s a l t - f r e e  sediment. 



provides h igh  q u a l i t y  data from a  deep-sea s i t e  which has been i n t e r p r e -  

t ed  t o  i n d i c a t e  poss ib le  Pu m o b i l i t y  and where I now have an est imate o f  

t he  Pu Kd. I n  t h i s  core the  sur face 21 Opbex a c t i v i t y  i s  11 dpm/g drop- 

p ing  o f f  t o  2.2 + 1  .l and 0.9 + 1 .1 dpm/g by 4.6 and 6.8 cm, respec- 

t i v e l y .  The e r r o r  o f  1.1 dpm/g on the  2 1 0 ~ b  a c t i v i t i e s  i s  10% o f  t h e  

i n t e r f a c e  a c t i v i t y  and i s  obtained by propagating the  count ing  e r r o r s  

from the  t o t a l  2 1 0 ~ b  values ( e l 9  + 0.7 dpm/g) and the  2 2 6 ~ a  values 

(-17 + 0.9 dpm/g). A s  i s  t y p i c a l  f o r  radiochemical s tud ies ,  the  repor ted  

e r r o r s  a re  the  one standard dev ia t i on ,  o r  68% conf idence l i m i t s  around 

t h e  mean a c t i v i t y .  This e r r o r  places a  lower l i m i t  o f  -1 dpm/g ( o r  2  

dpm/g i f  95%. o r  two standard d e v i a t i o n  conf idence l i m i t s  a r e  desi red)  

on t h e  21 Opbex determinat ions.  I n  comparison, t h e  s o l i d  phase 239 ,24OPu 

a c t i v i t y  i s  26 dpm/kg a t  t he  i n t e r f a c e  dropping o f f  t o  8.5 2 0.6 and 

6.3 + 0.5 dpm/g by 4.6 and 8.6 cm, respec t i ve l y .  Below these depths 

de tec tab le  239,240~u a c t i v i t i e s  a r e  s t i l l  ev ident  ( 3 -  dpm/kg, o r  10-15% 

o f  t h e  i n t e r f a c e  value) down t o  a t  l e a s t  11.2 cm. These deep 239 ,24OPu 

are  w e l l  above the  de tec t i on  l i m i t s  f o r  s o l i d  phase 239i240~u.  he com- 

p a r i  son between 2 1 0 ~ b e x  and 239,240~u pene t ra t i on  depths i s . there-  

fo re ,  c l e a r l y  l i m i t e d  by the  a b i l i t y  t o  de tec t  smal l  2 1 0 ~ b  a c t i v i t i e s .  

To i n t e r p r e t  these data as support ing deep Pu m o b i l i t y  i s  unwarranted. 
3  The Kd f o r  Pu i n  t h i s  carbonate-r ich deep-sea core  i s  1  x  10 and 

i s  a t  t h e  low end o f  t he  Kd values I have found. Two quest ions w i l l  be 

addressed: 1 )  how w e l l  can the  ca l cu la ted  downward 2 3 9 9 2 4 0 ~ ~  d i f f u s i v e  

f l u x e s  account f o r  apparent excess s o l i d  phase 239 p 2 4 0 ~ ~  be1 ow 5.7 cm 

and 2) what e f f e c t  would pore water d i f f u s i o n  have on a  s imple sediment 

mix ing  model by i nc reas ing  Pu t r a n s p o r t  r e l a t i v e  t o  210~b?  To answer 

the  f i rst  quest ion one needs t o  add up the  s o l i d  phase 2 3 9 9 2 4 0 ~ u  inven to ry  

below 5.7 cm ( i  .e. below the  lowest  "de tec tab len  210~bex)  and compare i t 

t o  a  c a l c u l a t i o n  o f  p o t e n t i a l  downcore 2 3 9 9 2 4 0 ~ u  d i f f u s i o n  f l u x e s .  This  

deep "excessu 2 3 9 ' 2 4 0 ~ ~  inven to ry  can be ca l cu la ted  f rom t h e  data  i n  
2  3 Table 4.3 t o  be 0.016 dpm/cm . With a  K, o f  1  x  10 , I c a l c u l a t e  a 

2  pore water g rad ien t  of 1  x dpm/cm (between 4.6 and 6.8 cm), and a  

corresponding downcore pore water 239,240~u f l u x  o f  2.5 x  dpm/cm2 
i year ( u s i n g  t h e  equat ion i n  Table 4.2 and d  = 0.7, m = 2.5, and D,, = 



2 2  x  cm I s r c ) .  I f  t h i s  f l u x  had ex i s ted  f o r  30 years, (an overest-  

imate s ince  the  Pu has no t  been mixed down t o  6  cm s ince i t s  i n t r o d u c t i o n  

30 years ago), then the  f l u x  could account f o r  t he  t r a n s p o r t  o f  7.5 x  

2 3 9 p 2 4 0 ~ u  t o  depths below 5.7 cm; t h i s  represents l e s s  dpm/cm of 

than 5% o f  t he  observed s o l i d  phase enrichment. It i s  obvious t h a t  

d i f f u s i v e  t ranspor t  alone cannot account f o r  t he  "apparent" excess 

2 3 9 9 2 4 0 ~ u  found i n  the  s o l i d  phase p r o f i l e  below 5.7 cm. 

To look  a t  the  second quest ion, t he  enhancement o f  t o t a l  m ix ing  

ra tes ,  t h e  sediment mix ing  r a t e  f i r s t  needs t o  be ca l cu la ted  i g n o r i n g  

any d i f f u s i v e  t ranspor t  o f  239'240~u i n  t h e  pore waters. I have used a 

I1pulse i n p u t "  model f o r  Pu as done by Cochran (1985) and o thers  (Anderson 

e t  a l . ,  1986; Lapique e t  a l . ,  1986) t o  c a l c u l a t e  an apparent sediment 

mix ing  r a t e .  The s o l u t i o n  t o  the  Pu pu lse  i n p u t  model, assuming n e g l i -  
3 g i b l e  sedimentat ion ( =  1.8 cm/lO year; Kadko, 1981), constant  p o r o s i t y  

and constant  mix ing  ra tes  over t h e  mixed zone i s  o f  t h e  form: 

where A and A. a re  the  activities o f  s o l l d  phase 2 3 9 v 2 4 0 ~ u  a t  depth and 

a t  the i n t e r f a c e  repec t i ve l y ;  z i s  t h e  depth i n  cm; t i s  t h e  t ime  s ince  

the  Pu i n p u t  i n  years (30 years i s  used here (1952-1982), b u t  25 o r  l e s s  

years cou ld  be used w i t h  l i t t l e  change); and Db, t h e  sediment m i x i n g  

c o e f f i c i e n t  i s  ca l cu la ted  f rom a  bes t  f i t  l i n e  t o  an exponen t ia l l y  de- 

creasing curve through the  data po in t s .  I a r r i v e  a t  an apparent sed i -  
2  ment mix ing  r a t e  o f  0.21 cm /year w i t h  a  90% conf idence range o f  

2 0.15 t o  0.33 cm /year f o r  t h e  MANOP C core. Th is  I s  w e l l  w i t h i n  t h e  

range of values determined f rom t h e  steady-state d i f f u s i v e  model f o r  
21 Opbex a t  t h i s  s l t e  (Cochran repo r t s  a  Db o f  0.08-0.47 f rom 21 Opbex 

data) .  This  Pu pu lse  model Db i s  a c t u a l l y  40% h ighe r  than the  va lue  

repor ted by Cochran (1985) f o r  t h e  same 2399240P~ data. Th is  d i f f e r e n c e  

i s  due t o  t h e  f a c t  t h a t  i n  my curve f i t t i n g  procedures, t h e  bes t  f i t  

l i n e  i s  n o t  necessa r i l y  fo rced through t h e  uppermost 2 3 9 v 2 4 0 ~ u  value, as 

done by Cochran (see d iscuss ion  i n  Chapter 7).  I f  I i n c l u d e  t h e  e f f e c t s  

o f  molecular  d i f f u s i o n  i n  t h e  pore waters w i t h  r a p i d  and r e v e r s i b l e  ex- 

change o f f  t h e  s o l i d s  w i t h  a  Kd o f  1  x  lo3 ,  t h e  t o t a l  d i f f u s i o n  c o e f f l -  

c i e n t  due t o  t h e  pore water t r a n s p o r t  becomes 0 P.W. = ( g m ~ b ) / ~  + K,.,, o r  



2 0.026 cm /year (Berner, 1976). This  d i f f u s i o n  r a t e  i s  12% o f  t he  sed- 

iment mix ing  ra te ,  and the  combined r a t e  o f  d i f f u s i v e  t r a n s p o r t  would be 
2  0.21 + 0.026 = 0.236 cm /year. The ca l cu la ted  s o l i d  phase p r o f i l e  us ing  

t h i s  enhanced mix ing  r a t e  i s  shown i n  F igure  4.4 t o  be i n d i s t i n g u i s h a b l e  
2 f rom the  mean r a t e  o f  0.21 cm /year used p rev ious l y .  Even i f  t h e  Kd 

2  were 10 (1.e. D 2 
P.W. = 0.26 t Db = 0.21 o r  0.47 cm /year),  t h e  ca l cu la ted  

t o t a l  m ix ing  p r o f i l e  would be on l y  s l i g h t l y  ou ts ide  o f  t h e  90% c o n f i -  

dence l i m i t s  o f  t he  model case where no Pu pore water d i f f u s i o n  i s  

assumed (F ig .  4.4). I n  shal lower cores w i t h  h igher  sediment m ix ing  

ra tes  and h igher  Kdls the  e f f e c t s  o f  pore water Pu d i f f u s i o n  on Pu 

mix ing  ra tes  would be much smal ler .  These c a l c u l a t i o n s  view d i f f u s i o n  

as one dimensional process and neg lec t  t he  p o s s i b i l i t y  o f  Pu m i g r a t i o n  

h o r i z o n t a l l y  i n  open burrows. I f  Pu i s  behaving analogous t o  o ther  

p a r t i c l e  r e a c t l v e  species such as 2 3 4 ~ h  o r  210~b,  then d i f f u s i o n  

v i a  open burrows i n  t h e  h o r i z o n t a l  dimension would on l y  be s i g n i f i c a n t  

a t  extremely h igh  burrow d e n s i t i e s  ( A l l e r ,  1984). The main conc lus ion  

i s  t h a t  no evidence f o r  enhanced Pu m o b i l i t y  can be seen i n  any o f  t h e  

s o l i d  phase models, conf i rming the  need f o r  pore water data i n  est imates 

o f  Pu f l u x e s  and diagenesis. 

V I I .  SUMMARY 

Pu pore water chemistry was examined a long a  t ransec t  o f  seven 

cores f rom t h e  Northwest A t l a n t i c  between Woods Hole and Bermuda. These 

cores e x h i b i t  a  systematic t r a n s i t i o n  between h i g h l y  reducing muddy 

sediments on t h e  s h e l f  t o  carbonate-r ich,  sub-oxic, and o x i c  sediments 

i n  t h e  deep-sea. These redox cond i t i ons  appear t o  be s tab le ,  as e v l -  

denced by t h e  c lose  correspondence between present  day pore water Mn(I1) 

f l uxes  and s o l i d  phase Mn enrichments i n  t h e  slope and upper - r i se  cores, 

Evidence f o r  Pu r e m o b i l i z a t i o n  was sought f rom s o l i d  phase 

239,240~u, 210~bex,  1 3 7 ~ s  data, and from d i r e c t  pore water 239, 240k 

determinat ions.  From t h i s  da ta  I conclude: 
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Figure 4.4: MANOP S i t e  C Mixing Models 

Data po in ts  f o r  s o l i d  phase Pu are shown as open c i r c l e s .  The best  f i t  
mixing l i n e  i s  glven as a  heavy s o l i d  l i n e  ( D  = 0.21) w i t h  the 90% k confidence l i m i t s  f o r  Db represented by the s  aded area. The enhanced 
mixing due t o  molecular d i f f u s i o n  w l t h  a Pu Kd o f  103 and 102 i s  shown 
as the dashed and dot ted l i nes ,  respect ive ly .  See t e x t  f o r  model de- 
t a i l s .  



1) The s o l i d  phase 2399240~u ,  210~bex,  and 13'cs r e s u l t s  from t h e  

e n t i r e  t ransec t  do n o t  suggest t h a t  any o f  these t race rs  a r e  preferen-  

t i a l l y  mobi le w i t h i n  the  cores. S o l i d  phase 239,240pu ,,d 210pbex ,,, 
d i s t r i b u t e d  t o  the  same depths a t  t he  same mix ing  ra tes  w i t h i n  t h e  e r r o r s  

o f  the  data. 

2) Pore water 239 '240~u activities determined i n  she l f ,  slope, and 

deep-sea cores a re  e levated over t y p i c a l  bottom water a c t i v i t i e s  a t  t h e  

sediment/water i n t e r f a c e  and decrease below de tec t i on  as the  s o l i d  

phase a c t i v i t i e s  drop o f f  w i t h  depth i n  the core. 

3) The pore water 2399240~u  d i s t r i b u t i o n s  can be represented by an 

apparent exchange between the  s o l i d s  and the  pore so lu t?ons w i t h  an 

o p e r a t i o n a l l y  determined d l s t r i b u t l o n  c o e f f i c i e n t ,  Kd i n  t he  range o f  
4  0.2-23 x 10 . 

4) Along t h i s  t ransec t  t he re  i s  a  decrease i n  the  average Kd values 
4  5 between shal low and deep s i t e s  w i t h  K d d s  o f  10 -10 i n  t h e  s h e l f  and 

4  slope cores t o  Kd values o f  0.3-0.6 x  10 I n  the  deep-sea cores. No 

s i n g l e  mechanism was found which cou ld  account f o r  t h i s  s h i f t  i n  Pu so l -  

u b l l i t y .  

5) F lux  c a l c u l a t i o n s  suggest t h a t  s ince i t s  i n t r o d u c t i o n  a  r e l a t i v e l y  

i n s i g n i f i c a n t  amount o f  2 3 9 9 2 4 0 ~ u  has been remobi l ized ou t  o f  t h e  sedi -  

ments f rom these s i t e s  (0.3-24 x  dpm 2 3 9 * 2 4 0 ~ ~ / c m 2  year) .  

6) Data f rom MANOP s i t e  C a r e  used t o  demonstrate t h a t  s o l i d  phase 

data  a re  i n s e n s i t i v e  i n d i c a t o r s  o f  Pu m o b i l i t y ,  e i t h e r  through compari- 

sons o f  s o l i d  phase 239,240~u and *lOpbex pene t ra t i on  depths o r  through 

the  modeling o f  apparent mix ing  ra tes .  

7 )  The two order-of-magnitude v a r i a t i o n  i n  Pu pore water s o l u b i l i t y  

i n  n a t u r a l  marine systems i s  impor tan t  i n  long-term p r e d i c t i v e  models o f  

Pu m i g r a t i o n  such as used i n  eva lua t i ng  nuclear  waste d isposa l  op t ions .  
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Sedimentary Pu and excess "OPb inventory data are examined from a large number of sites along the U.S. North 
Atlantic shelf and slope. From these data. an estimate can be made of the magnitude and location of Pu and 2 ' 0 ~ b  
accumulation in this region. A major fer!~re of the data is a decrease in the Pu and 'I0pb inventories with water depth. 
which appears to reflect a decrease in the net scavenging of these elements off-shore. When Pu and " O P ~  inventories are 
summed over water depthsless than 4000 m in the North Atlantic shelf and slope region. the sediments can account for 
24 f 8% of the expected Pu and 83 f 15% of the expected 2 ' 0 ~ b  inputs. At water depths greater than 4000 m in this 
region, we find a greater deficiency in the measured inventories of both 2'0Pb and Pu. which cannot be accounted for in 
the shallower sediments. This suggests that the northwest Atlantic continental margin is not a major site of Pu or *"Pb 
removal and storage, when compared to atmospheric, in situ, and lateral inputs of these radionuclides. 

1. Introduction 

In this study, a large suite of sedimentary 
239.240~ a nd excess " O P ~  inventory data are ex- 

amined from the continental margin region off of 
the northeast U.S.A. Inventories of plutonium and 
"OPb will reflect their source functions 11-31, re- 
moval efficiencies [4,5], and lateral transport in 
water and particles [6,7]. Comparisons between 
239.240p~ a nd 2'0Pbex are of interest since both 

isotopes are supplied predominantly by atmo- 
spheric delivery to coastal waters, and since both 
Pu and ' ' ' ~b  are used to study recent accumula- 
tion and mixing processes in marine sediments 
[8-121. 

No large-scale compilations of Pu and 2'0Pb 
inventories along the North Atlantic shelf and 
slope region (NASS region) have been published. 
Previous work in this area has focused on 239.240P~ 
and/or Z'OPb'" inventories in only a few cores at a 
limited number of sites along the Atlantic con- 
tinental margin (13--151. The examination of a 
larger data set will allow for a significant improve- 
ment in our understanding of the fluxes and 
budgets of these two radionuclides of geochemical 
interest. 

The main objective of this study is to examine 
the inventory data on hand, in order to under- 
stand the magnitude and location of Pu and "OPb 
deposition along the North Atlantic continental 
margin. We first compare Pu and "OPb sedimen- 
tary inventories to their expected fallout supply, 
considering only vertical removal processes within 
the NASS region. This leads to an immediate 
subdivision of the NASS region into areas of either 
net accumulation or net depletion of these two 
radionuclides. Two major questions are consid- 
ered: (I) what factors and mechanisms appear to 
be controlling the incorporation of Pu and "OPb 
into the sediments, and (2) how do the inventories 
in any given area affect the budget of Pu or "'Pb 
in the NASS region in toto. Later sections test the 
model of Bacon et al. [16,17], which suggests that 
lateral fluxes of 2'0Pb to the West Atlantic ocean 
margin are significant. We also compare the NASS 
region to other sites along the west coast of the 
U.S.A. [7,8,18], where similar inventory data exist. 

For this discussion, the NASS region is defined 
as the entire sedimeat/water system running from 
the coast at Cape Hatteras to Nova Scotia. This 
region is bounded at the seaward edge by a straight 
line running roughly parallel to the continental 
margin (see Fig. 1 for location and boundaries). 

0012-821X/85/303.30 O 1985 Elsevier Science Publishers B.V. 



2. Methods 

The analytical techniques for the detection and 
measurement of 239.240P~ and 2'oPbex are provided 
in the original references cited. In this text, 
plutonium, Pu or 239.240hr, represents the com- 
bined activity of '"Pu and 2 4 0 P ~ ,  which are insep- 
arable using alpha counting techniques [19]. 2 1 0 ~ b  
is determined from the activity of its daughter 
nuclide, "*PO [lo], ore more recently by non-de- 
structive low-energy gamma counting [20]. 2 2 6 ~ a ,  a 
long-lived parent of ''OPb, is determined by a 
standard 222Rn emanation technique [21], or by 
low-energy gamma counting [22]. 226Ra is needed 
to correct the total 210 Pb activity for that fraction 
of the activity which is supported by sedimentary 
22bRa, ie. excess 210~b(=210Pbex)  is 'lOPb derived 
from atmospheric and water-column sources only. 

Tabel 1 compiles the radionuclide data and also 
provides information on the methods of core col- 
lection and the year of sample collection. An im- 
portant consideration in estimates of sediment in- 
ventory is the possibility of the physical loss of 
core top material during sampling. This would 
certainly reduce the measured Pu and "OPb inven- 
tories, perhaps accounting for some of the spread 
in the data, and the lower than average inventories 
at  any given depth. We have no reason to assume 
that this effect is significant relative to real spatial 
variability at any given site in this region. It ap- 
pears from the consistent trends of isotope inven- 
tories discussed below, that no systematic bias has 
been introduced due to the different analytical 
techniques used by various laboratories, the range 
of sampling devices employed, or the date of core 
collection. 

Fig. 1 .  Map showing the location of the North Atlantic shelf and slope region (NASS region). Points on this map indicate core 
locations from the data listed in Table 1. The boundaries shown. and the numbered subdivisions refer to arcas of similar Pu and 
"'Pbea inventories, as discussed in the text, and used in Tables.1 and 2. 



3. Sources 

Both ' 3 q * 2 4 0 ~  and 'loPb are supplied predomi- 
nantly by atmospheric deposition in coastal waters 
off of the northeast U.S.A. 239.240P~ has been 
introduced into the environment as stratospheric 
fallout resulting from atmospheric nuclear weapons 
testing, the bulk of which occurred in the late 
1950's and early 1960's. Since its introduction, 
there has been negligible decay of the long-lived 
Pu isotopes (239Pu t,,, = 24,110 years, 2 4 0 P ~  tlI2 
= 6560 years). The total inventory of 2 3 9 . 2 4 0 ~ ~  
delivered to the NASS region due to weapons 
fallout is 2.0 f 0.6 mCi/km2 [I]. This inventory 
figure is obtained from a large set of Pu soil data 
(17 sites) collected in the 30-50°N latitude band. 
We have chosen the mean of these data, 2.0 
mCi/km2, as the expected fallout delivered inven- 
tory of Pu for the entire NASS region in our 
subsequent calculations. 

Atmospheric 'I0pb fluxes result from the 
emanation of 222Rn gas on land. 222Rn rapidly 
decays via a series of short-lived decay products to 
"OPb, which quickly becomes associated with 
aerosol particles. Similar to Pu, these aerosol par- 
ticles enter the surface oceans via wet or dry 
deposition [2]. A second source of excess '"Pb is 
in situ production in the water column from 226Ra. 
In terms of the inventory calculations considered 
below, this source will be shown to be significant 
only at water depths greater than approximately 
4000 m. The expected inventory of 2'0Pbex from 
atmospheric delivery alone is 25 dpm/cm2 [23]. 
This figure is the mean inventory of a series of soil 
samples collected throughout the eastern U.S.A. 
(soil inventories ranged from 19 to 29 dprn/cm2 
[23]). This translates into an expected 2'0Pb flux of 
0.8 dpm/cm2/ yr, given the mean life of 2'0Pb, 
which is 32 years. Direct measurements of the 
atmospheric " O P ~  flux in Bermuda [24] yields a 
2'0Pb delivery rate of 0.7 dpm/cm2 yr, which is 
within the range of this eastern U.S.A. data set. 
For the purposes of our calculations below, we use 
25 dpm/cm2 as the expected inventory of 2 ' 0 ~ b e x  
due to atmospheric delivery at all sites throughout 
the NASS region. 

4. Results 

Sedimentary inventories of 239s240~u and 2 ' o ~ b e "  
are presented for more than 100 cores in Table 1. 

and the sampling locations are shown in Fig. 1. 
The radionuclide inventory and water depths have 
been used to separate 8 disti-nct regions within the 
NASS area (see Fig. 1 and Table 2). Within each 
region some basic trends are evident, which will be 
discussed below, region by region. 

I .  Coastal bays and inlets. Sedimentary inventories 
of Pu and "OPb are generally higher than can be 
expected from their atmospheric delivery in this 
region. The range of data between sites, however, 
is quite large. Pu inventories are found between 
1.1 and 4.3 mCi/km2, and 2'0Pbex inventories 
range from 9 to 78 dpm/cm2. In general, this 
region characteristically tends to accumulate higher 
than fallout expected inventories for both Pu and 
"OP~~" ,  in areas with fine-grained sediments and 
intense biological reworking. Within the sediments 
of the entire NASS region, - 9% of the Pu and - 2% of the 2'0Pbex found in the sediments is 
stored within this area (calculated from the mea- 
sured inventory in a region/total NASS measured 
inventory; data from Table 2A and B). 

2. Gulf of Maine/ Nova Scotian basins. There are a 
number of cores from the Gulf of Maine and 
Nova Scotian shelf which are not particularly sandy 
(less than 50% sand) and which do accumulate 
some sedimentary Pu and 2 ' 0 ~ b .  The boundary of 
this region was chosen to include continental shelf 
basins (shown in Fig. 1) and Gulf of Maine sedi- 
ments which contain appreciably "OPb and Pu in 
the surface sediments (13. 251. These basins and 
shallow sediments tend to have average sedimen- 
tary inventories for Pu and 2" '~bex  of approxi- 
mately 0.9 mCi/km2 and 25 dpm/cm2 respec- 
tively. The inventories are significantly lower than 
expected from atmospheric delivery alone for Pu, 
and roughly equal to delivery for 2'oPbex. When 
corrected for the area of this region, we find that - 17% of the total measured Pu and - 6% of the 
measured 2'oPbex is found within the sediments of 
this region. 

3a. Shelf-fine-grained deposits. A major feature 
of the continental shelf south of Cape Cod is the 
Mud Patch [14,26]. This is a relatively small region 
of fine-grained sediment. The sedimentary inven- 
tories found here for Pu range up to 5.6 mCi/km2, 
and for 210Pbex range up as high as 94 dpm/cm2. 



TABLE 1 

Northwest Atlantic continental margin core summary 

I.D. z(m) Pu 210pbex Ref. Year Type " Area Location 
(mCi/km) (dpm/cm2 ) 1at.N 1ong.W 

83-G-9: 
A K 
BK 
CK 
LV A 
LVC 

Oc-152: 
LVD 
LVE 
LVF 

Oc-86: 
C 
D 
E 
F 
G 
H 

EN 69: 
loc BB 

HH 
I I 
T 

EN 53: 
loc H 

I 
J 

A-11-86: 
3 
4 
6 
7 

A-11-86: 
1 
15 
16 
2 
20 
22 
11 

A-11-85: 
5 
6 
8 

4507E 
4508A 
54218 
4527D 
4712 
4714 

5.6 
0.13 

0.57 
1 .o 
1.2 

0.12 
0.41 
0.25 
0.30 
0.36 
0.59 

0.12 
0.08 
0.11 
0.1 1 

0.06 
0.18 
0.11 

0.63 
0.22 
1.06 
0.60 

0.31 
0.16 
0.13 est 
0.61 
1.0 est 
0.08 
1.76 

1.3 
0.2 
0.8 

BC 
BC 
BC 
BC 
BC 

BC 
BC 
BC 

TR 
TR/W 
TR/W 
TR/W 
TR/W 
TR/W 

BC 
BC 
BC 
BC 

BC 
BC 
BC 

21cm 
2lcm 
2lcm 
2lcm 

2lcm 
2lcm 
2lcm 
2lcm 
Zlcm 
2lcm 
2lcm 

Zlcm 
Zlcm 
Zlcm 

VB 
V B 
V B 
VB 
VB 
V B 



TABLE 1 (continued) 

I.D. z(rn) Pu ZlOpbe~ Ref. Year Type a Area Location 

(nrCi/km) (dprn/cm2) 1at.N 1ong.W 

Buu. Bay: ERS 

Buu.  Bay: 
4 
5 
8 
11 
12 
13 
15 
16 
17 
20 

Gayhead: 
20 
23 

KN 69: 
T-2 
T-3 
BC6 
T-4 
BC7 
T-5 
BC9 
T-6 
T-8 
BCll  
T-9 
BC12 
T-27 
T-1 I 
BC13 
T-12 
T-13 
T-15 
T-16 

VB 
VB 

BC 

21 cm 
21 cm 
21 cm 
21 cm 
21 crn 
21 cm 
21 crn 
21 cm 
21 cm 
21 cm 

21 cm 
21 cm 

T R  
T R  
BC 
T R  
BC 
T R  
BC 
T R  
T R  
BC 
T R  
BC 
T R  
T R  
BC 
T R  
T R  
T R  
TR 

21 cm 
21 crn 
21 crn 
21 crn 

BC 
BC 
BC 
BC 
BC 



TABLE 1 (continued) 

I.D. r(m) Pu 210pbex Ref. Year Type ' Area Location 

(mCi/km) (dpm/cm2) 
* 1at.N 1ong.W 

4 8  
4 1 9  
E79 

DEEP 
l T M 1  
TTM2 
FOAM 
NWC 

BX6 
BX8 
BX9 
0 x 1 0  
BX30 
BX18 

a Type (type of sampling device): BC = box core, 21 cm = 21 cm dia. sphincter corer, TR = tripod mounted 21 cm corer. W = 6.5 cm 
dia. core from WHIMP sampler, VB = vibracorer, S = surface grab. 

1 =shallow, coastal bays and inlets. 2 - Gulf of Maine/Nova Scotian basins. 3a = shelf-Mud Patch. 3b = shelf-sandy. 
4 = 200-1000 m, 5 - 1000-2000 m, 6 = 2000-4000 m, 7 = 4000-6000 m. 

There are also fine-grained shelf deposits in the 
NASS region near major river.mouths, such as in 
the inner New York Bight area. Benninger and 
Krishnaswami [lo] report significantly elevated Pu 
and 2 '0~be" inventories relative to atmospheric 
delivery in this region (4-9 times higher than 
expected). Even though the inventories found by 
Benninger and Krishnaswami are somewhat higher 
than found at the Mud Patch, especially for Pu, 
these two areas of shallow and muddy shelf sedi- 
ments are combined into one region for the pur- 
poses of discussion within this paper. The 
boundary of the Mud Patch region is taken from 
sediment texture studies (271 and its area (1.1 x lo4 
km2) is enlarged to include a rough estimate of the 
area of other shelf sites with high Pu and 'I0pb 
sediment inventories (such as the inner New York 
Bight). We find - 27% of the sedimentary Pu and - 3% of the 2'0Pbex of the entire NASS region 
stored in these shelf sediments. 

36. Shelf-sandy deposits. The largest area of the 
continental shelf is covered with highly sandy de- 
posits which do not accumulate significant Pu or 
2 1 0 ~ b .  Since this region covers 20% of the total 
NASS area, it becomes a major factor in deterrnin- 
ing the total budget of these radionuclides. Sedi- 
ment texture surveys of this area are extensive [27] 

and have been used to define this region's 
boundaries. The number of published Pu and 
2'oPbe?nventory analyses in this region is small 
though, generally due to zero sediment inventories 
and difficulties in coring. Despite the limited num- 
ber of analyses in this region, one can show that 
even if this area contained on average a few per- 
cent of the expected Pu and *lOPb inventories, the 
budgets to be discussed subsequently would not be 
significantly altered. The atmospherically de- 
livered input of Pu and "OPb over this region must 
be exported laterally to other sites of net accumu- 
lation. 

4. 200-1000 m region. This region is confined to a 
narrow band at the shelf-slope break between 200 
and 1000 m water depth. At the shelf-slope break, 
the gradient of the off-shore slope changes from 
less than lo on the shelf to roughly 2-6' [28]. The 
sediments in this region are silty and clayey muds 
[27]. The sediment Pu inventory averages 0.9 
mCi/km2, which is less than expected from fallout 
alone, and less than the Mud Patch region on the 
shallower shelf. In contrast, sedimentary "OPbeX 
inventories remain high (76 dpm/cm2), and are 
similar to those of the Mud Patch. These sedi- 
ments contain - 6% of the sedimentary Pu and 
also - 6% of the sedimentary 210Pb'" measured, in 
the entire NASS region. 



TABLE 2A 

Total Pu sediment inventories for the North Atlantic shelf and slope region 

Regions a Description km2 Measured Pub n Ci Pu Ci Pu Pu measured 
X lo4 mCi/km% s.d. measured expected Pu expected 

1 Coastal bays 1.4 2.3k1.0 15 32f14 28 115% 
and inlets 

2 Gulf of Maine/Nova Scotian basins 7.0 0.9 f 0.5 16 63f35 140 45% 
3a Shelf-fine- 1.1 9.3k8.4 7 102k92 22 460% 

grained deposits 
3b Shelf-sandy 

deposits 
4 200-1000 m 2.4 0.9k0.3 6 22 f7  48 45% 
5 1000-2000 m 4.3 0.5k0.3 7 22f 13 86 25% 
6 2000-4000 tn 23 0.3k0.1 9 69f23 460 15% 
7 4000-6000 m 65 0.1 k0.04 11 65k26 1300 5% 

Regions 1-7: NASS total Ci Pu measured = 375 t 106 
NASS total Ci Pu expected = 2604 
Total measured Pu/total expected Pu = 14f4% 

Regtons I - 6: Ci Pu measured - 310 k 103 
Ci Pu expected = 1304 
Measured Pu/expected Pu = 241t88 

TABLE 2B 

Total 210~bsx sediment inventories for the North Atlantic shelf and slope region 

Regions a Description Measured 210 ~b'" n dpm 'I0 pbeX dpm 'lo pbCx dpm 'I0 pbea 'I0 Pbca measured 
measured atmos. ' in-situ prod. 2lOpbc~ atmos, + in-situ 
x 1015 x 10" x 1015 

I Coastal Bays 40+26 7 5.6+ 3.6 3.5 - 160% 
and inlets 

2 Gulf of Maine/ 25 f 18 10 18 k13 18 0.2 100% 
Nova Scotian basins 

3a Shelf-fine- 82 k 26 16 9.0f 2.9 2.8 0.03 320% 
grained deposits 

3b Shelf-sandy fl 4 fl 65 0.8 0% 
deposits 

4 200-1000 m 76f18 4 1 8 f 4  6.0 0.6 275% 
5 1000-2000 m 63k19 4 2 7 i 8  11 2.6 200% 
6 2000-4000 m 3 7 f l l  6 85 i 2 5  58 28 100% 
7 4000-6000 m 20rt 6 5 130 *40 160 130 45% 

Regrons 1-7: NASS total dpm 210~bcx measured X 1015 = 292 f 50 
NASS total dpm 2'0~bex expected (atmos. +in s i t u ) ~ l 0 ' ~  = 486 
Total measured 210~bca/total expected 2 'o~bea = 60 i 10% 

Regions 1-6: dpm 210~bex measured X l0I5 = 162 f 30 
dpm 210~bcx  expected x l O I 5  = 196 
Measured 2'0 ~b'"/ex~ected 'I0 pbCX = 83 f 15% 

a See Fig. 1 for NASS area and regions. 
Reported as mean* sample standard deviation. 
Number of cores used to calculate inventories. 
Measured inventory X area. 

' Based upon 2.0 mci/km2 X area 
Based upon 25 dpm/cm2 X area 

8 Calculated from 1 2 6 ~ a  (dpm/cm3)x r (cm) - 2 ' 0 ~ b  (dpm/cm3)x z (cm)- 2 ' 0 ~ b  removal (dpm/cm2) using 2 2 6 ~ a  = 10 dpm/los 
cm3 (from GEOSECS Atlantic data average), 'lOpb = 6 dpm/lo5 cm3 (from Bacon [39]) and adjusted for the average depth and area 
of each region. 



5. 1000-2000 m region. In this region, Pu invento- 
ries decrease further to approximately 0.5 
mCi/km2, while 2 ' 0 P b e V r ~ p ~  only slightly to 63 
dpm/cm2. This region covers only a narrow band 
of area within the NASS since the slope is still 
rather steep in this region. The measured sediment 
inventories when corrected for this area account 
for - 6% of the total Pu and almost 10% of the 
total 2 ' 0 ~ b e x  stored in the NASS region sediments. 

6. 2000-4000 m region. The gradient in the slope 
becomes less steep in this region. Pu inventories in 
this relatively wide band of sediments are very 
low, approximately 0.3 mCi/km2. 2'0Pbe" invento- 
ries drop off to values a bit higher than that 
expected from atmospheric delivery and vertical 
deposition alone (37 f 11 dpm/cm2). Since this 
area is large, we find that - 18% of the total Pu 
and - 30% of the total 2'oPbex measured in the 
NASS area sediments are stored in this region. 

7. 4000-6000 m region. This region includes deep 
sea cores on the continental rise and abyssal plain 
where Pu inventories are extremely low (0.1 
mCi/km2), and where *'OP~'" inventories (mean 
= 20 dpm/cm2) fall just below the assumed atmo- 
spheric delivery of 2'0Pb. In this large area, we 
find - 20% of the total Pu and - 43% of the total 
2 ' 0 ~ b ' ~ n  the sediments of the entire NASS re- 
gion. 

5. Discussion 

5.1. Sediment inventory us. water depth 

When sediment inventories of Pu and 2'0Pbe" 
are plotted vs. water depth (Fig. 2), some basic 
features become apparent. Ignoring the sandy shelf 
and the Gulf of Maine sediments, the major trend 
is decreasing inventories of both Pu and 2'0Pb 
with increasing water depth. Pu and *I0Pb, how- 
ever, show very different depth-dependent distri- 
butions. Pu inventories are high relative to fallout 
only in shallow, muddy sediments such as at the 
Mud Patch. Pu inventories drop off quickly to less 
than haif the fallout value at depths of only a few 
hundred meters. A more gradual decrease in the 
sedimentary Pu inventory is seen between 500 and 
6000 m. In contrast to Pu, 2 '0~be"  inventories 
remain high in all cores from water depths of less 

than 2000 m. At depths greater than 2000 m, " ' ~ b  
inventories drop slowly, reaching atmospheric val- 
ues at 3000-4000 m, and values less than fallout 
only at greater depths. 

In general, the trends in Fig. 2 appear to be 
reflecting a decrease in the net scavenging of both 
Pu and 2 ' 0 ~ b g X  with increasing water depth. Also, 
the differences between the Pu and Z ' o ~ b e x  depth- 
dependent inventory patterns in Fig. 2 suggests 
that 210Pb is more efficiently removed from the 
water column than Pu at water depths greater than 
200 m. The differences between the Pu and "OPb 
inventory patterns, however, are complicated by 
Pu's recent introduction into the marine environ- 
ment. While the naturally occurring radionuclide 
"OPb may be considered to be in steady-state with 
respect to its delivery and removal over the time 
scale of its mean life (32 years), this is certainly 
not the case for Pu. The data plotted in Fig. 2 for 
Pu represent inventories that will tend to increase 
with time, if present-day removal of Pu continues, 
and its release from sediments remains negligible. 
It is clear, however, that the regions of strongest 
Pu and " O P ~  accumulation are the coastal bays, 
the Mud Patch, and the upper slope (200-2000 m). 
Mechanism(s) of Pu and " O P ~  removal must exist 
which result in the observed patterns of enhanced 
removal over shallow vs. deep ocean sediments. 

In shallow regions, the resuspension of fine- 
grained material can act to enhance the scavenging 
of particle reactive elements. This resuspension 
effect can be controlled by either biological or 
physical processes. Biological sediment mixing 
processes have been proposed to modulate the 
removal of a number of elements, including Pu 
and "OPb, in coastal environments [5,8]. Benthic 
faunal mixing can cause an increase in the erodi- 
bility of surface sediments [29], Also, benthic mac- 
rofauna can directly inject particles into the 
overlying water during feeding and defecation 
[29,30]. In the Mud Patch region, the physical 
action of water storms has been shown to produce 
suspended sediment concentrations of 5-10 mg/l 
[261. 

Both biological and physical resuspension 
processes are most effective in regions of easily 
erodible fine-grained sediments. In addition, fine- 
grained sediments have a relatively larger surface 
area on a volume basis and should, therefore, be 
more reactive than coarser-grained sands [30,31]. 
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Fig. 2. Plot of the measured sediment inventory vs. water depth for the muddy shelf. slope and deep cores (regions 3a. 4-7). Triangles 
represent 2'0~be'  inventory data while circles represent Pu data. Both Z'O~be '  and Pu inventories are normalized to the expected 
atmospheric on the left axis. The actual corresponding inventories are given on the right axis in mCi/km2 for Pu, and in dpm/cm2 for 
2'0Pbe'. (Data from the New York Bight [lo] has been excluded, and would lie in the range of 400-900% of atmospheric delivery.) 

Several investigators have reported that radio- 
nuclides are more concentrated in fine-grained 
sediments compared with coarse grained sands 
[4,18,32]. Indeed the sandy shelf sediments do 
store little or no Pu and 2'0Pb, while the silty Mud 
Patch has higher inventories. When the data are 
examined closely, however, a simple correlation 
between inventories and grain size is not seen, 
even within a given depth range and locality. This 
can be seen, for example, in the data of Bothner et 
al. [14] f ~ r , ~ ' ~ P b  in a suite of cores from the Mud 
Patch area. In this study, 2'0Pbe?nventories ranged 
from 51 to 94 dpm/cm2, while the fine-grained silt 
fraction constituted a range of 20-80% of the total 
sample, unrelated to the inventory data. Brower 
[25] also found no correlation between sediment 
surface area and "OPb inventories for a large 
number of Gulf of Maine cores. 

Bacon et al. [16] have suggested that the re- 

moval of " O P ~  may be enhanced near the sedi- 
ment-water interface by the oxidative precipitation 
of Mn and Fe oxides. At present it is not possible 
to distinguish this process from the effects of 
benthic mixing and resuspension, discussed earlier. 
Both of these mechanisms are most intense in 
shallow rrluddy sediments, decreasing with depth, 
and have little effect when deep waters are re- 
ached. 

In deeper waters there will be a decrease in the 
effectiveness of boundary scavenging processes. 
Biological removal and transport of Pu as " O P ~  

via fecal pellet production is likely to become 
increasingly important in the open ocean. Collec- 
tions of rapidly sinking large biogenic particles 
have recently been used to measure the fluxes of 
Pu and " O P ~  at a site near Bermuda (32ON, 64OW) 
at a water depth of 4000 m [33]. These fluxes were 
obtained from 3 years of samples collected bi- 



monthly from a single trap at 3200 m. This study 
reports a Pu flux of 2.5 x mCi/km2 yr. If 
this is representative of the annual Pu flux to the 
sediments since its introduction (approximately 20 
years), then it can account for roughly one-half of 
the average Pu inventory (0.11 mCi/km2) found in 
7 cores west of Bermuda (in Table 1 EN 53 and 
EN 69 cores). At this same site, an additional 0.35 
mCi/krn2 of Pu is present in the deep water col- 
umn (> 3200 m [34]) which must have similarly 
been supplied by rapidly sinking particles. The 
present-day trap flux, if constant over the last 20 
years, can therefore be shown to account for only 
11% of the combined sediment and deep-sea Pu 
inventory. This evidence can be used to argue for 
substantially elevated Pu fluxes in the past, most 
likely following the years of the highest weapons 
testing inputs (the late 1950's/early 1960's [3]). 

Bacon et al. 1331 also measured *l0Pb sediment 
trap fluxes of 0.5 dpm/cm2 yr at the same Bermuda 
site. They calculated that the measured trap flux 
could only account for roughly 30% of the total 
expected "OPb flux, based upon atmospheric in- 
puts and in-situ production calculations. When 
based upon sediment 2 '0~bCX inventory data how- 
ever, the observed flux appears able to account to 
approximately 80% of the sediment inventory (flux 
x mean life = 16 dpm/cm2; mean inventory of 
210Pbex = 20 dpm/cm2 at the EN 53 and EN 69 
sites). It appears that the relatively low deep-sea 
'lo pbCX inventories can be approximately balanced 
by the trap collected flux of 'lOPb, while both the 
fluxes and inventories remain lower than one would 
predict based upon input calculations. These 
calculations are tenuous, though, since a large 
number of assumptions must be made concerning 
trap and inventory measurements, and the actual 
long-term depositional flux and the inventories at 
any given site. 

Rowe and Gardner [35] deployed 4 sediment 
traps during one summer in water depths of 
2000-3500 m in the NASS slope region. They 
reported total trap fluxes by weight and found 
roughly an order of magnitude larger fluxes than 
at the Bermuda site of Bacon et al. [33]. This 
difference may reflect an increase in the productiv- 
ity (and hence fecal pellet formation) between 
slope waters and open ocean sites. This compari- 
son is limited, however, by such factors as the 
physical differences in the traps deployed, the 

deployment durations and the depth of deploy- 
ment above the seafloor. 

5.2. Total storage of Pu and ""Pbe.' in the NASS 
sediments 

The total sedimentary inventories of Pu and 
2 1 0 ~ b e 9 a v e  been calculated for each region of the 
NASS region in Table 2. The average inventory 
within a given region has been multiplied by its 
area. These total inventories for each region have 
been summed, and then compared to the expected 
inventory, assuming atmospheric supply, in situ 
" O P ~  production, and vertical deposition only (see 
Table 2). These calculations use all of the data in 
Table 1, and the reported errors are based upon 
the sample standard deviation about the mean of 
the measured inventory data. We feel that the 
conclusions reached in the following discussion 
would hold even if the associated errors are in fact 
somewhat larger than this estimate. 

A main feature of the Pu inventory data from 
the NASS region in toto, is an apparent deficiency 
in the sediments of Pu (24 f 8% of that delivered). 
This sedimentary inventory deficiency is not too 
surprising for Pu, since a considerable fraction of 
Pu is still found in the watercolumn itself. This is 
seen in the Central North Pacific [36], where less 
than 3% of the total water and sediment Pu inven- 
tory is in the sediments. Data for the deep Atlantic 
[34], provides a similar conclusion, with 95% of the 
inventory still remaining in the water column. In 
effect, Pu is remaining for longer periods of time 
in the water column than was originally expected 
[37]. A removal time of 840 years for Pu in the 
ocean can be estimated given the total Pu water 
column inventory of 2.1 mCi/km2 at the EN 53 
site and assuming a constant flux of 2.5 x 
nCi/km2 yr as seen at the Bermuda site [33]. This 
is within a factor of two of the 400-year residence 
time one can calculate from the Pacific Pu trap 
and inventory data of Livingston and Anderson 
(381. 

The NASS total "OPb inventory calculations 
indicate that this region is accumulating 60 & 10% 
of the 210Pb which enters this area via atmospheric 
delivery of is produced by in-situ decay of 226Ra in 
the water column (see Table 2). It should be noted, 
however, that the in-situ production calculation 
for 210Pb is strongly a function of the water depth 



and the area of the deep NASS region. 80% of the 
expected in-situ production of " ' ~ b  would be 
expected to occur in region 7 (depths greater than 
4000 m) given the NASS boundaries in Fig. 1. 
When we look at the shelf and slope region less 
than 4000 m, we find a closer balance between 
*I0Pb inventories and inputs. "OPb inputs from 
atmospheric sources (1.6 x 10" dpm) and in-situ 
production (0.3 x 10" dpm) at depths less than 
4000 m within the NASS region are roughly equal 
to the measured "OPb inventory in this area (1.6 f 
0.3 x 10" dpm). The deficiency of '"Pb in the 
deep NASS sediments (>  4000 m) cannot be 
accounted for in the shelf and slope sediments of 
the northeast U.S.A. continental margin. Thus if 
low "OPb inventories are a general feature of the 
entire deep Atlantic, as the present data tend to 
indicate, then a sink for this "missing" "OPb must 
exist to balance the inputs. One of the possible 
candidates for intense "OPb scavenging and re- 
moval is the eastern side of the Atlantic ocean. 
This would be similar to the enhanced removal of 
Pu and "OPb seen along the eastern Pacific margins 
[7,8,11], which is discussed in a following section. 

Bacon et al. [16] initially proposed a lateral and 
boundary scavenging model for "OPb, which would 
be expected to increase " O P ~  fluxes into the con- 
tinental margin regions. This lateral transport 
mechanism was proposed to account for the wide 
spread 2 ' 0 ~ b / 2 2 6 ~ a  disequilibrium in the deep 
sea, and the 2'0Pb/226Ra activity ratio, which was 
shown to increase with increasing distance from 
the seafloor in both vertical and horizontal direc- 
tions. The magnitude of such a lateral "OPb flux 
was calculated in a model by Spencer et al. [I71 to 
be on the order of 0.4 x 101° dpm/yr m at the 
western Atlantic boundary (15-30°N). If we take 
this model flux, multiplied by the length of the 
deep NASS boundary (1.5 X 106m), one calculates 
an additional 210Pbex flux of 6 x 1OI5 dpm/yr into 
the NASS region. This is roughly half of the 
expected atmospherically delivered supply of "OPb 
(area NASS (1.3 X 1016 cm2) x atmospheric flux 
(0.8 dpm/cm2 yr) = 1.0 X 1016 dpm/yr). It is clear 
from our total inventory calculations that there is 
no evidence for such a large lateral flux into the 
NASS region. More recent "OPb water-column 
work in the NASS region [39] confirms that there 
is not a strong lateral gradient in " O P ~  in this 
region which would result from an intense margin 

scavenging process. The model lateral 'I0 Pb flux of 
Spencer et al. does not hold for this region. 

5.3. A comparison between East and West Coast 
sites 

An interesting comparison can be made be- 
tween the NASS region and the Washington state 
shelf-slope region where a relatively large sink for 
laterally transported 2'0Pb and Pu does appear to 
exist [7,8,11]. In the Washington continental shelf 
and slope region, "OPb and Pu inventories are 
several times fallout expected inputs [7,8], and no 
large sandy areas equivalent to the Atlantic con- 
tinental shelf occur. At this west coast site, strong 
upwelling and the lateral transport of " O P ~  may 
explain the high sedimentary inventories observed 
[7,8]. Calculated residence times for water over the 
Washington shelf and slope are on the order of 
0.01 year and 0.1 year, +spectively [7]. This is in 
contrast to the mid-Atlantic shelf waters, which 
have a residence time on the order of 1 year 
[40-421. It appears then that the large "OPb inven- 
tories at the U.S.A. West Coast site are due to the 
increased advective supply of 210Pb along eastern 
basin boundaries, and its removal from the water 
column. The total 2'0Pb'x inventory of the West 
Coast site is large and may prove sufficient in 
balancing lateral fluxes of *I0pb from the interior 
of the Pacific, but this has yet to be comprehen- 
sively shown. 

6. Summary and conclusions 

A major feature of the Pu and "OPbr' distribu- 
tions in the North Atlantic shelf and slope region 
sediments is high inventories in the coastal bays, 
the Mud Patch region, and for 2'oPbex, also on the 
upper slope (200-2000 m). This is consistent with 
the hypothesis that increased scavenging of Pu and 
2 ' o ~ b  occurs over shallow and highly bioturbated 
sediments, with storage of these elements in re- 
gions of fine-grained sediment deposition. Off the 
shelf, Pu inventories decrease rapidly, while 2'0Pbex 
inventories remain high. This may be due both to 
the shorter residence time of 2 ' 0 ~ b  compared to Pu 
with respect to water column removal, and to 
comparisons between "steady-state" " O P ~  inven- 
tories and the more recently introduced Pu. Inven- 
tories of Pu and 'I0Pb continue to drop at greater 



depths across the slope as the dominant removal 
process likely becomes incorporation into particles 
generated in situ (either fast sinking large biogenic 
particles or smaller slowly sinking particles). 

Inventory calculations of Pu and *'Opbe" in the 
NASS region ( < 4000 m) indicate that the sedi- 
ments can account for about 24 f 8% of the sup- 
plied Pu, and roughly 83 f 15% of the supplied 
210Pbex. At depths greater than 4000 m we find 
significantly more depletion in Pu and 2'0Pb'"n 
the sediments. This inventory data also argues 
against strong lateral 210Pb fluxes into the NASS 
region. In general, the Atlantic shelf/slope margin 
is not a major site for Pu or *lOpb storage relative 
to other coastal margin sites. 
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CHAPTER 6 

The Geochemistry o f  F a l l o u t  Plutonium i n  the  Nor th  A t l a n t i c :  

248u/  2 3 9 ~ ~  Rat ios and The1 r S i g n i f  icance 

I. INTRODUCTION 

The major source o f  f a l l o u t  p lutonium t o  the  marine environment i s  

atmospheric nuclear  weapons t e s t i n g  which occurred du r ing  t h e  1950's 

and e a r l y  1960's (Perk ins and Thomas, 1980; Harley, 1980). I n  f a l l o u t ,  

t h e  dominant Pu isotopes are  2 3 9 ~ u  and 2 4 0 ~ u ,  t h e  combined 

a c t i v i t i e s  o f  which have been t r a d i t i o n a l l y  measured by a lpha-count ing 

techniques ( w r i t t e n  as 
239,240 Pu). By employing a mass spec t romet r ic  

(m.s.) technique I have been ab le  t o  separate ly  determine t h e  

concentrat ions o f  2 3 9 ~ u  and 2 4 0 ~ ~  i n  marine sediments, pore waters, 

sea water and sediment t r a p  samples from t h e  Nor th  A t l a n t i c .  With t h e  

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  data, f a l l o u t  f rom s p e c i f i c  nuclear  t e s t i n g  s i t e s  

can be i d e n t i f i e d .  An important  f i n d i n g  i s  t h a t  t h e  s o l u b i l i t y  and 

r e a c t i v i t y  o f  Pu from d i f f e r e n t  f a l l o u t  sources a r e  n o t  n e c e s s a r i l y  

i d e n t i c a l ,  as p rev ious l y  assumed. This  evidence f o r  t h e  i n p u t  o f  

d i f f e r e n t  Pu f a l l o u t  types w i t h  d i f f e r i n g  geochemistr ies w i l l  have 

important  bear ing  on: a) t he  use o f  Pu as a geochemical t r a c e r  t o  s tudy 

present  day scavenging and removal processes i n  t h e  water column, b) 

t h e  use o f  Pu as a t r a c e r  i n  sediment mix ing  and accumulat ion s tud ies  

where the  i n p u t  f u n c t i o n  o f  Pu t o  t h e  sediments must be known, and c) 

t h e  i n t e r p r e t a t i o n  o f  prev ious water column 239 ' 2 4 0 ~ u  a c t 1  v i  t y  da ta  

i n  t he  P a c i f i c  (Bowen e t  a l . ,  1980) where subsurface and near-bottom 

a c t i v i t y  maxima e x i s t  f o r  Pu. 

I n  t h i s  study, a systematic decrease i n  t h e  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  

i n  sediments i s  found w i t h  i nc reas ing  water depth a long a t r a n s e c t  o f  

cores between Woods Hole and Bermuda. The 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  range 

from ~ 0 . 1 8  on t h e  s h e l f  t o  ~ 0 . 1 0  a t  5000 m. A model w i l l  be 

presented which can account f o r  t h e  range o f  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  

found I n  t h i s  and o ther  s i m i l a r  s tud ies  (Noshkin and Gatrousis ,  1974; 



Scot t  e t  a l . ,  1983). I n  t h i s  model, I propose t h a t  t he re  have been a t  

l e a s t  two d i s t i n c t  sources o f  f a l l o u t  Pu t o  t h i s  reg ion .  The major 

source o f  Pu i s  g loba l  s t ra tospher i c  f a l l o u t  which i s  charac ter ized by 

a  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.18. The second source o f  f a l l o u t  Pu i s  

character ized by a  much lower 2 4 0 ~ u / 2 3 9 ~ u  r a t i o ,  and r e l a t i v e  t o  

g loba l  f a l l o u t ,  must have been more e f f i c i e n t l y  deposi ted t o  deep-sea 

sediments. 

I w i l l  f i r s t  present  some background in fo rma t ion  on t h e  var ious  

sources and c h a r a c t e r i s t i c s  o f  f a l l o u t  Pu, and prev ious s tud ies  i n  t h i s  

area. Then I w i l l  focus on my r e s u l t s  i n  order  t o  examine the  

r e l a t i o n s h i p  between the  geochemistry o f  Pu and the  s p e c i f i c  sources o f  

f a l l o u t  Pu a t  any g iven s i t e .  Whi le the  d iscussions presented here 

p e r t a i n  t o  the  behavior and sources o f  f a l l o u t  Pu t o  t h e  Nor th  

A t l a n t i c ,  t h e  s i g n i f i c a n c e  o f  s i m i l a r  processes i n  t he  P a c i f i c  w i l l  be 

considered. 

11. BACKGROUND 

A. F a l l o u t  Data 

I w i l l  use 2 4 0 ~ u / 2 3 g ~ u  data  f rom t h e  Nor th  A t l a n t i c  t o  d i s -  

t i n g u i s h  between two classes o f  f a l l o u t  deb r i s  - g loba l  o r  s t ra tospher i c  

f a l l o u t  versus t ropospher ic  f a l l o u t  f rom the  Nevada Test  S i t e .  It i s  

t he re fo re  important  t o  f i r s t  d e f i n e  what i s  meant by s t ra tospher i c  and 

t ropospher ic  f a l l o u t  and then t o  examine b r i e f l y  t he  i n p u t  h i s t o r y  o f  

Pu i n  terms o f  t he  2 4 0 ~ u / 2 3 9 ~ u  i s o t o p i c  r a t l o s  observed i n  t h e  

f a 1  l o u t  record. 

Global o r  s t ra tospher i c  f a l l o u t  r e f e r s  t o  very smal l  s ized f a l l o u t  

p a r t i c l e s  (=1 pm o r  l ess  i n  diameter - Joseph e t  a l . ,  1971) which 

received s u f f i c i e n t  he igh t  t o  become ent ra ined i n  t he  st ratosphere.  

This  f a l l o u t  deb r i s  has a  residence t ime i n  t h e  atmosphere on the  order  

o f  one year (Joseph e t  a l . ,  1971; Perkins and Thomas, 1980). This  i s  

t h e  most abundant type o f  f a l l o u t ,  account ing f o r  >80% o f  t h e  t o t a l  

f a l l o u t  r a d i o a c t i v i t y  d i s t r i b u t e d  worldwide (Harley, 1980). Both l a r g e  

and smal l  y i e l d  nuc lear  t e s t s  conducted a t  h i g h  a l t i t u d e s  and l a r g e  



yield surface based nuclear tests have produced considerable stratos- 

pheric fallout. 

Tropospheric fallout refers to fallout debris which is retained 

within the troposphere either as larger fallout particles which are 

deposited rapidly within the vicinity of the nuclear testing site 

(so-called close-in fallout) or smaller fallout particles which do not 

reach stratospheric altitudes and are deposited within the hemisphere 

of injection in the days to weeks following a particular testing event 

(so-called intermediate fallout) (Joseph et al., 1971; Holloway and 

Hayes, 1982). Any nuclear test that is conducted at or just above the 

ground (1.e. surface based) will generate at least some tropospheric 

fallout. The largest source of tropospheric fallout was U.S. surface 

based testing of large yield thermonuclear bombs (H-bombs) at the 

Marshall Islands (-llON =165OE) (Joseph et al., 1971 ; Perkins and 

Thomas, 1980; D.O.E., 1982). Testing at the Marshall Islands resulted 

in the local deposition of roughly the same inventory of Pu to the North 

Pacific basin as Pu from global fallout (Bowen et al., 1980). An 

additional source of tropospheric fallout of interest to my work in the 

North Atlantic is the Nevada Test Site where over 35 surface based 

small yield nuclear tests were conducted between 1951 and 1958 (D.O.E., 

1982; Hicks and Baar, 1984). 

To distinguish between stratospherfc fallout and tropospheric 

fallout from the Nevada Test Site, a review is needed of the factors 

which determine the 2 4 0 ~ u / 2 3 9 ~ ~  ratio in fallout. In general, differ- 

ences in weapons design appear to account for much of the variability 

seen in the historical 240~u/23g~u record (Cameron, 1959; Perkins and 
Thomas, 1980; Koide et al., 1985). Within any given design or series of 

tests, a larger nuclear yield produces greater neutron fluxes resulting 

in the enhanced production of the higher masses 

of Pu. The U.S. nuclear testing program dominated the early atmospheric 

fallout record in terms of total fallout yields (Zander and Araskog, 

1973; Perkins and Thomas, 1980; D.O.E., 1982). In the early 19501s, 

stratospheric fallout was characterized by a 240~u/239~u ratio of >0.30 

dropping off to the 0.21-0.26 range in the mid-1950's based upon ice 



core records i n  t h e  An ta rc t i c  and Greenland i c e  sheets (Kolde e t  a l . ,  

1985). Thls i s  supported by a  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.35 I n  a  1953 

aerosol  sample c o l l e c t e d  over t he  U.S., and a  0.21 r a t l o  i n  a  s i m i l a r  

sample from 1955 (Krey, 1985). Also, Noshkin (1978) has repor ted  an 

average 2 4 0 ~ u / 2 3 9 ~ ~  r a t i o  o f  0.31 from the  s o i l  and vegetation on 

the  B i k i n i  a t o l l  i n  the  Marshal l  I s l ands .  S p e c i f i c a l l y ,  t h e  U.S. 

YMikel' shot i n  1952 a t  Enewetak produced a  f a l l o u t  2 4 0 ~ u / 2 3 9 ~ u  

r a t i o  o f  0.36 (Dlamond e t  a l . ,  1960) and remained a  unique (Cameron, 

1959) and r e l a t i v e l y  l a r g e  source o f  h igh  r a t 4 0  f a l l o u t  Pu u n t i l  

f u r t h e r  U.S. t e s t i n g  i n  1954 (Perk ins and Thomas, 1980; D.O.E., 1982). 

Later  atmospheric nuclear  t e s t i n g  programs i n  t h e  e a r l y  1960's 

were dominated by t h e  l a r g e  y i e l d  Sov ie t  t e s t s .  These U.S.S.R. t e s t s  

a r e  responsib le f o r  t h e  bu lk  o f  t he  s t ra tospher i c  f a l l o u t  Pu i n  t h e  

environment accounting f o r  -75% o f  t he  t o t a l  worldwide f a l l o u t  y i e l d s  

( ca l cu la ted  f rom the  t o t a l  y i e l d  da ta  i n  D.O.E. (1982)). The average 

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  t h i s  m a t e r i a l  i s  0.18 (Perk ins and Thomas, 1980). 

Thls i s  supported by the  i c e  core data which show 2 4 0 ~ u / 2 3 9 ~ ~  r a t i o s  

averaging 0.18 du r ing  the  1960-1966 pe r iod  ( rang ing  form 0.16-0.22, 

Koide e t  a l . ,  1985). Also, an average r a t i o  o f  0.178 + 0.009 I s  found 

i n  aerosol  samples c o l l e c t e d  between 1957 and 1967 a t  35ON ( r e c a l c u l a t e d  

from HASL-273 (1973)) us ing  data f rom over 100 f i l t e r e d  aerosol  p a r t i c -  

u l a t e  samples w i t h  a  p r e c i s i o n  o f  <lo% on the  measured 2 4 0 ~ u / 2 3 9 ~ u  

r a t i o .  This I s  I d e n t i c a l  t o  t h e  average i n teg ra ted  s o i l  2 4 0 ~ u / 2 3 g ~ u  

r a t i o  o f  0.176 + 0.014 found a t  over 50 s i t e s  f rom 33's t o  71°N (Krey e t  

a l . ,  1976). I t  i s  apparent t h a t  t h e  0.18 value f rom t h e  s o i l  study i s  

s t r o n g l y  i n f l uenced  by the  dominance o f  t h e  U.S.S.R. h i g h  y i e l d  t e s t s  

i n  t h e  t o t a l  f a l l o u t  record. S i m i l a r  t o  o ther  prev ious d iscussions o f  

Pu f a l l o u t  (Hardy e t  a l . ,  1972; Perk ins and Thomas, 1980; Beasley e t  

a l . ,  1981; S c o t t  e t  a l . ,  1983). I w i l l  use 0.18 + 0.01 as t h e  charac- 

t e r i s t i c  i s o t o p i c  s ignature  of average s t ra tospher i c  f a l l o u t  Pu a r r i v i n g  

t o  the  Nor th  A t l a n t i c .  

As mentioned prev ious ly ,  an a d d i t i o n a l  source o f  Pu t o  t h e  Northern 

Hemisphere i s  t ropospher ic  f a l l o u t  from t h e  Nevada Test S i t e .  The 

Nevada f a l l o u t  i s  charac ter ized by an average 2 4 0 ~ u / 2 3 9 ~ u  r a t l o  o f  



0.035. This  value i s  t he  weighted mean 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  f a l l o u t  

from a l l  tower and sur face t e s t s  conducted i n  Nevada (n=36; c a l c u l a t e d  

from the  data i n  Hicks and Barr,  1984) and i t  agrees w e l l  w i t h  prev ious 

est imate o f  t h i s  r a t i o  (Krey e t  a l . ,  1976; Perkins and Thomas, 1980; 

Krey, 1983; Hicks and Baar, 1984). F a l l o u t  f rom sur face based t e s t i n g  

a t  Nevada would have t rave led  w i t h  the  p r e v a i l i n g  winds i n  an eastwardly  

d i r e c t i o n  (C lark ,  1954). The behavior o f  f a l l o u t  Pu i n  t h e  oceans f rom 

t h i s  source w i l l  be a  major focus o f  a t t e n t i o n  i n  f o l l o w i n g  d iscussions.  

B. Previous Studies 

The f i r s t  study t o  use Pu i s o t o p i c  data t o  understand t h e  

biogeochemistry o f  f a l l o i i t  Pu i n  t he  oceans i s  t h a t  o f  Noshkin and 

Gatrousls (1974). They found 2 4 0 ~ u / 2 3 9 ~ u  atom r a t i o s  rang ing  f rom 

0.11 t o  0.24 I n  s i x  sediment samples and i n  3 b i o l o g i c a l  samples f rom 

the  North and South A t l a n t i c .  This  range i n  Pu i s o t o p i c  composi t ion i s  

q u i t e  s u r p r i s i n g  g iven the  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.18 found i n  

worldwide f a l l o u t .  Noshkin and Gatrousis suggested t h a t  t h e  f r a c t i o n -  

a t i o n  o f  f a l l o u t  ma te r i a l  upon depos i t i on  t o  t h e  ocean may lead t o  t h i s  

wide range o f  Pu i s o t o p i c  values. 

Sco t t  e t  a l .  (1983). r e p o r t  t h e  on ly  o ther  2 4 0 ~ u / 2 3 9 ~ u  data  f rom 

marine sediments. They found a  systematic decrease i n  t h e  2 4 0 ~ u / 2 3 9 ~ ~  

r a t i o  f rom 0.18 i n  cores a t  t he  mouth o f  the  M i s s i s s i p p i  r i v e r  t o  values 

below 0.10 i n  t he  deep abyssal p l a i n  sediments (3500m) i n  t h e  Gu l f  o f  

Mexlco. They a t t r i  buted the  lower 2 4 0 ~ u / 2 3 9 ~ u  values ( r e l a t i v e  t o  t h e  

g loba l  f a l l o u t  average o f  0.18) t o  e l t h e r  a  separa t ion  o f  2 3 9 ~ u  f rom 

2 4 0 ~ u  du r ing  t r a n s i t  t o  t h e  sea f l o o r ,  o r  t o  a  unique source ( p o s s i b l y  t h e  

Nevada Test S i t e )  o f  low r a t i o  Pu. 

111. SAHPLING 

Sediment samples analyzed f o r  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  were ob ta ined 

p r i m a r i l y  f rom th ree  sources. The major a n a l y t i c a l  e f f o r t  was spent on 

a  se r ies  o f  seven box cores (cores A through H) f rom a  t r a n s e c t  between 

Woods Hole and Bermuda (F ig .  6.1). A t  these s i t e s ,  sediment p r o f i l e s  

o f  bo th  2 3 9 p 2 4 0 ~ u  a c t i v i t y  and 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  da ta  were obta ined.  
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Figure 6.1: Sampling Location Map. 

S i t e s  A through H a r e  box cores c o l l e c t e d  i n  1983-1985. S l t e s  numbered 
52 through 65b (see i n s e r t )  a r e  surface samples c o l l e c t e d  i n  the 1950 's  
and 1 9 6 0 ' s .  



Sediment samples were c o l l e c t e d  from box cores which were r e t r i e v e d  w i t h  

v i s u a l l y  undisturbed and l e v e l  surfaces. The cores were subsampled f o r  

s o l i d  phase analyses w i t h  a 6 o r  10 cm diameter subcoring dev ice  i n  

0.5-1.0 cm depth i n t e r v a l s  over t he  upper 4-6 cm o f  t he  core  and i n  2cm 

depth i n t e r v a l s  throughout t he  remainder o f  the  core. The 239, 24OPu 

a c t i v i t y  p r o f i l e s  from these cores have been examined f o r  evidence o f  

Pu diagenesis i n  Chapter 4 o f  t h i s  t h e s i s  and used t o  determine sediment 

mix ing  ra tes  i n  Chapter 7 and Anderson e t  a l .  (1986). 

I n  order t o  f o l l o w  t h e  h i s t o r i c a l  sequence o f  Pu i n p u t s  t o  t h i s  

region, a s e t  o f  archived sediment samples c o l l e c t e d  i n  t h e  1950's and 

e a r l y  1960's were analyzed. These arch ived samples a r e  main ly  sur face 

grab samples o r  dredge samples from a U.S.G.S./W.H.O.I. survey of t h e  

eastern U.S. con t i nen ta l  margin. A complete d e s c r i p t i o n  o f  t h e  sediment 

samples from t h i s  e n t i r e  survey i s  prov ided i n  Hathaway (1971), and 

p e r t i n e n t  data f o r  t h i s  study a re  prov ided i n  Table 6.1. The l o c a t i o n s  

o f  these 1950's and 1960's samples a re  g iven i n  F igure  6.1. 

F i n a l l y ,  sur face sediment samples from a wide range o f  l o c a t i o n s  

i n  t he  A t l a n t i c  were analyzed f o r  Pu isotopes (sample l o c a t i o n s  a r e  

g iven i n  Table 6.1). These samples were analyzed t o  examine t h e  s p a t i a l  

ex ten t  o f  t ropospher ic  f a l l o u t  Pu f rom the  Nevada Test S i t e .  

The pore water samples which were analyzed by mass spectrometry 

a r e  f rom cores F (501 m), E (1275 m), D (2362 m), C (2700 m), G (4469 m), 

and H (4990 m) (F ig .  6.1). The c o l l e c t i o n  and e x t r a c t i o n  o f  pore  waters 

f rom these samples i s  descr ibed i n  d e t a i l  i n  Chapter 4 o f  t h i s  t hes i s .  

Chapter 4 a l s o  discusses the  i n t e r p r e t a t i o n  o f  t he  pore water  a c t i v i t y  

p r o f i l e s  w i t h  respect  t o  Pu diagenesis, w h i l e  i n  t h i s  chapter  I w i l l  

focus on the  pore water 2 4 0 ~ u / 2 3 9 ~ u  data  alone. F i ve  A t l a n t i c  

seawater and two A t l a n t i c  sediment t r a p  samples were a l s o  analyzed f o r  

Pu isotopes by m.s. and t h e i r  sampling l o c a t i o n s  w i l l  be d iscussed i n  

the  t e x t .  

I V .  ANALYTICAL TECHNIQUES 

This chapter  focuses on 2 4 0 ~ u / 2 3 9 ~ u  atom r a t i o  da ta  which a r e  



Table 6.l.Samnlina Locations and Date of Collection 

Depth Core ID Cruise or I.D. Date Latitude 

Woods Hole to Bermuda transect: 

90m A 83-Gyre-9 

501m F Oceanus- 152 

501m F Oceanus- 152 

1275m E Oceanus-152 

2362m D Oceanu5- 152 

2700m C 83-Gyre-9 

4469m G Oceanus- 173 

4990111 H Oceanus-173 

Archived 

93m 

125m 

200m 

458m 

1500m 

2086m 

2335m 

2722 

Atlantic 

3046m 

4655m 

5 145m 

4360m 

5613m 

4990m 

5400m 

4810 

sediment profiles and 

7/28/83 40°28.1'N 

4/30/84 39'55.1 'N 

4/30/84 39'55.1'N 

4/29/84 39"4!3.1'N 

4/29/84 39'35. O'N 

7/31/83 39O10.3'~ 

12/4/85 31'54.1 'N 

12/8/85 36'27.9'~ 

sediments: surface grab 8 dredge samples- 

65a a2507 1965 40'20 ' N 

52 Atlantis-179 1952 40'50 ' N 

57 #NO3 1 1957 40'1 O'N 

65b #25 1 1 1965 39O58'N 

6la #E004 1961 39'47'~ 

bib tE005 1961 39'42'N 

64a #2 136 1964 39'37 ' N 
64b X2135 1964 39O11 'N 

deep-sea: surface sediments from box cores- 

BX49 10549#5BX 1984 00~02.9'~ 

BX52 10552#9BX 1984 19~27.3'~ 

BX39 1 1 139XBBX 1984 31°25.4'N 

BX47 1 1 147#5BX 1984 49°40.8'~ 

BX64 101 64#5BX 1984 26'04.9'~ 

Kn Kn54/ 15 1976 45'36.9 ' N 

EnJ En53/2-LocJ 1980 32'43.3'~ 

A1 I A 1  I /49 1969 39'02 ' N 

Lonoi tude 

pore waters- 

70'54.1 ' W  

70'54.1 'W 

70~54.2'~ 

70'56.3' w 
70~56.8' w 
70~43.~9~ 

64O17.8'~ 

66'33.6'~ 

2900m Med A1  I /93 1976 34O01.3'~ 28'59 .8'~ 



obtained by a mass spectrometric technique developed to measure low 

level Pu concentrations and isotope ratios in marine samples (for 

details see Chapter 3 of this thesis). The advantages of the m.s. 

technique over traditional alpha-counting procedures for Pu are twofold. 

First, when Pu is determined by alpha-counting, 2 3 9 ~ ~  and 2 4 0 ~ u  remain 

inseparable due to the similar alpha energies of these isotopes. With 

m.s. in contrast, these isotopes are easily separated. In addition, due 

to the long half-lives of 2 3 9 ~ u  (24,400 yrs) and 240~u (6600 yrs), 

non-radiometric techniques such as mass spectrometry, which measure the 

Pu isotopes directly, are inherently more sensitive than alpha-counting 

techniques which measure Pu only by the detection of relatively infre- 

quent alpha-decay events. 

A complete descriptlon of the chemical procedures used t o  isolate 

and purify Pu from marine samples is provided in Chapter 3 of this 

thesis. Brlefly, the sediment samples are hot acid leached (twice in 

8N HN03) In the presence of a 242~u spike and the leachate is purified 

by ion exchange chromatography. Pu from seawater and pore water is 

collected via an Fe-hydroxide precipitation step after equilibration 

with a 2 4 2 ~ u  yield monitor. Similar t o  the sediment samples, purlfi- 

cation is achieved with multiple ion exchange separation steps. The 

sediment trap samples are totally dissolved in the presence of the 

242~u spi ke and purif led. In general, the purif ication procedures 

used on m.s. samples are similar to procedures used in standard 

alpha-counting techniques (Wong, 1971; Livingston et al., 1975; Larsen 

and Oldham, 1975). High purity acids in the final column steps and 

clean room techniques throughout ensure consistently low blanks (see 

Chapter 3). 

The errors on the Pu data reported in Table 6.2 are propagated from 

the standard deviation on the m.s. determination of the 242~u, 2 3 9 ~ u  and 

240~u atom abundances and from the error on the procedural blank. Slnce 

240~u is the least abundant Pu isotope, the largest source of error 

arises from its determination by m.s.. Replicate analyses are found t o  

agree within the reported precisions (Chapter 3, this thesis). A com- 

plete listing of all of the m.s. data is given in Appendix I11 of this 



Table 6.2. Pu data by mass s~ectrometrv 

Samp 1 e samp 1 e Atom Ratio 
Tv~e weiaht 240/239 

( a )  
sediment tr ansec t hEL 

9Om- A1:O-1.5cm 15.01 0.175 +/- 0.008 
A5r7.5-9.5cm 15.08 0.203 +/- 0.027 
A10:17.5-16.5cm 15.64 0.185 +/- 0.023 
A17:31.5-33.Scm 15.03 0.210 +/- 0.028 

Activity 
239 r 240Pu 

( b )  

1275m- ElAtO-lcm 2.80 0.158 +/- 0.002 
ElB: l-2cm 14.34 0.150 +/- 0.019 
E2A; 2-3cm 14.12 0.142 +/- 0.009 
E4:6-8cm 2.66 0.152 +/- 0.003 
€6~10-12cm 13.45 0.149 +/- 0.010 
EB: 14-lbcm 14.21 0.159 +/- 0.029 

(a) 
( a )  
(a) 
(a) 
(a) 
(a) 



Table 6.2. cont. Pu data bv mass s~ectrometry 

Samp 1 e samp 1 e 
Tvve weiaht 

( a )  
Earlv 1950-60's sediment (om) 
Core 65- 93m 2.08 

52- 125m 9.10 
57- 200m 61.39 
65- 458m 2.49 
61a- 1500m 3.96 
61b- 2086m 2.14 
64a- 2335m 2.24 
64b- 2722m 4.30 

Surface sediment: deen-sea 
Core BX49- 3046m 10.66 

8x52- 4655m 2.60 
8x39- S145m 14.61 
BX47- 4360m 12.32 
BX64- 5613m 2.96 
Kn- 4990m (0-lcm) 62.65 
Kn- 4990m (4-Scm) 74.29 
Hrd- 2900m 72.85 
En- 5400m 51.15 

Pore waters 
?Om- A:13.5-37.5cm 
501m- F1:O-2cm 

F2: 2-4cm 
F3 : 4-6cm 
F7:12-14cm 
F9: 16-18cm 

1275m- E1:O-2cm 
E2 : 2-4cm 
E4 : 6-0cm 
E6:lO-23cm 
E8: 14-lbcm 

1170m- BK1/3:0-3cm (d) 
BK4/5:3-5cm (d) 

2362m- D1:O-2cm 
D2: 2-4cm 
D3:4-6cm 
D4 : 6-Bcm 
Db: 10-12cm 
D7s12-14cm 

2700m- CKl/3:0-3cm (d) 
4469m- G1:O-2cm 

G2/3:2-6cm 
4990m- Hl/3:0-6cm 

Atom Ratio 
240/239 

Activity 
239,240Pu remsr ks 
(b) 

(d~m/ko 
60.70 +/- 0.74 
0.030 +/- 0.008 ( c )  
3.29 +/- 0.03 
14.24 +/- 0.16 
0.033 +/- 0.017 (c) 
2.50 +/- 0.17 
2.61 +/- 0.07 
0.31 +/- 0.04 



Table 6.2. cont. Pu data bv mass s~ectrometrv 

Samp 1 c samp 1 e Atom Ratio Activity 
Tv~e weiaht 240/239 239 240Pu remarks 

(a) (b) 
Sediment t r a ~  sam~lcs (am) (d~m/am) 
Sta E- 1200m in 1250m 0.0047 0.179 +/- 0.008 0.244 +/- 0.012 
Sta En- 398% in 5400m 0.0086 0.180 +/- 0.013 0.355 +/- 0.030 

Atlantic seawater (dpm/lOOka) 
Surface Sargaseo Sea 59.6 0.181 +/- 0.011 0.138 +/- 0.009 (a) 
Surface Sargasso Sea 55.6 0.180 +/- 0.011 0.129 +/- 0.009 (a) 
Surface Sargasso Sea 55.6 0.189 +/- 0.031 0.159 +/- 0.031 (a) 
Sta D- 17001n 53.3 0.211 +/- 0.017 0.099 +/- 0.009 (a) 
Sta E- llOOm 47.2 0.20 +/- 0.04 0.096 +/- 0.022 (a) 
Sta F- 454m 39.7 0.192 +/- 0.010 0.124 +/- 0.007 (a) 

(a)- These are the original sample weights- some of the sediment and sea water 
samples are actually sub-samples (1/50th) of larger samples used for 
alpha-counting. These subsamples are marked with an (a) in the remarks 
column. 

(b)- All activity data are reported with an error propigated from the error on 
the m.s. determination of the Pu isotopes and the error on the procedural 
blanks. 

(c)- The blank correction on these samples represents >25% of the total Pu 
activity. 

(d)- Cores BK and CK were taken at the same ships station as cores E and C, 
respectively. 

(p)- These samples were leached off of previously analyzed alpha-counting 
stainless steel planche$ts 



t hes i s .  Rat ios o f  2 4 0 ~ u / 2 3 9 ~ u  are  always g iven on an atom bas is  w h i l e  

2 3 9 ~ u  and 2 4 0 ~ ~  concentrat ions have been converted i n t o  239, 24OPu 

a c t i v i t i e s  f o r  eas ie r  comparison t o  e x i s t l n g  Pu a c t i v i t y  data.  

V.  RESULTS AND DISCUSSION 

A . ' ~ ~ ~ P ~ / ~ ~ ~ P ~  Rat ios alone a Sediment Transect from t h e  N.W. 

A t l a n t i c  

A major f ea tu re  o f  the  sediment data along t h e  t r a n s e c t  o f  box 

cores A (90 m) through H (4990 m) i s  a systematqc decrease i n  t h e  

2 4 0 ~ u / 2 3 9 ~ u  r a t l o  w i t h  increas ing  water depth (F lg .  6.2). The mean 

2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  f rom these sediment cores are  0.193, 0.1 76, 0.1 52, 

0.137, 0.128, 0.105 and 0.101 a t  90, 501, 1275, 2362, 2700, 4469 and 

4990 m, respec t i ve l y  (Table 6.2) .  The values are  rough ly  equal t o  t h e  

proposed average g loba l  f a1  l o u t  2 4 0 ~ u / 2 3 g ~ u  r a t i o  o f  0.18 i n  t h e  

shal lower cores dropping o f f  t o  p rog ress i ve l y  lower values w i t h  depth. 

Also, t he re  i s  very l i t t l e  v a r i a b i l i t y  i n  these r a t i o s  w i t h i n  each core  

(Table 6.2). These t rends a re  very s i m i l a r  t o  t h e  Gu l f  o f  Mexico da ta  

o f  Sco t t  e t  a l .  (1983) and a common process respons ib le  f o r  t h i s  s h i f t  

i n  t he  Pu i s o t o p i c  s ignature  must be sought. 

One possi  b l e  process, t h e  f r a c t i o n a t i o n  o f  2 3 9 ~ u  f rom 2 4 0 ~ u  d u r i n g  

t h e  removal o f  Pu t o  t h e  sea f l o o r ,  can be discounted. The i s o t o p i c  

s ignature  o f  t he  present  day f l u x  o f  Pu t o  the  sea f l o o r  has been mea- 

sured i n  sediment t r a p  ma te r ia l .  A 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.179 0.008 

i s  found i n  sediment t r a p  deb r i s  f rom a t r a p  loca ted i n  1200 m o f  water  

above core E (1275 m) (see Table 6.2). S i m i l a r l y  a 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  

o f  0.180 2 0.013 i s  found i n  a t r a p  i n  3985 m o f  water  above co re  En 

(5400 m) . The seawater i n  t h i s  reg ion  has an average 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  

o f  0.190 + 0.014 (Table 6.2). which i s  s i m i l a r  t o  t h e  t r a p  d e b r i s  and 

cons i s ten t  w i t h  t h e  expected 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  g l o b a l  s t r a t o s p h e r i c  

f a l l o u t .  The s i m i l a r i t y  between t h e  seawater and sediment t r a p  samples 

argues aga ins t  any present  day f r a c t i o n a t i o n  o f  2 3 9 ~ u  f rom 2 4 0 ~ u  i n  t h e  

water column. 

A second poss ib le  exp lanat ion  f o r  t h e  systematic decrease i n  t h e  





2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  w i t h  increas ing  water depth i s  t he  ex is tence o f  a 

unique source o f  low r a t i o  Pu t o  the  deep-sea a t  these s i t e s .  Th is  

second mechanism i s  shown schemat ica l ly  i n  F ig.  6.3, and w i l l  be t h e  

focus o f  t h e  remaining d iscussions.  The essen t i a l  f e a t u r e  o f  t h i s  model 

i s  t he  depos i t i on  o f  two i s o t o p i c a l l y  d i s t i n c t  sources o f  f a l l o u t  Pu 

w i t h  d i f f e r e n t  geochemical p rope r t i es .  The l a r g e s t  source o f  f a l l o u t  

Pu t o  the  sur face oceans i s  known t o  be g loba l  s t ra tospher i c  f a l l o u t  

w i t h  an average 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.18. F a l l o u t  Pu f rom t h i s  

source remains p r i m a r i l y  i n  so lu t i on ,  g iven t h a t  >95% o f  t h e  t o t a l  Pu 

i nven to ry  o f  t he  deep A t l a n t i c  i s  found throughout t h e  water column 

today (Buesseler e t  a l . ,  1985; L i v ings ton  and Buesseler, 1985). I 

suggest t h a t  t he  second Pu source i s  t ropospher ic  f a l l o u t  f rom t h e  

Nevada Test S i t e  s ince t h i s  i s  t he  l a r g e s t  source o f  low r a t i o  f a l l o u t  

Pu i n  t he  Northern Hemisphere. I f  the  Nevada f a l l o u t  i s  r a p i d l y  removed 

t o  marine sediments, then the  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i n  marine sediments 

w i l l  be a  f u n c t i o n  o f  t h e  a d d i t i o n a l  supply o f  s t ra tospher i c  f a l l o u t  Pu 

added t o  any g iven s i t e .  Hence i n  the  shal low water cores, where t h e  

sedimentary Pu i nven to r i es  a re  h ighes t ,  t he  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i s 

dominated by the  s t ra tospher i c  i npu ts  w h i l e  i n  t h e  deep sea, where Pu 

sediment i nven to r i es  a r e  low, t h e  Nevada f a l l o u t  s igna tu re  i s  more 

r e a d i l y  observed (F ig .  6.3). 

Several 1  ines o f  evidence w i  11 be used t o  t e s t  t h i s  model. F i r s t  , 
we need t o  look a t  t h e  a r r i v a l  h i s t o r y  o f  Nevada f a l l o u t  versus g l o b a l  

f a l l o u t  s ince  samples f rom the  e a r l y  t e s t i n g  years should show s t ronger  

evidence o f  Nevada f a l l o u t  i npu ts  (1951-1958) i f  our  model i s  c o r r e c t .  

Secondly, a  d iscuss ion  o f  t he  physical /chemical  c h a r a c t e r i s t i c s  o f  

d i f f e r e n t  f a l l o u t  types w i l l  be g iven fo l lowed by an e v a l u a t i o n  o f  t h e  

i nven to r i es  o f  Nevada deb r i s  and the  ex ten t  o f  t r a v e l  o f  Nevada f a l l o u t  

across the  Nor th  A t l a n t i c  basin.  

B. 2 4 0 ~ ~ / 2 3 9 ~ u  Data i n  Sediments f rom the  1950's and 1960's 

I f  Nevada i s  t h e  source o f  low 2 4 0 ~ u / 2 3 9 ~ u  m a t e r i a l  t o  t h e  Nor th  

A t l a n t i c ,  then one would expect t o  see the  e f f e c t s  o f  t h i s  i n p u t  most 

e a s i l y  i n  t h e  e a r l y  19501s, which a r e  t h e  years o f  t h e  r e l a t i v e l y  
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Figure 6 .3 :  

Nevada f a l l o u t  ( 240~u /239~u=0 .035 )  which i s  deposi ted t o  the  N.  A t l a n t i c  i s  r a p i d l y  removed t o  
the  sediments a t  a l l  depths. Global s t ra tosphe r i c  f a l l o u t  ( 2 4 0 ~ u / 2 3 9 ~ ~ = 0 . 1 8 )  i s  d e l i v e r e d  i n  
much l a rge r  q u a n t i t i e s  t o  the  N. A t l a n t i c ;  however. on l y  t he  shal low she l f  and s lope s i t e s  have 
s u f f i c i e n t  removdl ra tes  t o  depos i t  the  bu l k  o f  t h i s  Pu t o  t he  sediments, w h i l e  a t  t he  deep ocean 
s i t e s ,  the bu l k  o f  s t ra tosphe r l c  Pu remains i n  the  watercolumn. The r e l a t i v e  i nven to ry  o f  
s t ra tospher lc  vs. Nevada f a l l o u t  i n  sediments t he re fo re  changes sys tema t i ca l l y  w i t h  depth  
r e s u l t i n g  i n  the  observed decrese i n  the 2 4 0 ~ u / 2 3 9 ~ u  r d t l o  w i t h  i nc reas ing  depth  (as  shown 
below the f i g u r e ) .  The percentage Nevada Pu i nven to r i es  a re  f rom Table 6.3 and a r e  discussed I n  
the t e x t .  



h ighest  Nevada f a l l o u t  inputs  (see Fig.  6.4). This evidence can bes t  be 

seen i n  l a k e  cores, where undisturbed Pu f a l l o u t  records can be obta ined 

( B r e t e l e r  e t  a l . ,  1984; Krey, 1983). F igure  6.5 shows s i g n i f i c a n t l y  

lower 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  i n  t he  e a r l y  1950's i n  l ake  cores f rom bo th  

the  southwest (Utah) and nor theast  (New York) U.S.A. Th is  da ta  p rov ides  

evidence support ing both the  t i m i n g  ( e a r l y  50 's)  o f  t h e  Nevada i n p u t s  

and the  minimum distances which t h i s  Nevada f a l l o u t  m a t e r i a l  has 

apparent ly  t rave led  ( a t  l e a s t  t o  N.Y.). 

Unfor tunate ly ,  t he re  a re  no o ther  comparable records o f  2 4 0 ~ u / 2 3 9 ~ u  

I n  e a r l y  f a l l o u t  f rom t h i s  region.  The i c e  core 2 4 0 ~ u / 2 3 9 ~ u  records o f  

Koide e t  a l .  (1985) a t  Greenland on ly  begin w i t h  the  1954-1956 band, 

miss ing t h e  e a r l i e s t  f a l l o u t  s igna ls .  Due t o  r a p i d  sediment m ix ing  i n  

ox i c  marine cores, an h i s t o r i c a l  p r o f i l e  o f  Pu i npu ts  would n o t  be 

re ta ined  i n  t he  present  day sediment p r o f i l e s  from t h e  study reg ion .  

I n  an attempt t o  recons t ruc t  t he  h i s t o r i c a l  record  o f  2 4 0 ~ u / 2 3 9 ~ u  

r a t i o s  a long the  Woods Hole t o  Bermuda t ransec t ,  n i n e  sur face sediment 

samples f rom the  1950's and 1960's were found i n  sediment core  l i b r a r i e s  

which could be analyzed f o r  2 3 9 ~ u  and 2 4 0 ~ u  by m.s. The core  l o c a t i o n s  

a re  g iven i n  F igure  6.1, and t h e  data a re  prov ided i n  Table 6.2 and 

shown versus water depth i n  F igure  6.2. A major f e a t u r e  o f  t h e  h i s t o r -  

i c a l  samples i s  t h a t  a l l  sediments show lower o r  equ iva len t  2 4 0 ~ u / 2 3 9 ~ u  

r a t i o s  r e l a t i v e  t o  present  day sedtments. The bes t  evidence f o r  t h e  

i n p u t  o f  low r a t i o  Nevada f a l l o u t  i n  t he  e a r l y  1950's can be seen i n  a 

t ime sequence o f  cores from t h e  muddy s h e l f  i n  t h i s  r e g l o n  (cores  52, 

57 and 65a). The sediment sample f rom 1952 has a  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  

0.125 2 0.012 and a  2 3 9 ' 2 4 0 P ~  a c t i v i t y  o f  0.03 dpm/kg. By 1957, t h e  

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  t h e  shal low sediments (200 m) a r e  0.114 2 0.001 and 

s Pu a c t i v i t y  o f  3.3 dpm/kg i s  found. I n  1965 t h e  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i n  

s h e l f  sediments i s  0.180 + 0.002 and t h e  a c t i v i t y  i s  now 60 dpm/g. A t  

core A (90 m) i n  1983 on the  muddy s h e l f ,  t h e  sur face sediments have t h e  

same 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  b u t  t h e i r  a c t i v i t y  has increased t o  over  100 

dpm/g. I t  has been shown t h a t  t h e  h ighes t  sediment i n v e n t o r i e s  o f  Pu 

and hence t h e  s t rongest  removal f l u x e s  o f  Pu t o  t h e  sediments a r e  found 

i n  the  muddy s h e l f  s i t e s  a long t h i s  t r a n s e c t  (Santschi  e t  a l . ,  1980; 



Figure 6.4: Testing Y ie ld  Data vs. Time f o r  the Nevada Test S i t e  and 
Global Fa1 lou t  Sources. 

Nevudu vs. G/obu/ Fu//out YIe/ds 

d 

a = Global Fallout 

= Nevada Fal lout 

Yie ld  data taken from D.O.E. (1982);  Perklns and Thomas (1980);  and 
Hicks and Baar (1984) .  Note log  scale.  





Buesseler e t  a l . ,  1985). The 2 4 0 ~ u / 2 3 9 ~ ~  r a t i o  o f  0.125 i n  1952 

suggests t h a t  some combination o f  Nevada f a l l o u t  and e a r l y  g l o b a l  

f a l l o u t  has a l ready reached the  sediments on the  s h e l f  by t h i s  t ime. 

By 1957, due t o  the  r a p i d  scavenging o f  g loba l  f a l l o u t  Pu t h e  

2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  have increased t o  e s s e n t i a l l y  present  day values 

w h i l e  t he  sur face a c t i v i t i e s  cont inue t o  increase w j t h  t ime. Whi le the  

1960's samples from the  s h e l f  have e s s e n t i a l  l y  present  day 2 4 0 ~ u / 2 3 9 ~ ~  

r a t i o s ,  some o f  the  deeper samples (cores 65, 61a, 61b and 64a) have 

lower than present  day 2 4 0 ~ u / 2 3 9 ~ ~  r a t i o s  due perhaps t o  t h e  genera l l y  

slower removal ra tes  o f  g loba l  f a l l o u t  Pu t o  the  deeper sediments. Wi th  

t ime, the  cont inued f l u x  o f  Pu t o  t h e  deeper sediments should cont inue 

t o  s lowly r a i s e  the  o v e r a l l  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i n  t he  sedlments u n t i l  

t h e  g loba l  f a l l o u t  2 4 0 ~ ~ / 2 3 g ~ u  r a t i o  o f  4 . 1 8  i s  obta ined a long the  

e n t i r e  t ransec t .  

C. The Solubility and Removal Rates o f  Global Versus Nevada F a l l o u t  

The model I have proposed f o r  t h e  separat ion o f  g l o b a l  versus 

Nevada f a l l o u t  Pu (F ig .  6.3) i s  based on the  assumption t h a t  upon 

e n t e r i n g  the  ocean, t ropospher ic  deb r i s  from the  Nevada Test  S i t e  

( 2 4 0 ~ u / 2 3 9 ~ u = 0  .035) i s  geochemical1 y separated f rom fa1  l o u t  f rom 

s t ra tospher i c  sources (1.e. the  Nevada debr is  i s  more r a p i d l y  removed 

t o  marine sediments). This  d i f f e r e n c e  i n  t he  removal ra tes  between 

these two c lasses o f  f a l l o u t  p a r t i c l e s  can be expla ined i f  we exp lore  

t h e  c o n t r a s t i n g  modes o f  f a l l o u t  p a r t i c l e  fo rmat ion  i n  sur face based 

(Nevada) versus h igh  a l t i t u d e  ( g l o b a l )  t e s t s .  Surface based nuclear  

t e s t s  a re  charac ter ized by t h e  ex is tence i n  t h e  c o o l i n g  f i r e b a l l  o f  

l a r g e  amounts o f  m a t e r i a l  swept up f rom the  ground by t h e  explos ion.  

Condensation r e a c t i o n  o f  t h e  vaporized m a t e r i a l s  would t h e r e f o r e  proceed 

i n  l a r g e  measure upon t h e  surfaces prov ided.  I n  Nevada, p a r t i a l l y  and 

completely mel ted s o i l  s i l i c a t e s  condense as c r y s t a l l i n e  and g l a s s - l i k e  

p a r t i c l e s  which become the  c a r r i e r s  o f  s i g n i f i c a n t  f a l l o u t  r a d i o a c t i v i t y  

(Adams e t  a l . ,  1960; Joseph e t  al . ,  1971). A i r  bu rs t s  i n  cont ras t ,  

produce smal ler  metal  ox ide  p a r t i c l e s  which o r i g i n a t e  f rom d l r e c t  

vapo r i za t i on  and subsequent condensation reac t ions  o f  t h e  vaporized 



nuclear  bomb mate r ia l s  ( t h e  major components being i r o n  and t h e  

f i s s i o n e d  and unf iss ioned rad ionuc l ides)  (Adams e t  a l . ,  1960). 

Ear ly  s tud ies  o f  t he  s o l u b i l i t y  o f  f a l l o u t  p a r t i c l e s  can be used 

t o  demonstrate the  major d i f f e rences  i n  t he  behavior o f  these two 

classes o f  f a l l o u t  debr is  upon depos i t ion .  As one might  expect, t h e  

l e a c h a b i l t y  (and hence s o l u b i l i t y )  o f  a i r  bu rs t  deb r i s  i s  much greater  

than the  s i l i c a t e - b u r s t  debr is  (Mamuro e t  a l . ,  1965; Joseph e t  a l . ,  

1971; Larson, 1982). More s p e c i f i c a l l y ,  Larson (1982) compared t h e  

s o l u b i l i t y  o f  fa1 l o u t  deb r i s  generated i n '  sur face based t e s t s  ( tower 

shots) and h igh  a l t i t u d e  ba l l oon  t e s t s  a t  Nevada. I n  t h i s  study, l ess  

than 2% o f  t h e  t o t a l  sample b e t a - a c t i v i t y  i s  re leased i n t o  a  de ion ized 

water s o l u t i o n  a f t e r  one hour from t h e  surface based f a l l o u t  

p a r t i c l e s .  This  i s  i n  con t ras t  t o  14-31s o f  t h e  a c t i v i t y  be ing  

released under i d e n t i c a l  cond i t ions  f rom the  h i g h - a l t i t u d e  f a l l o u t  

p a r t i c l e s .  I n  a  s i m i l a r  experiment, Weimer and Langford (1978) 

examined t h e  s o l u b i l i  t y  o f  fa1  l o u t  5 5 ~ e  f rom aerosol  samples 

c o l l e c t e d  on t h e  U.S. west coast ( t h i s  would presumably represent  

average g loba l  f a l l o u t  d e b r i s ) .  I n  one t e s t ,  up t o  30% o f  t h e  t o t a l  

5 5 ~ e  present  i n  t he  aerosol  samples was released i n t o  seawater a f t e r  

24 hours and i n  another t e s t  67-97): o f  t he  5 5 ~ e  was s o l u b i l i r e d .  

They concluded t h a t  t he  r a d i o a c t i v e  Fe was he ld  as amorphous Fe ox ides 

on t h e  surfaces o f  f i n e  atmospheric p a r t i c u l a t e  mat te r  and was r a p i d l y  

released t o  s o l u t i o n .  A s i m i l a r  process could be expected f o r  Pu which 

would condense as a  t r a c e  i m p u r i t y  on o r  i n  t he  Fe ox ide  p a r t i c l e s  

which form t h e  core o f  s t ra tospher i c  f a l l o u t  (Adams e t  a l . ,  1960; 

Weimer and Langford, 1978). 

I f  Pu f rom the  Nevada source i s  being c a r r i e d  by smal l ,  un reac t i ve  

and i n s o l u b l e  g l a s s - l i k e  p a r t i c l e s ,  a  simple Stoke 's  s e t t l i n g  v e l o c i t y  

c a l c u l a t i o n  may be appropr ia te  f o r  es t ima t ing  t h e  p o t e n t i a l  s i n k i n g  

ra tes  o f  these p a r t i c l e s  through t h e  water column. The Stoke 's  

s e t t l i n g  v e l o c i t y  equat ion i s :  

v e l o c i t y  = 
( ~ l a ) ~ ( ~ f a l  lout- seaw water) '9 

18 rl 



where the  v e l o c i t y  i s  i n  cm/sec; t h e  mean diameter o f  Nevada f a l l o u t  i s  

10 m (1-100m i s  t y p i c a l  - Joseph e t  a l . ,  1971; Larsen, 1985); pNevada 
3 ~ 2 . 6  g/cm (1.e. t h a t  o f  quar tz ) ;  pSea water = l ;  9.980 cm/sec; and 

11~0.014 poises ( a t  7°C). The ca l cu la ted  s e t t l i n g  v e l o c i t y  i s  5.4 m/day, 

o r  a  t r a n s i t  t ime o f  --I year f o r  a  2000m water column. This  r a t e  i s  

consi s ten t  wi  t h  t he  idea o f  r a p i d  s e t t l i n g  o f  Nevada t ropospher ic  

f a l l o u t  p a r t i c l e s  t o  the  sea f l o o r .  Indeed, if t h e  f a l l o u t  p a r t i c l e s  

were incorporated i n t o  f e c a l  p e l l e t s ,  t h e i r  s i nk ing  r a t e s  would be 

enhanced. 

D. Pore Water 2 4 0 ~ u / 2 3 9 ~ u  Rat ios 

Pore water data from along the  t ransec t  o f  cores A through H 

prov ide  d i r e c t  evidence o f  the  i n s o l u b l e  and unreac t ive  na ture  o f  t h e  

f a l l o u t  p a r t i c l e s  c a r r y i n g  t h e  low 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  Nevada Pu. I n  

cores where the  s o l i d  phase 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i s  0.18 (cores A and F ) ,  

t he  pore water 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i s  equal t o  t he  g loba l  average 

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  ~ 0 . 1 8  (F ig .  6.6). However, I n  cores w i t h  average 

s o l l d  phase 2 4 0 ~ u / 2 3 9 ~ u  r a t l o s  o f  0.15 (core  E a t  1275 n), 0.14 ( co re  D 
a t  2362 m), 0.13 (core  C a t  2700 m) and 0.10 (cores G and H a t  4469 and 

4990 m, respec t i ve l y )  t he  pore water 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  remain =0.18. 

i n  d i s - e q u i l i b r i u m  w i t h  the  s o l i d  phase (F ig .  6.6). These data suggest 

t h a t  the  Nevada debr is  i n  t he  sediments (240~u /239~u=0 .035 )  I s  more 

t i g h t l y  bound by i t s  s o l i d  phase c a r r i e r  than t h e  g loba l  f a l l o u t  Pu 

(240~u /239~u=0 .1  8), and i s t h e r e f o r e  no t  participating i n  t h e  Pu 

s o l i d / s o l u t l o n  exchangereactions. This i s  suppor t ing  evidence f o r  t h e  

p r e f e r e n t i a l  s o l u b i l i t y  o f  g loba l  f a l l o u t  r e l a t i v e  t o  tropospheric 

Nevada f a l l o u t  Pu i n  marine sediments. A s i m i l a r  p a t t e r n  should emerge 

I f  sequent ia l  leach ing  experiments on these sediments were t o  be 

performed i n  the  labora tory .  

These data a l s o  r a i s e  the  quest ion  o f  t h e  completeness o f  our 

l abo ra to ry  Pu sediment e x t r a c t i o n  procedures which use h o t  8N HN03 t o  

remove Pu f rom t h e  sediments f o r  t o t a l  Pu ana lys i s .  Whi le t h e  procedure 

may be app rop r ia te  f o r  sediments i n  which t h e  Pu i s  predominant ly 

der ived f rom g loba l  f a l l o u t ,  f u t u r e  deep-sea sediment ana lys i s  should 
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i nc lude t o t a l  d i s s o l u t i o n  steps t o  examine i f  the  leach ing  steps a r e  

t r u l y  q u a n t i t a t i v e .  Indeed, researchers who study f a l l o u t  Pu i n  s o i l s  

have found t h a t  a  t o t a l  d i s s o l u t i o n  procedure i s  necessary i n  t h e i r  

analyses o f  samples which conta in  s i g n i f i c a n t  f a l l o u t  f rom the  Nevada 

Test S i t e  ( P e r r i n  e t  a l . ,  1985; Krey and Bogen, 1986). 

E. Nevada F a l l o u t  I nven to r i es  and the  S p a t i a l  Ex ten t  o f  t h i s  Debr is  

Using the  simple two end-member mix ing  model o f  Krey e t  a1. 

(1976) (see Table 6.3) and a  2 4 0 ~ u / 2 3 9 ~ u  atom r a t i o  o f  0.18 and 0.035 

f o r  g loba l  s t ra tospher i c  f a l l o u t  and Nevada t ropospher ic  f a l l o u t  

respec t i ve l y ,  I have ca l cu la ted  the  f r a c t i o n  o f  t h e  t o t a l  Pu a c t i v i t y  

a t  any g iven s i t e  f rom the  Nevada source alone. The r e s u l t s  i n  Table 

6.3 show t h a t  over 40% o f  the  t o t a l  2 3 9 ' 2 4 0 ~ ~  a c t l v i  t y  i n  t he  deep-sea 

cores G and H i s  due t o  the  Nevada source. The percentage of Nevada 

f a l l o u t  decreases i n  t he  shal lower cores where 28% ( a t  2700 m), 22% ( a t  

2362 m), 14% ( a t  1275 m), 2% ( a t  501 m) and l ess  than 1% ( a t  90 m) o f  

t h e  a c t i v i t y  o f  2 3 9 v 2 4 0 ~ u  i s  suppl ied by t h e  low r a t i o  Nevada f a l l o u t .  

I have a l s o  ca l cu la ted  i n  Table 6.3 the  s e n s i t i v i t y  range o f  t he  two 

end-member model t o  changes i n  t he  assumed 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  o f  Nevada 

and g loba l  f a l l o u t .  W i th in  a  range o f  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  f rom 

0.030-0.040 f o r  Nevada f a l l o u t  and 0.175-0.185 f o r  g l o b a l  f a l l o u t ,  t h e  

percent  f r a c t i o n  o f  t h e  t o t a l  Pu a c t i v i t y  from the  Nevada source va r ies  

by on l y  2 3%. g iven a  sample 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.10 o r  0.15. 

As  mentioned prev ious ly ,  t h e  i n f l u e n c e  o f  t h e  Nevada f a l l o u t  

becomes less  s i g n i f i c a n t  i n  t he  shal lower cores due t o  t h e  enhanced 

scavenging and removal o f  s t ra tospher i c  Pu i n  t he  shal lower regions 

(Buesseler e t  a l . ,  1985). The r e l a t i v e l y  h igh  percentages o f  Nevada 

f a l l o u t  I n  t h e  deep-sea may a t  f i r s t  appear s u r p r i s i n g  cons ider ing  t h a t  

r e l a t i v e  t o  g loba l  f a l l o u t  t he  Nevada source con t r i bu ted  less  than 1% 

t o  t h e  t o t a l  Pu supply t o  the  environment (based upon t o t a l  y i e l d s  - 
c a l c u l a t e d  f rom D.O.E., 1982). The very low t o t a l  Pu i nven to ry  i n  t h e  

deep-sea sediments must accentuate t h e  e f f e c t  o f  Nevada f a l l o u t  a t  these 

s i t e s .  



Table 6.3. Percentaae of Nevada Fallout in N.W. fitlantic Sediments 

Core ID 240~u/239~u 
(a) 

2 
Nevada/Total Total d ~ m / m  Nevada dpm/m 

2 

(b) ( c )  

( a) - 240~~/239~u sediment data from Table 6-2 

(b)- Calculated from the two fallout end-member model of Krey et al. (1976): 

(Pu Activity), = (R,- R) ( 1  + 3.68R1) 

where R = 240~u/239~u atom ratio of sample 

where R1= 240~u/239~u atom ratio of source 1 ( i . e .  Nevada = 0.035) 

where R 2= 2 4 0 ~ ~ / 2 3 9 ~ ~  atom ratio of source 2 (i.e. Global = 0.18). 

* This equation converts 240~u/239~u atom ratio data to activity ratios of 
2399240~~ from two sources. The constant 3.68 is the ratio of the specific 

activities of 240~u to 239~u. 

Sensitivitv of Krev model to varvina end-member atom ratios 
- Calculated for R10.15 and R=0.10 
- Reported as the % Nevada/Total activity 

( c ) -  Sediment Pu inventory data from Chapter 4 and in Buesseler et al., 1985 



Another means o f  examining the  c o n t r i b u t i o n  o f  Nevada f a l l o u t  Pu t o  

these sediments i s  t o  use the  Nevada f a l l o u t  percentages and t h e  mea- 

sured t o t a l  sediment Pu i nven to ry  t o  est imate the  t o t a l  i nven to ry  o f  

Nevada f a l l o u t  Pu deposited a t  each s i t e .  The r e s u l t s  suggest (Table 

6.3) t h a t  between 50 and 300 dpm/m2 o f  2 3 9 , 2 4 0 ~ ~  f rom t h e  Nevada t e s t  

s i t e  was deposited a long t h i s  t ransec t  (cores F through H). This  can be 

compared t o  a  t o t a l  g loba l  f a l l o u t  239s240pu d e l  i v e r y  est imate o f  5600 
2 dpm/m a t  these l a t i t u d e s  (Hardy e t  a l . ,  1973). This sediment i nven to ry  

c a l c u l a t i o n  suggests t h a t  1-5% o f  t h e  t o t a l  Pu deposited a long t h i s  

t ransec t  i s  f rom the  Nevada source w h i l e  y i e l d  data suggest t h a t  <I% o f  

the  t o t a l  Pu should have been generated from the  Nevada t e s t s .  The 

apparent discrepancy between these two est imates may r e f l e c t  problems 

w i t h  the  simple two end-member mix ing  approach o r  e r r o r s  i n  t h e  d e l i v e r y  

est imates and/or t e s t  y i e l d s .  The Nevada fa1  l o u t  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  do 

vary between t e s t s  (Hicks and Barr ,  1984), and r a t h e r  than represent ing  

a  w e l l  mixed average the  f a l l o u t  depos i t i on  a t  any one s i t e  may r e f l e c t  

a  very patchy i n p u t  o f  depos i t i on  from s p e c i f i c  t e s t s  (as seen f o r  

example i n  Troy, N.Y. where t ropospher ic  f a l l o u t  f rom a  nuc lear  t e s t  a t  

Nevada was deposited as a  l o c a l i z e d  "ho t  spott1 - Clark, 1954). The 

f a c t o r  o f  s i x  range i n  the  sediment 239 '240~u inven to ry  a t r i  bu tab le  

t o  the  Nevada source may r e f l e c t  t he  patchiness o f  t he  Nevada f a l l o u t  

depos i t ion .  

An independent est imate o f  t h e  t o t a l  Nevada f a l l o u t  i nven to ry  which 

one might  expect 3n t h i s  reg ion  can be obta ined f rom data on t o t a l  

f a l l o u t  depos l t ton  from the  Nevada t e s t s  (Larsen, 1985). Larsen 

est imates t h a t  20 mci/km2 o f  O0Sr from t h e  Nevada t e s t s  was d e l l v e r e d  as 

t ropospher ic  f a l l o u t ,  ca l cu la ted  f rom t h e  Nevada t e s t  y i e l d s  and assuming 

t h a t  t h i s  f a l l o u t  were spread on l y  across the  con t i nen ta l  U.S. Given a 

2 3 9 ~ 2 4 0 ~ u / 9 0 ~ r  r a t l o  i n  f a l l o u t  o f  0.017 (Harley, 1980), one would 
2 expect e l 5 0  dpm/m o f  Nevada f a l l o u t  Pu over t h i s  same region. This  

2 agrees reasonably w e l l  w i t h  my data (50-300 dpm/m ) ,  cons ider ing  t h a t  i f  

t h e  Nevada deb r i s  was spread beyond U.S. boundaries (as suggested by my 

data)  t h e  Larsen est imate would decrease s u b s t a n t i a l l y .  

To es t imate  t h e  s p a t i a l  ex ten t  o f  t h e  Nevada t ropospher ic  f a l l o u t ,  



surface samples from box cores across the North Atlantic were analyzed 

for their 240~u/239~u ratios. At locations where the total Pu 

inventory was known, the net sediment inventory from the Nevada source 

was estimated by the same procedure used in Table 6.3. Figure 6.7 

shows the location of these cores and results of their analysis. Also 

included in Figure 6.7 are the calculated Nevada Pu inventories from 

the data of Scott et al. (1983) in the Gulf of Mexico. The existence 

of deep-sea sediment samples with 240~u/239~u ratios e0.18 across 

the entire North Atlantic basin is somewhat surprising. While the 
2 inventories of Nevada Pu in the Gulf of Mexico (60-500 dpm/m ) are 

2 similar to those in the N.W. Atlantic (50-300 dpm/m ) ,  the apparent 

Nevada inventories in the Mid- and Eastern Atlantic and the Eastern 
2 Mediterranean are lower (15-30 dpm/m ) (Fig. 6.7). Clearly more data 

are needed, but the wide extent of the low 240~u/239~u ratio 

sediments is evident. Estimates of the trajectories of tropospheric 

fallout from the Chinese tests (U.N., 1982) and the U.S. Marshall 

Islands tests (Machta et al., 1956) do support the transport of 

tropospheric fallout around the globe within a matter of weeks. 

Interestingly, the one deep-sea core analyzed at 2OS, did not show any 

evidence of the Nevada component (240~u/239~u=0. 18), which is 

consistent with the expected lack of inter-hemispheric mixing of Nevada 

fallout in the troposphere. More analyses at cores with complete Pu 

inventory and isotope ratio data are needed to further elucidate the 

source(s) of Pu to the deep-sea across the entire Atlantic basin. 

F. 240~u/239~u Prof i les wi thin Individual Cores 

While the average 240~u/239~u ratio is decreasing in the sedi- 

ments with increasing water depth, the 240~u/239~u profiles within a 

given core remain essentially constant. As is shown in Figure 6.8 both 

the near surface samples with the highest Pu activities and the deepest 

samples in the profiles with the lowest Pu activities have identical 

240~u/239~u values. These constant downcore 240~u/239~u ratios must be 

the result of relatively rapid sediment mixing given the input of Pu 
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from both low and h igh  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  sources. A b r i e f  model 

c a l c u l a t i o n  w i l l  be used below t o  demonstrate t h i s  e f f e c t  and t o  show 

how the  iso tope r a t i o  data can be used t o  f u r t h e r  our understanding o f  

t h e  removal r a t e  o f  Pu t o  marine sediments. 

Any model which I s  used t o  est imate sediment m ix ing  ra tes  based 

upon Pu a c t i v i t y  p r o f i l e s  requ i res  t h a t  t h e  i n p u t  f u n c t i o n  o f  Pu t o  t h e  

sediments be known. Two commonly used Pu i n p u t  f unc t i ons  a r e  e i t h e r  

t he  Pulse i n p u t  model, whereby t h e  bu l k  o f  Pu i n  t he  sediments a r r i v e d  

soon a f t e r  i t s  depos i t i on  t o  the  ocean o r  t h e  cont inuous i n p u t  model, 

whereby t h e  supply o f  Pu t o  the  sediments has been constant  s ince  i t s  

i n t r o d u c t i o n  (Guinasso and Schink, 1975; O f f i c e r  and Lynch, 1983; 

Cochran, 1985; Sayles and L iv ings ton ,  1985; Anderson e t  a l . ,  1986; and 

references t h e r e i n ) .  Arguments f o r  and aga ins t  e i t h e r  i n p u t  f u n c t i o n  

have been made and in te rmed ia te  i n p u t  models w i t h  c h a r a c t e r i s t i c s  o f  

bo th  scenarios have a l s o  been used (Santschi e t  a l . ,  1980; Anderson e t  

a l . ,  1986; Lapique e t  a l . ,  1986). Whi le t h e  Pu a c t i v l t y  data may o f t e n  

be f i t  w i t h  some degree o f  success by e i t h e r  i n p u t  assumption, t h e  

ca l cu la ted  sediment mix ing  ra tes  from these Pu mix ing  models w i l l  

change s i g n i f i c a n t l y  depending the  chosen i n p u t  f u n c t i o n  (Cochran, 

1985; Chapter 7, t h i s  t h e s i s ) .  The Pu iso tope data w i l l  be used t o  

chose t h e  most appropr ia te  i n p u t  scenario. 

The Pu sediment mix ing  model I w i l l  demonstrate s a t i s f i e s  bo th  t h e  

observed Pu a c t i v i t y  p r o f i l e s  and t h e  2 4 0 ~ u / 2 3 9 ~ u  data. The model 

w i l l  be run  f o r  core D (2362 m; Table 6.2) s ince  t h e  data a t  t h i s  s i t e  

a r e  complete and s ince the  2 4 0 ~ u / 2 3 9 ~ ~  r a t i o  i n  t he  sediments a t  

t h i s  s i t e  (240~u/239~u=0.14)  1 i e s  between t h e  two f a l l o u t  source 

extremes. For a  more complete d iscuss ion  o f  t h i s  model and i t s  

a p p l i c a t i o n  t o  o ther  s i t e s  the  reader I s  r e f e r r e d  t o  Chapter 7 o f  t h i s  

t hes i s .  

The model assumes t h a t  a  pu lse  o f  low r a t i o  Nevada f a l l o u t  Pu 

( 2 4 0 ~ u / 2 3 9 ~ u =  0.035) a r r i v e d  a t  t h e  sedlment/water i n t e r f a c e  i n  

1956 (1956 was chosen s ince  i t  l i e s  between t h e  two h ighes t  Nevada 

f a l l o u t  years - Hicks and Baar (1984)).  The r a t e  a t  which t h i s  f a l l o u t  

i s  mixed downward i s  f i x e d  by the  sediment m ix ing  r a t e  determined 



independently on the exact same samples with a steady-state 21 Opbex 

mixing model as described in Chapters 4 and 7 of this thesis and used 

by many previous researchers (Goldberg and Koide, 1962; Nosakl et al., 

1977; Peng et al., 1979; Krishnaswami et al., 1980; Demaster and 

Cochran, 1982, among others). In addition, a second source of fallout 

Pu will be added to the sediments in thls model with a 240~u/239~u 

ratio of 0.18 (4.e. global fallout), such that the combined 

240~u/239~u ratio in the core equals the average value detected at 

this site today. For example, at core D (2362 m) the Nevada fallout 

pulse in 1956 would represent 22% of the total sedimentary Pu as 

calculated in Table 6.3. 

What remains to be fixed in this model is the input function of 

the second source of (global) fallout Pu, and as suggest above, two 

extremes will be attempted. In the first case, the global fallout Pu 

(240~u/239~u=0.18) will be added to the sediments contlnuour ly 

since the year 1960 (mid-way in the global fallout record), such that 

in the case of core D, by 1984 a total inventory of 78% x 1270 dpm/m 2 

2 (the total Pu inventory) =991 dpm/m of global fallout Pu is added to 

the sediments. I will call this the "pulse/contin~ous~~ model, since 

the Nevada Pu pulse (240~u/239~u=0.035) is followed by the 

contlnuous addition of global fa1 lout Pu (240~u/239~u=0.1 8) to the 

sediments. This is shown schematically in Figure 6.9a along with the 

appropriate analytical solutions to this mixing equation. The 

2 4 0 ~ ~ / 2 3 9 ~ u  prof 1 le which the I1pul se/contlnuous" model generates in 

the sediments is shown in Figure 6.9b. This model results in 

systematlcally increasing 240~u/239~u ratios towards the sediment 

surface since sediment mixing (as determined by 210~bex) is not 

fast enough to obllterate any increases in the 240~u/23g~u ratlos 

due to the continuous supply of global fallout Pu to the sediments. 

The second model is similar to the first except that after the 

initial pulse of low ratio Nevada fallout in 1956, the remainder of the 

global fallout Pu is input into the sediments as a pulse in 1960 (Flg. 

6.9a). In thls llpulse/pulsell model, the 2 4 0 ~ u / 2 3 9 ~ ~  ratios in the 

sediments would not change appreciably from core top to bottom, glven 



Figure 6.9a: Schematic Diagram of "Pulse/PulseN and "Pulse/Continuousl' 
Models . 
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The analytical solutions to a eddy diffusive sedlment mixing model for Pu assuming 

negligible sedimentation* D (mixing rate) and porosity are constant7 and the activity, b 
Pl=AO at z=0, are (see Duursma and Hclede, 1967; Cochran, 1985; Chapter 7 this thesis): 

for a pulse in~ut scenario- A/&* = exp[-z'/l~~tl 

for ac~ntinvous ~nout- A/&,, = e x p ~ - z * 1 4 ~ ~ t l  - ~ / 2 l ~ ) ~ / ~ e r f r ~ r / ~ l ~  t)"? 
"bt 

where erfc is the error function complimentt t is the time in years since the pulse input 
210pbex 

occurred, or over which the continuous input occurred, Db is fixed by modelling, 

the relative sizes of the Pu inputs arc fixed by the 2 4 0 ~ ~ / 2 3 9 ~ u  data and the two end- 

member model (Table 6.3). These solutions are summed to obtain the "pulse/pulse" and 

"pulse/continuous" model curves. See text and Chapter 7 for details. 
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the  observed mix ing  ra tes  and g iven t h a t  bo th  sources o f  Pu a r r i v e d  t o  

the  sediments w i t h i n  a  r e l a t i v e l y  sho r t  t ime span ( 4  years i n  t h i s  

case) (F ig .  6.9b). 

A l t e r i n g  the  years o f  e i t h e r  t he  Nevada i n p u t  o r  g l o b a l  f a l l o u t  

i npu ts  by two t o  s i x  years w i l l  no t  apprec iab ly  a l t e r  t h e  

2 4 0 ~ u / 2 3 9 ~ u  p r o f i l e s  which a re  generated (Chapter 7 ) .  A f a s t e r  

mix ing  r a t e  would decrease the  slope i n  t h e  ~~pu lse /con t i nuous"  model 

2 4 0 ~ u / 2 3 9 ~ u  curve, bu t  t he  general shape would be t h e  same (see 

Chapter 7  f o r  more d e t a i l e d  s e n s i t i v i t y  analyses o f  t h i s  model). 

F igure  6 . 9 ~  dep ic t s  the  2 3 9 , 2 4 0 ~ ~  a c t i v i  t y  p r o f  1 l e s  generated f rom 

these models w i t h  t h e  21 Opbex der ived sediment m ix ing  ra tes .  The 

llpulse/pulsell model appears t o  f i t  the  239'240Pu a c t l v i t y  data q u i t e  

w e l l  and a l s o  s a t i s f i e s  t h e  un i fo rm 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  d i s t r i b u t i o n  

w i t h i n  t h e  core. S i m i l a r  r e s u l t s  a re  reached when t h e  data f rom cores 

E (1275 m) and C (2700 m) a r e  modeled (Chapter 7). 

The major conclus ion o f  t h i s  modeling exerc ise  i s  t h a t  t h e  bu l k  o f  

Pu i n  t he  sediments a t  s i t e s  E, D, and C a r r i v e d  s h o r t l y  a f t e r  t h e  peak 

depos i t i ona l  years o f  both t h e  Nevada and g loba l  f a l l o u t  sources. This  

i s  a  general conclus ion t h a t  should apply t o  g loba l  f a l l o u t  Pu i n p u t s  

t o  con t i nen ta l  s lope and deep ocean sediments ou ts ide  o f  t he  Nor th  

A t l a n t i c .  Perhaps removal ra tes  o f  Pu f rom the  sur face waters were 

genera l l y  much greater  i n  t h e  pas t  when i n  con t ras t  t o  today, t h e  

sur face waters were no t  y e t  depleted i n  Pu. 

I n  apparent c o n t r a d i c t i o n  t o  the  p u l s e - l i k e  Pu i n p u t  models, 

recent  evidence f o r  t he  continuous depos i t i on  o f  Pu t o  deep-sea 

sediments i s  suggested by sediment t r a p  s tud ies  ( L i v i n g s t o n  and 

Anderson, 1983; Fowler e t  a l . ,  1983; Bacon e t  a l . ,  1985). I n  an 

ex tens ive  study by Bacon e t  a l .  (1985). sediment t r a p  239, 24OPu 

f l u x e s  over a  t h r e e  year pe r iod  a t  t he  Bermuda s t a t i o n  o f  Deuser (1986) 
2 a r e  est imated t o  be 5.6 dpm/m per  year. This sediment t r a p  s t a t i o n  

i s  approximate ly  above my core G where a  239 '240~u sediment i nven to ry  

o f  260 dpm/m2 i s  found. I f  t h e  f l u x  had been constant ,  then 150% 

o f  t h e  observed 2 3 9 9 2 4 0 ~ ~  sediment i nven to ry  can be accounted f o r  by 
2  t h l s  mechanism (5.6 dpm/m y r  x  25 y rs ) .  This  comparison may be t o o  



simplistic however due to: 1 )  the considerable spatial variability 

between Pu sediment inventories amongst deep-sea cores within the same 

area (Buesseler et al., 1985; Druffel et al., 1984), 2) the neglect in 

this calculation of deep water Pu inventories which must have similarly 

been supplied by the rapidly sinking biogenic particles, 3) a lack of 

understanding concerning decade-long variability in trap fluxes (Deuser 

et al., 1986), 4) the resolubilization of biogenic trap material at the 

sediment/water interface (Reimers and Suess, 1983; Llu and Kaplan, 

1984) and the potential release of Pu back into the overlying waters. 

While the pulse/pulse model requires that the bulk of Pu added to 

the sediments have arrived early-on, this would hold only for the 

deeper cores. At shallower sites, the continuous removal of Pu is more 

intense as evidenced by the progressively larger total 239, 24OPu 

sediment inventories (Buesseler et al., 1985) and the higher 

240~u/239~u ratios. Basically there is a range of removal 

processes occurring and the relative intensities of these processes 

will determine the true input function of Pu to the sediments at a 

given site. At the shallower sites, inorganic particle-related 

scavenging and removal processes would be the dominant Pu scavenging 

mechanism. As the water depth increases and boundary scavenging 

processes become inherently less effective, the dominant removal 

process becomes the biological packaging and rapid sinking of large 

particles. At these deeper sites the earlier removal fluxes were 

apparently greater than present day fluxes. The potential range in Pu 
input functions as a function of water depth is therefore quite large 

and ranges between these two extremes. In sumnary, at water depths 

>1200m in this region, a pulse-like input scenario is consistent with 

both the Pu activity and isotope data. On the shelf, I feel that a 

continuous input model would be more appropriate. 

VI. 2 4 0 ~ u / 2 3 9 ~ ~  RATIOS IN THE PACIFIC 

It is interesting to speculate on the significance of close-in 

fallout in determining the geochemical behavior of Pu in the Pacific 



basin. From t e s t  y i e l d  data (D.O.E.,  1982) one can c a l c u l a t e  t h a t  95% 

of a l l  surface based nuclear t e s t i n g  worldwide was conducted a t  these 

i s l ands  ( t h i s  inc ludes a l l  surface, tower, barge and b a l l o o n  t e s t s  a t  

<SO0 f t ) .  Ce r ta in l y ,  both the  e levated water column and sediment 

i nven to r i es  o f  2 3 9 * 2 4 0 ~ u  i n  the  North P a c i f i c  support t h e  depos i t t on  

o f  subs tan t i a l  Pu f rom the  Marshal l  I s lands  t e s t s  t o  t h e  P a c i f i c  (Bowen 

e t  a l . ,  1980; L iv ings ton ,  personal communication, 1986). 

With a  sur face based nuclear  t e s t  on a  c o r a l  i s l and ,  f a l l o u t  Pu 

would be c a r r i e d  by p a r t i c l e s  c o n s i s t i n g  l a r g e l y  o f  ca lc ium oxide, 

ca lc ium hydroxide, and calc ium carbonate phases (Adams, 1960). The 

d e l i v e r y  of l a r g e  q u a n t i t i e s  o f  these f a l l o u t  p a r t i c l e s  t o  t h e  sur face 

of t h e  P a c i f i c  and t h e i r  subsequent t ranspor t  t o  depth and 

r e s o l u b i l i z a t i o n  would be important  i n  determin ing Pu's removal f rom 

the  water column t o  t h e  sediments. For instance,  t he  P a c i f i c  GEOSECS 

data o f  Bowen e t  a l .  (1980) a r e  charac ter ized by a  subsurface Pu 

a c t i v i t y  maximum, and o f t e n  a  near-bottom enrichment o f  239, 24OPu 

This Pu d i s t r i b u t i o n  cont ras ts  w i t h  t h a t  o f  t h e  A t l a n t i c  ( L i v i n g s t o n  e t  

a l . ,  1985) and may represent  a  more complicated p i c t u r e  o f  Pu sources 

than o r i g i n a l l y  thought.  I s o t o p i c  Pu s tud ies  which can separate 

between the  s t ra tospher i c  f a1  l o u t  Pu ( 2 4 0 ~ u / 2 3 9 ~ u = 0 . 1  8) and 

Marshal 1 I s l ands  f a 1  l o u t  ( 2 4 0 ~ u / 2 3 9 ~ u > 0 .  22) w i l l  be needed before  a 

complete understanding o f  Pu geochemistry i n  t he  P a c i f i c  i s  obtained. 

I have analyzed sea water f rom 38ON 180°W i n  t h e  P a c i f i c  a t  

mid-water depths and found a  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.234 2 0.005 

(da ta  i n  Appendix 111). Closer t o  the  Marshal l  I s lands  (18ON 152OE), a 

near bottom 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  0.291 2 0.01 6 was found, whi l e  a 

sur face sediment sample had a  r a t i o  o f  0.357 2 0.024 a t  t h i s  same 

s i t e .  These data suggest t h a t  t h e r e  i s  an apparent inc rease i n  t h e  

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i n  seawater and sediments near t h e  source of 

c lose - in  Pu i npu ts  (1.e. t he  Marshal l  I s l ands ) .  B e r t i n e  e t  a l .  (1986) 

found 2 4 0 ~ u / 2 3 g ~ u  r a t i o s  ranging f rom 0.19 t o  0.27 i n  12 water 

column samples f rom 12ON 162OE and 32ON 162'E. I n  c o n t r a s t  t o  my data, 

they d i d  n o t  f i n d  a  cons i s ten t  increase i n  t h e  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  

a t  t h e  s t a t i o n  which was located c l o s e r  t o  t h e  Marshal ls .  



Unfortunately, Bertine et al., do not report the associated error on 

their 240~u/239~u ratios so that the range of values they found may 

represent analytical scatter which obscures any real spatial trend in 

the data. 

The elevated Pacific water column 240~u/239~u ratios over those I 

found in the Atlantic and by Scott (personal communication) in the Gulf 

of Mexico (240~u/239~u=0.18) are at least strong evldence that the 
characteristics of the Marshall Islands close-in fallout must be con- 

sidered when interpreting Pu activity data from the North Pacific basin. 

Differences between global fallout particles and close-in fallout from 

a coral island surface barst may result in a separation of these two 

fallout types in the ocean, but this has yet to be shown. 

VII. CONCLUSIONS 

The mass spectrometric analysis of 2 3 9 ~ u  and 240~u in North 

Atlantic marine samples has provided a unique insight fnto the sources 

and geochemistry of fallout Pu. 240~u/239~u ratios are found to 

vary systematically due to a separation of Pu carried by global 

stratospheric fallout and Pu carried by tropospherfc fallout from 

surface based testlng in Nevada, each of these sources being identified 

by their characteri stic 240~u/239~u ratio. This relationship 

between the specffic source of Pu and its behavior in the oceans 

suggests a more complex oceanographic chemistry for Pu than prevfously 

suspected. More specifically, this study concludes: 

1) 240~u/239~u ratios in Atlantic seawater, pore waters. 

sediment trap samples and continental shelf sediments are all close to 

0.18, the global stratospheric fallout average. In contrast, 

systematically decreasing 240~u/239~u ratios are found in sediments 

with increasing water depth in the Northwest Atlantic (ranging from 

0.18 at 90 m to 0.10 at 4990 m). 

2) A unique source of low 240~u/239~u ratio Pu must exist that 

is rapidly transported to these deep-sea sediments. Since the isotopic 

data rule out the present day fractionation of 239~u from 240~u in 



t h e  water column, I have concluded t h a t  t ropospher ic  d e b r i s  f rom 

sur face based nuclear  t e s t i n g  a t  the  Nevada Test S i t e  i s  t h e  most 

li k e l y  source o f  low r a t i o  Pu ( 2 4 0 ~ u / 2 3 9 ~ u = 0 . ~ 3 5 ) .  

3) 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  and 2 3 9 t 2 4 0 ~ u  a c t i v i t y  da ta  f rom 

archived sediment samples from t h e  1950's and 1960's a r e  c o n s i s t e n t  

w i t h  the  expected t i m i n g  o f  Pu i npu ts  t o  t h i s  reg ion  f rom t h e  Nevada 

source. 

4) The pronounced d i s - e q u i l i b r i u m  between pore water  

2 4 0 ~ u / 2 3 9 ~ u  r a t  i or (SO. 18) and deep-sea sed iment 2 4 0 ~ u / 2 3 9 ~ u  

r a t i o s  (=0.10-0.15) supports a  d i f f e r e n c e  i n  t he  physical /chemical  

character  o f  t h e  Nevada and g loba l  f a l l o u t  types. The Nevada f a l l o u t  

Pu appears t o  be more t i g h t l y  bound by the  s o l i d  phase than t h e  g l o b a l  

f a l l o u t  Pu, and i s  t he re fo re  no t  p a r t i c i p a t i n g  i n  t he  Pu s o l i d / s o l u t i o n  

exchange reac t ions .  

5) Uslng a  two end-member mix lng  model, one can c a l c u l a t e  t h a t  

over 40% o f  t h e  t o t a l  2 3 9 9 2 4 0 ~ ~  a c t i v i t y  i n  t he  deep Northwest 

A t l a n t i c  sediments ( a t  depths >4500m) was suppl ied by t h e  Nevada 

f a l l o u t  source. 

6) Deep-sea sediments across the  North A t l a n t i c  bas in  a l l  show some 

evidence o f  t h e  Nevada f a l l o u t  s igna l  ( i . e .  2 4 0 ~ ~ / 2 3 9 ~ u < 0 .  18) . The 

t o t a l  Pu i nven to ry  f rom the  Nevada source decreases as one examines t h e  

Eastern A t l a n t i c  s i t e s  which a re  more d i s t a n t  f rom the  Nevada Test S i t e .  

7 )  The ava i  lab1 1  1  t y  o f  2 4 0 ~ u / 2 3 9 ~ u  data and 239, 24OPu 

a c t i v i t y  data i n  t he  sediments a l lows me t o  cons t ra in  the  i n p u t  

f u n c t i o n  o f  f a l l o u t  Pu t o  deep ocean sediments (>I200 m). The data a r e  

cons i s ten t  w i t h  a  'lpulse/pulselt model whereby t h e  i n p u t  o f  Nevada 

f a l l o u t  Pu t o  t h e  sediments i s  fo l lowed q u i t e  c l o s e l y  i n  t ime  by t h e  

i n p u t  o f  g l o b a l  f a l l o u t  Pu. The cont inued n e t  f l u x  o f  Pu t o  deep ocean 

sediments appears t o  be minor, r e l a t i v e  t o  scavenging and removal 

processes a t  t h e  more shal low coasta l  s i t e s .  

8) The r e l a t i o n s h i p  between t h e  geochemistry o f  Pu and t h e  

s p e c i f i c  sources o f  f a l l o u t  Pu can have major i m p l i c a t i o n s  f o r  

understanding t h e  behavior o f  f a l l o u t  Pu i n  t h e  P a c i f i c  basin.  I n  t h i s  

basln. water column 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  which a r e  e levated over t he  



g loba l  0.18 average are found (0.19-0.27). These e levated r a t i o s  a r e  

l i k e l y  due t o  the  l a r g e  i n p u t  o f  Pu c a r r i e d  by c lose - in  f a l l o u t  f rom 

the  Marshal l  I s lands .  The geochemistry o f  Pu c a r r i e d  by f a l l o u t  

p a r t i c l e s  from surface based t e s t i n g  a t  these co ra l  a t o l l s  need n o t  be 

i d e n t i c a l  t o  t he  geochemistry o f  g loba l  f a l l o u t  Pu, b u t  t h i s  has y e t  t o  

be confirmed. 





CHAPTER 7 

The Modeling o f  Sediment Mix inq  u s i n g  

I. INTRODUCTION 

I n  t h i s  chapter sediment mix ing  ra tes  w i l l  be c a l c u l a t e d  based upon 

t h e  d i s t r i b u t i o n s  o f  21 Opbex and 2 3 9 p 2 4 0 ~ ~  a c t i v i t i e s  and 2 4 0 ~ u /  

2 3 9 ~ ~  r a t i o s  i n  s h e l f ,  s lope and deep-sea sediments f rom t h e  Northwest 

A t l a n t i c .  This  d iscuss ion  i s  intended t o  expand upon e a r l i e r  d iscus-  

s ions i n  t h i s  t h e s i s  o f  t h e  models used t o  est imate sediment m ix ing  r a t e  

est imates, and the  inheren t  e r r o r s  and assumptions behind t h e i r  use. 

The models used here a re  adapted f rom ex tens ive  work by many research- 

ers,  and the  reader i s  r e f e r r e d  t o  these o r i g i n a l  s tud ies  f o r  f u r t h e r  

background i n fo rma t i on  (Goldberg and Koide, 1962; Guinasso and Schink, 

1975; Nosaki e t  a l . ,  1977; Benninger e t  a l . ,  1979; Peng e t  a l . ,  1979; 

Krishnaswami e t  a l . ,  1980; Demaster and Cochran, 1982; Carpenter e t  a l . ,  

1982; O f f i c e r  and Lynch, 1982, 1983; Cochran, 1985). 

The a p p l i c a t i o n  o f  sediment m ix ing  r a t e s  t o  t o p i c s  o f  concern t o  

t h i s  t h e s i s  can be b r i e f l y  summarized as f o l l o w s .  I n  Chapter 4, e v i -  

dence f o r  o r  aga ins t  t he  r e m o b i l i z a t i o n  o f  239'240Pu f rom mar ine sed i -  

men t s wa 

l a t e d  by 

ment mix 

s sought f rom a comparison between sediment m i x i n g  r a t e s  ca lcu-  

both t h e  239, 240pu and 21 Opbex t race rs .  I n  Chapter 6, sed i -  

I n g  r a t e  da ta  were used i n  con junc t i on  w i t h  2 4 0 ~ u / 2 3 9 ~ u  i s o t o p i c  

r a t i o s  i n  a model which can be used t o  c o n s t r a i n  t h e  i n p u t  f u n c t i o n  o f  

f a l l o u t  Pu t o  marine sediments. Furthermore, Anderson e t  a l .  (1986) 

have used t h e  sediment m ix ing  data f rom t h i s  study combined w i t h  add i -  

t i o n a l  data f rom t h i s  reg ion  t o  examine t h e  accumulat ion o f  t o t a l  

organic  carbon and c h l o r i n a t e d  hydrocarbons a long t h e  SEEP-I t r a n s e c t  

(a long 71°W ou t  t o  3000 m). 

11. PARTICLE MIXING RATES - 21 OPbex 

The basic  assumption behind any o f  t h e  models presented here  i s  



t h a t  t he  process o f  sediment mix ing  i s  analogous t o  eddy d i f f u s i o n  over 

t he  t ime scale o f  i n t e r e s t  provided by our t r a c e r .  I n  a c t u a l i t y ,  t h i s  

i s  an i d e a l i z a t i o n  o f  t h e  t r u l y  d iscont inuous processes respons ib le  f o r  

sediment mixing, such as t h e  feeding and burrowing a c t i v i t i e s  o f  benth ic  

organisms. I n  p rac t i ce ,  the  s i m p l i f i e d  d i f f u s i v e  fo rmu la t i on  o f  sedi -  

ment mix ing  can be app l ied  i f  the  t ime and s p a t i a l  scales over which a 

t r a c e r  p r o f i l e  i n teg ra tes  i nc lude  s u f f i c i e n t  mix ing  a c t i v i t y  t o  obscure 

any d i s c r e e t  mix ing  events. For a  t r a c e r  such as 2 1 0 ~ b  wi  t h  a 

h a l f - l i f e  o f  22.3 years, Boudreau (1986a) demonstrates t h a t  f o r  t h e  

d i f f u s i v e  models t o  hold, mix ing  should occur much more f r e q u e n t l y  than 

on a  yea r l y  basis  and the  scale o f  sampling must be in te rmed ia te  between 

the  scale o f  microscopic v a r i a t i o n s  i n  sediment g r a i n  s i z e  and composi- 

t i o n  and the  macroscopic scale over which the t r a c e r  i s  changing s i g n i f -  

i c a n t l y  i n  a c t i v i t y  (1.e. t h e  mix ing  depth) .  Given these cons t ra in t s ,  

t he  general equat ion f o r  p a r t i c l e  mix ing,  accumulation and r a d i o a c t i v e  

decay can be w r i t t e n  as: 

where t = t ime ( y r )  
3  

p = d ry  b u l k  dens i t y  ( g  d ry  sediment/cm wet sediment) 

A = a c t i v i t y  o f  t he  rad ionuc l i de  (dpm/dry weight o f  sediment) 

z  = depth i n  sediment p r o f i l e  (cm) 
2 Db= sediment mix ing  r a t e  (cm l y r )  

S = sedimentat ion r a t e  (cm/yr) 

1 = decay constant  o f  the  rad ionuc l i de  (0.031 y r - I  f o r  2 1 0 ~ b ) .  

Given any s i n g l e  t r a c e r  such as 2 1 0 ~ b e x  o r  2 3 9 * 2 4 0 ~ ~ ,  e i t h e r  Db o r  S can 

be ca l cu la ted  i f  i t  can be shown t h a t  sediment mix ing  o r  sediment accum- 

u l a t i o n  i s  n e g l i g i b l e  r e l a t i v e  t o  the  o ther  va r i ab le .  The above equa- 

t i o n  i s  t y p i c a l l y  solved assuming t h a t  bo th  the  d r y  b u l k  dens i t y  and 

t h e  m ix ing  r a t e  a r e  constant  throughout t he  reg ion  o f  i n t e r e s t .  I n  t h e  

case o f  my data, t he  d ry  bu l k  dens i ty  i s  known, and by conver t ing  t h e  
2 depth va r iab le ,  z, t o  a  cumulat ive mass per  u n i t  area sca le  (g/cm ) a 

dens i t y  independent mix ing  ra te ,  E, can be ca l cu la ted  ( O f f i c e r  and 

Lynch, 1982; Cochran, 1985). Db i s  r e l a t e d  t o  E by t h e  equat ion 



2 Db=E/p , and when these two mix ing ra tes  are  compared from my data  

set,  they a re  i n  agreement w i t h i n  the  associated e r r o r s .  I have there-  
2  

f o r e  opted t o  r e p o r t  the  sediment mix ing  ra tes  as Db values (cm / y r )  

which were ca l cu la ted  assuming constant p o r o s i t y  throughout t h e  mixed 

zone. 

With respect  t o  the  assumption o f  a  constant sediment m ix ing  r a t e  

over the  depth o f  t he  mixed zone, i t  i s  obvious f rom my data  t h a t  i n  

cores A (90 m) and F  (501 m) much more r a p i d  sediment m ix ing  occurs i n  

t he  upper cm's o f  t he  sediment column which obscures any downcore 

g rad ien t  i n  21 Opbex o r  Pu i n  the  sur face sediments. I n  these cases, 

a  two-layer system can be envisioned. I n  t he  upper l a y e r ,  sediment mix- 

i n g  i s  so r a p i d  t h a t  e s s e n t i a l l y  complete homoginizat ion o f  t h e  
21 Opbex 

and 2 3 9 s 2 4 0 ~ u  t r a c e r s  occurs w i t h i n  t h e  decada long  t ime  scales o f  these 

t race rs .  This i s  under la in  by a  zone o f  decreased benth ic  m i x i n g  

a c t i v i t y ,  charac ter ized by decreasing 21 Opbex and 2 3 9 t 2 4 0 ~ u  activities 

w i t h  increas ing  depth, where the  sediment mix ing  ra tes  were ca l cu la ted .  

I n  general, t he re  i s  no t  s u f f i c i e n t  evidence t o  warrant  t h e  f u r t h e r  

development o f  depth dependent mix ing  r a t e  models f o r  t h i s  da ta  se t .  

I f  the  i n p u t  o f  2 1 0 ~ b  t o  the  sediment i s  assumed t o  be i n  

steady-state, then the  s o l u t i o n  t o  equat ion (1 )  i s :  

where A. i s  t h e  a c t i v i t y  o f  210~bex  a t  2.0 and A i s  t h e  a c t i v i t y  a t  

depth z. From t h i s  s o l u t i o n  one can see t h a t  sedimentat ion can be 
2 ignored i f  S  << 4Db1. I g n o r i n g  sedimentation, equat ion ( 2 )  reduces t o  

the  more commonly used form: 

(3 )  A = A0 exp [-(h/Db) z ] .  

The mix ing  ra tes  i n  my cores, w i l l  be shown t o  range between 0.1 t o  3 
2  cm /yr ,  s i m i l a r  t o  o ther  s tud ies  i n  t h i s  reg ion  (Santschi  e t  a l . ,  1980; 

Anderson e t  a l . ,  1986). The sedimentat ion ra tes  a r e  cons t ra ined  by a 

14c est imate o f  13 cm/1000 y r  a t  1170 m from a  core  a long my sediment 

t ransec t  (Tanaka, 1986) and a  reconst ruc ted  sedimentat ion r a t e  over t h e  

pas t  18,000 years o f  5-20 cm/l000 y r  based upon CaC03 d i s t r i b u t i o n s  i n  



t he  slope regions (Anderson e t  a l . ,  1986). W i th in  t h i s  range o f  m ix ing  

ra tes  and accumulation ra tes  the  sedimentat ion te rm can indeed be neg- 

l ec ted  and equat ion (3 )  used t o  solve f o r  Db. Independently,  i t  can be 

argued (Anderson e t  a l . ,  1986) t h a t  t h e  equ iva len t  p e n e t r a t i o n  depths o f  
21 Opbex and 239 '240~u i n  the  s o l i d  phase p r o f i l e s  and t h e i r  constant  

r a t i o s  throughout t he  cores support t he  o v e r a l l  dominance o f  sediment 

mix ing  over sediment accumulation a t  these s i t e s .  

The so lu t i ons  f o r  Db ca l cu la ted  f rom equat ion (3 )  and my 
21 Opbex 

data are  prov ided i n  Table 7 . l a .  To c a l c u l a t e  t h e  mix ing  c o e f f i c i e n t ,  a  

s t a t i s t i c a l  curve f i t t i n g  package ("RS/1I1 - BBN Software Products Corp.) 

was used which ca l cu la tes  the  best  f i t  exponent ia l  curve min imiz ing  t h e  

sum o f  the  squares o f  t he  e r r o r s  between the  ca l cu la ted  curve and t h e  
21 Opbex data. This  curve i s  o f  t h e  form - A0 = A exp[-8.~1,  where B 

( =  ( w D ~ ) ~ ' * )  i s  t h e  ca l cu la ted  best  f i t  slope. From t h e  90% conf idence 

l i m i t s  on B, t h e  90% conf idence l i m i t s  on Db have been c a l c u l a t e d  and 

a re  g iven as t h e  Db ranges i n  Table 7 . la .  It i s  n o t  unusual f o r  t he  90% 

conf idence ranges f o r  Db t o  span a f a c t o r  o f  two o r  more. Th is  est lmate 

o f  t he  Db range i s  important  t o  ob ta in ,  i f  one wishes t o  use the  calcu-  

l a t e d  mix ing  ra tes  i n  any d iagenet ic  modeling, o r  i f  one wishes t o  com- 

pare Dbls found w i t h  d i f f e r e n t  t r a c e r s  o r  a t  d i f f e r e n t  l o c a t i o n s .  The 

bes t  f i t  mix ing  l i n e  f o r  210~bex  i s  p l o t t e d  w i t h  t h e  data i n  Figures 

7. la-h ( s o l i d  curve),  and the  curves corresponding t o  t h e  90% conf idence 

l i m i t s  have been p l o t t e d  f o r  cores E, D and C as w e l l  ( d o t t e d  l i n e  i n  

F ig .  7.le, 7 . l f ,  and 7. lh ,  r e s p e c t i v e l y ) .  

As can be seen f o r  example i n  F igure  7 . l e  ( co re  E) ,  t h e  model mix- 

i n g  curves which correspond t o  the  90% conf idence l i m i t s  on Db a re  qual -  

i t a t i v e l y  n o t  v a s t l y  d i f f e r e n t  than t h e  best  f i t  l i n e ,  however these 

curves represent  a f a c t o r  o f  two range i n  the  ca l cu la ted  sediment mix ing  
2 

r a t e  (0.67-1.35 cm /y r ;  Table 7 . la ) .  An important  p o i n t  t o  be made i s  

t h a t  t he  repor ted  mix ing  ra tes  can change q u i t e  d r a m a t i c a l l y  due t o  

r e l a t i v e l y  smal l  s h i f t s  i n  t he  best  f i t  curve, o r  a l t e r n a t i v e l y  due t o  

s u b t l e  s h i f t s  i n  one's da ta  o r  sampling s t ra tegy .  I d e a l l y ,  many data 

p o i n t s  cover ing  a l a r g e  depth range a r e  needed t o  determine t h e  sedjment 

m ix ing  r a t e  w i t h  a h igh  degree o f  c e r t a i n t y .  I n  p rac t i ce ,  t h i s  may be 



* 210 ex 
ÿ able 7.la Sediment mixina rates calculated from Pb data 

Core I.D. Water D e ~ t h  
--Exponential Fit---- 
Mixina Rate Ranae 

--Linear Fit-- 
Mixina Rate 

2 
(cm /vr) 
2.2 
2.4 
0.36 
0.90 
0.80 
0.71 
0.99 
0.85 

w see text for details of model 

* 
Table 7.lb Sediment mixina rates calculated from 239'240~~ data 

-Pulse input (1962)- -Continuous input (1962)- 
Core Mixina Rate Ranae Mixina Rate 

I .D. 2 2 - (cm /vr) +/- 90% (cm /vr) 

A 
** 

1.32 (i.d.) 0.82 
F 0.11 (i.d.1 0.32 
E 0.24 (0.16-0.46) 0.66 
D 0.59 (0.51-0.71 ) 2.6 
C 0.23 (0.13-1.2) 0.52 

+ see tert for details of model 
+* (i.d.1 3 insufficient data to determine 90% confidence limits 

Table 7.1~ 4's recalculated from core E Pu data for different in~ut years 

-Pulse input- 
2 Dt, (cm / v r )  

1958 0.21 
1960 0.22 
1962 0.24 
1964 0.27 

-Continuous input- 
2 & (cm /vr) 

0.56 
0.61 
0.66 
0.72 



Figures 7.la-h: S o l i d  Phase 210~bex  P r o f i l e s  and Model M ix ing  Curves 

Fig .  7.la Core A- 90rn 

Fig.  Core AK- 80m 

**I 

0 ' 1 
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Depth (cm) 

*lOpbex data a re  represented by s o l i d  squares w i t h  an associated one 
standard d e v i a t i o n  e r r o r  bar .  The s o l l d  l i n e  represents t h e  model bes t  
f i t  sediment m lx lng  curve f o r  2 1 0 ~ b e x  (as g lven i n  equat ion ( 3 ) ) .  The 
dashed l i n e  i n  F ig .  7 . l c  represents the  best  f i t  m ix ing  curve us ing  
equat ion ( 4 )  t o  f i t  t h e  210~bex data.  The do t ted  l i n e s  i n  Flgs. 7 . le .  
7.1f, and 7 . l h  represent  t he  90% conf idence l i m i t s  f o r  Db as repor ted i n  
Table 7 . la .  
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Core F- 501m 

F ig .  7.ld Core BK- 1170111 

F ig .  7.le Core E- 1275111 
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Fig. 7.lf 
18 

Core 0- 2362m 

Fig. 7.19 Core CK- 2700111 

I 

Fig. 7.lh Core C- 2700m 
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very d i f f i c u l t  t o  achieve espec ia l l y  i n  deep-sea cores where t h e  m ix ing  

zone i s  conf ined t o  the  upper 5-10 cm o f  t h e  core. I n  a d d i t i o n ,  if 

one's s o l i d  phase p r o f i l e  inc ludes po in t s  which do n o t  f i t  t h e  steady- 

s t a t e  exponent ia l l y  decreasing 210~bex  model ( f o r  example i f  e leva ted 

a c t i v i t i e s  a re  found deep i n  a  core due t o  the  sampling o f  a  l a r g e  worm 

tube) then the  dec i s ion  t o  inc lude o r  exclude these "odd" da ta  p o i n t s  

can s i g n i f i c a n t l y  a l t e r  t he  ca lcu la ted  sediment mix ing  r a t e .  

I n  Table l . l a ,  I have a l s o  provided the  mix ing  r a t e s  c a l c u l a t e d  

from a  l i n e a r  f i t  t o  t h e  I n  converted form o f  equat ion ( 3 ) .  which i s :  

This  i s  the  most popular form o f  t he  210~bex  mix ing  model s o l u t i o n  

whereby on a  p l o t  o f  1nA vs. z, t he  r e s u l t i n g  s t r a i g h t  l i n e  f i t  can be 

e a s i l y  v i sua l i zed  and f rom the  slope o f  t h i s  l i n e  the  sediment m i x i n g  

r a t e  can be obtained. I n  every case except core BK, t h e  D,, c a l c u l a t e d  

f rom the  l i n e a r  f i t  i s  w i t h i n  the  90% conf idence range o f  t h e  prev ious  

est imate, however the  bes t  f i t  Db f rom equations ( 3 )  and ( 4 )  a re  n o t  

i d e n t i c a l .  I n  general,  t he  l i n e a r  f i t  approach i s  acceptable i f  a  l a r g e  

number o f  data p o i n t s  a r e  ava i l ab le ,  and i f  these p o i n t s  a r e  n o t  c l u s -  

t e red  a t  the  low a c t i v i t y  range deep I n  the  core. Wi th  t h e  I n  conver- 

s ion,  low a c t i v i t y  p o i n t s  w i t h  r e l a t i v e l y  l a r g e  e r r o r s  a r e  e q u a l l y  

weighted i n  t he  standard s t r a i g h t  l i n e  f i t t i n g  procedures, and t h i s  can 

b ias  the  f i t  towards the  deeper sect ions o f  t h e  curve (see t h e  dashed 

l i n e  f i t  t o  core F  i n  F ig.  7 . 1 ~ ) .  I n  these cases (and p r e f e r a b l y  i n  

every case), a  weighted f i t t i n g  procedure should be employed whereby 

-+he data p o i n t s  a re  f i t  accord ing t o  a  we igh t ing  f a c t o r  which i s  

i n v e r s e l y  psopar t iona l  t o  t he  var iance associated w i t h  each p o i n t  

(Bevi  ngton, 1978). 

111. PARTICLE MIXING RATES - 239, 24OPu 

Given the  r e l a t i v e l y  recent  i n t r o d u c t i o n  o f  Pu i n t o  t h e  env i ron-  

ment, a  s teady-state s o l u t i o n  t o  equat ion (1 )  cannot be used t o  model 

t he  2 3 9 v 2 4 0 ~ u  sediment d i s t r i b u t i o n s .  I n  o rder  t o  so lve  t h e  Pu m i x i n g  

models, an i n p u t  f u n c t i o n  f o r  Pu t o  t h e  sediments must be chosen. As 



suggested by previous researchers (Guinasso and Schink, 1975; O f f i c e r  

and Lynch, 1982; Cochran, 1985; S torda l  e t  a l . ,  1985; Sayles and 

L iv ings ton ,  1985). two i n p u t  extremes w i l l  be used f o r  which an a n a l y t i -  

c a l  s o l u t i o n  i s  ava i l ab le .  The f i r s t  case i s  c a l l e d  t h e  i n p u t  

model, s ince as the  name suggests, t he  i n p u t  o f  Pu t o  the  sediments i s  

taken as an instantaneous depos i t i on  o f  t r a c e r  a t  a  chosen time, f o r  

example i n  1962 which was the  peak year o f  f a l l o u t  Pu i n p u t  (Perk ins  

and Thomas, 1980). The second case i s  termed the  ncont inuoustt  i n p u t  

model s ince the  f l u x  o f  Pu t o  the  sediments i s  considered t o  be cons tant  

s ince i t s  i n t r o d u c t i o n .  For both o f  these i n p u t  assumptions, equat ion 

(1 )  w i l l  be solved assuming constant  p o r o s i t y ,  n e g l i g i b l e  sedimentat ion 

and g iven t h e  long h a l f  l i f e  o f  Pu, assuming n e g l i g i b l e  Pu decay. Given 

these cond i t ions ,  equat ion (1 )  reduces t o :  

The s o l u t i o n  t o  equat ion ( 5 )  assuming the  pu lse  i n p u t  scenar io i s  

(Duursma and Hoede, 1967; Cochran, 1985): 

The s o l u t i o n  t o  equat ion (5 )  assuming a  continuous i n p u t  o f  Pu i s  

obtained by i n t e g r a t i n g  equat ion (5 )  over t ime (Duursma and Hoede, 

1967; Cochran, 1985) : 

where e r f c  i s  t he  e r r o r  f u n c t i o n  compliment ( e r f c ( x )  i s  equal t o  1  f o r  

x=O and decreases t o  zero q u i t e  q u i c k l y  f o r  x> l ) .  

The 2 3 9 s 2 4 0 ~ u  data f rom cores A, F, E, D, and C were f i t  t o  bo th  

t h e  pu lse  and cont inuous i n p u t  models, and t h e  r e s u l t i n g  bes t  f i t  l i n e  

was used t o  ca l cu la ted  the  sediment mix ing  c o e f f i c i e n t ,  Db. I n  bo th  

cases, t he  bes t  f i t  i s  obtained by min imiz ing  t h e  sum o f  t he  squares o f  

t h e  e r r o r s  between t h e  ca l cu la ted  model va lue and t h e  observed data  

p o i n t s  (bo th  Db and A. a r e  v a r i a b l e ) .  For t h e  pu lse  model, 1962 

was used as t h e  t ime o f  t he  Pu i n p u t  and f o r  t h e  cont inuous model, 1962 



was chosen as the  date s ince which the  Pu has been cont inuous ly  deposi-  

ted. The r e s u l t i n g  sediment mix ing ra tes  a re  g iven i n  Table 7 . l b  and 

f o r  t h e  case o f  t h e  pulse i n p u t  model, the  90% conf idence ranges f o r  

Db a re  provided. The best f i t  mix ing curve from both t h e  pu l se  and 

the  continuous model i s  p l o t t e d  i n  F igure 7.2a-c f o r  cores E, D, and 

C. As i s  ev ident  i n  t h i s  f i g u r e ,  e i t h e r  i n p u t  f u n c t i o n  can be made t o  

f i t  t h e  data w i t h  t h e  appropr ia te  mix ing  c o e f f i c i e n t .  I n  every case 

except core A where i n s u f f i c i e n t  data p o i n t s  a re  a v a i l a b l e  t o  c o n s t r a i n  

the  Db c a l c u l a t i o n ,  t he  mix ing  c o e f f i c i e n t  ca l cu la ted  f rom t h e  con t i n -  

uous i n p u t  model i s  g rea ter  than t h e  Db f rom the  pu lse  model. This  i s  

expected s ince sediment mix ing  ra tes  must be increased i n  o rder  t o  m ix  

Pu t o  equ iva len t  depths when t h e  supply o f  Pu has occurred on average 

much more recen t l y  as i n  t he  continuous scenar io compared t o  t h e  pu l se  

model. 

Based upon curve f i t t i n g  procedures alone, i t  i s  very d i f f i c u l t  t o  

s e l e c t  which i n p u t  f u n c t i o n  i s  most appropr ia te  f o r  t h e  data,  and hence 

which Db best  represents the  " t r u e '  mix ing  r a t e .  Also, g i ven  t h e  wide 

ranges i n  t he  90% conf idence l i m i t s  f o r  both the  Pu and 21 Opbex 
Db 

ca l cu la t i ons ,  t he re  i s  genera l l y  an over lap  between t h e  est imated m i x i n g  

ra tes  us ing  these two t race rs  ( t h e  except ions being t h e  Db f rom t h e  

pu lse  Pu model and 21 Opbex model a t  core E, and the  cont inuous Pu model 

and the  21 Opbex model a t  core D - see Tables 7 . l a  and 7 . l b ) .  Due t o  

t h i s  over lap,  t he  s o l i d  phase 239, 24OpU and 21 Opbex m ix ing  r a t e  da ta  

cannot be r e l i a b l y  used t o  argue f o r  o r  aga ins t  t he  p r e f e r e n t i a l  mob i l -  

i t y  o f  Pu i n  t he  sediments, as discussed i n  Chapter 4  o f  t h i s  t h e s i s .  

I n  Table 7 . l c  I have ca l cu la ted  the  bes t  f i t  Pu m i x i n g  r a t e s  f rom 

the  pu lse  and cont inuous models f o r  core E over a  range o f  chosen i n p u t  

years (1958, 1960, 1962, 1964). As  can be seen, t h e  e a r l i e r  t h a t  t h e  

Pu i n p u t  occurs, t h e  lower t h e  requ i red  mix ing  r a t e  needed t o  f i t  t h e  

data. I n  general, a  s h i f t  o f  a  few years i n  t he  Pu i n p u t  da te  does n o t  

s i g n i f i c a n t l y  a l t e r  t h e  f i n a l  mix ing  r a t e  w i t h i n  t h e  conf idence l i m i t s  

o f  these models. 

As discussed i n  Chapter 4, s i m i l a r  Pu mix ing  models have been used 

by prev ious researchers t o  argue f o r  o r  aga ins t  Pu d iagenesis i n  
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F lgure  7.2a-c: S o l i d  Phase 2 3 9 * 2 4 0 ~ u  Oata and Model M ix ing  Curves 

Core E- 1275m 
Fig. 7.2a 

90 

Depth (cm) 
0 "Pulme" + "Cont1nuoua" 

Db = 0.24 Db = 0.66 

2 3 9 y 2 4 0 ~ u  data a r e  represented by s o l i d  c l r c l e s  and t h e  associated 

one standard d e v i a t i o n  e r r o r  bar i s  dep lc ted  If i t  i s  l a r g e r  than the  

chosen symbol. The open squares represent  t he  bes t  f i t  model curve t o  

t h e  llpulsell i n p u t  Pu m ix ing  model which the  crosses represent  t he  best  

f i t  model curve t o  the  "cont inuoust '  i n p u t  Pu m ix ing  model. 
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sediments (Cochran, 1985; S torda l  e t  a l . ,  1985; Sayles and L iv ings ton ,  

1985). I t  should be pointed out  t h a t  bo th  d i f f e r e n t  curve f i t t i n g  tech-  

niques and d i f f e r e n t  model assumptions have been employed by d i f f e r e n t  

research groups. For instance, Cochran (1985) used t h e  exact  same pu lse  

and continuous Pu model so lu t i ons  (6 )  and (7 )  as done here t o  f i t  h i s  

deep-sea Pu data. I n  con t ras t  t o  t he  curve f i t t i n g  procedures used 

here, h i s  model curve i s  forced through the  uppermost 2 3 9 9 2 4 0 ~ u  s o l  i d  

phase data p o i n t  when ob ta in ing  h i s  bes t  f i t  curve. I r e c a l c u l a t e d  a 

Pu mix ing  r a t e  which was 40% higher  than h i s  est imate us ing  t h e  same 

data and the  pu lse  Pu s o l u t i o n  (6) .  bu t  i n  my procedure t h e  i n t e r f a c e  

Pu a c t i v i t y ,  AO, i s  v a r i a b l e  (see discussion o f  MANOP s l t e  C i n  

Chapter 4). 

I n  another s i m i l a r  study, Sayles and L i v ings ton  (1985) argue f o r  

increased Pu m o b i l i t y  deep i n  t h e i r  cores based upon a  change i n  s lope 

a t  depth i n  t h e i r  llcontinuousll Pu i n p u t  model curve. I n  t h e i r  study, 

Sayles and L i v ings ton  chose a  s o l u t i o n  t o  equat ion (1 )  which does assume 

the  con t i nua l  supply o f  Pu, b u t  does so by f i x i n g  Ao, t h e  a c t i v i t y  o f  

Pu a t  t h e  i n t e r f a c e .  The s o l u t i o n  t o  t h e i r  i n p u t  assumption i s  shown 

g r a p h i c a l l y  i n  F igure  7.3, and t h e  d i f f e rences  i n  t h e  two Pu I1continu- 

ousl' models should be noted. I f e e l  t h a t  t h e  s o l u t i o n  I have used t o  

model t h e  cont inued i n p u t  o f  Pu which assumes a  constant  f l u x  t o  t h e  

sediments r a t h e r  than a  constant  A. a c t i v i t y  i s  a  b e t t e r  representa- 

t i o n  o f  t h e  cont inuous i n p u t  scenario. Indeed i n  my h i s t o r i c a l  Pu 

a c t i v i t y  data from t h e  s h e l f  o f  t he  Northwest A t l a n t i c  as discussed i n  

Chapter 6, t h e  sur face sediment 2 3 9 s 2 4 0 ~ u  a c t l v i  t i e s  a r e  found t o  

increase q u i t e  d r a m a t i c a l l y  w i t h  t ime as t h e  f l u x  o f  Pu cont inues. 

The Pu i n p u t  ques t ion  can become q u i t e  complicated s ince a t  every 

s l t e  some combinat ion o f  both a  p u l s e - l i k e  and con t i nuous - l i ke  i n p u t  

f u n c t i o n  may be most appropr ia te .  W i th in  t h e  e r r o r s  o f  t h e  m ix ing  r a t e  

est imates, attempts t o  combine these Pu i n p u t  scenarios i n  e i t h e r  an 

a n a l y t i c a l  fash ion  (Lapique e t  a l . ,  1986) o r  a  numerical  f ash ion  

(Anderson e t  a l . ,  1986) do n o t  produce d ramat i ca l l y  a l t e r e d  mix ing  r a t e  

est imates f rom t h e  Pu a c t i v i t y  data.  The t r u e  i n p u t  w i l l  vary f rom 

s i t e  t o  s i t e  depending upon t h e  importance o f  t he  cont inued scavenging 



F i g u r e  7.3: Graphical  r e p r e s e n t a t i o n  o f  t h r e e  d i f f u s i o n  problems f o r  
constant t ime  ( t a k e n  from Duursma and Hoede, 1967) 
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o f  Pu from the  water column today, which i s  most s i g n i f i c a n t  i n  t h e  

shal lower regions (Buesseler e t  a l . ,  1985). Whi le t h e  m ix ing  r a t e  

est imates themselves do n o t  a l l o w  f o r  t he  s e l e c t i o n  o f  t h e  op t ima l  Pu 

i n p u t  scenario, i n  t h e  f o l l o w i n g  sec t i on  Pu a c t i v i t y  da ta  w i l l  be 

combined w i t h  2 4 0 ~ u / 2 3 9 ~ u  iso tope r a t i o  data i n  a model which doer 

r e s u l t  i n  a  c l e a r e r  i n d i c a t i o n  o f  t h e  dominance o f  t he  e a r l y  f a l l o u t  

years w i t h  respect  t o  t h e  ne t  i n p u t  o f  Pu t o  marine sediments. 

I V .  SEDIMENT MIXING MODEL - 2 3 9 s 2 4 0 ~ ~  ACTIVITIES AND 2 4 0 ~ u / 2 3 9 ~ u  RATIOS 

As discussed i n  Chapter 6, t he re  appears t o  have been a t  l e a s t  two 

d i s t i n c t  sources o f  f a l l o u t  Pu t o  the  North A t l a n t i c  sediments, each 

w i t h  i t s  d i s t i n c t i v e  2 4 0 ~ ~ / 2 3 9 ~ u  s ignature.  I n  t he  f o l l o w i n g  

model, advantage w i l l  be taken of t he  r e l a t i v e l y  l a r g e  d i f f e r e n c e  i n  

t he  i s o t o p i c  r a t i o  o f  these two sources ( t ropospher ic  Nevada f a l l o u t  

240~u/239~u=0.035;  g loba l  s t ra tospher i c  fa1  l o u t  

240~u/239~u=0.18)  i n  order  t o  cons t ra in  the  i n p u t  f u n c t i o n  o f  

g loba l  f a l l o u t  Pu t o  marine sediments. 

As presented schemat ica l ly  i n  F igure  6.9 o f  the  l a s t  chapter,  t h e  

main d i f f e r e n c e  between t h i s  new model and t h e  prev ious s i n g l e  pu lse  

and cont inuous Pu mix ing  models i s  t h e  a d d i t i o n  o f  a  p u l s e  o f  low 

2 4 0 ~ u / 2 3 9 ~ u  r a t i o  Nevada f a l l o u t  t o  t he  sediments centered around 

1956 (1955 and 1957 being t h e  peak Nevada f a l l o u t  i n p u t  years - Hicks 

and Baar, 1984). As shown p rev ious l y  i n  Table 6.3, we can use a  two 

end-member mix ing  model t o  c a l c u l a t e  the  r e l a t i v e  amounts o f  Nevada and 

g loba l  f a l l o u t  a t  every s i t e  f rom t h e  average sediment 2 4 0 ~ u / 2 3 9 ~ u  

r a t i o .  Also, my data suggest t h a t  t he  Nevada f a l l o u t  i s  r a p i d l y  and 

e f f i c i e n t l y  t ranspor ted  t o  the  sediments, and hence a  pu l se  i n p u t  

s o l u t i o n  i s  w e l l  su i t ed  f o r  modeling the  Nevada Pu i n p u t  (see Figs. 

6.2, 6.6, and d iscussions i n  Chapter 6).  

I n  my "pu lse /pu lse '  model, g l o b a l  f a l l o u t  Pu i s  added t o  t h e  

sediments as a  pu lse  s h o r t l y  a f t e r  t h e  Nevada pu lse  (1960 vs. 1956). 

I n  essence, t h e  combinat ion o f  t h e  two pulses r e s u l t s  i n  a  Pu a c t i v i t y  

curve which looks very much l i k e  t h e  s i n g l e  pu lse  model descr ibed i n  



t he  prev ious sec t ion .  I n  t he  ltpulse/continuousll model, t h e  Nevada 

pu lse  i s  fo l lowed by the  continuous i n p u t  o f  g loba l  f a l l o u t  Pu. Given 

the  dominance o f  g loba l  f a l l o u t  w i t h  respect t o  t he  t o t a l  Pu i nven to ry  

(Table 6.3), the  r e s u l t i n g  tlpulse/continuousll a c t i v i t y  p r o f i l e s  looks 

very much l i k e  the  s i n g l e  continuous i n p u t  model described i n  t h e  l a s t  

sec t i on  (bo th  the  tlpulse/pulsell and tlpulse/continuousl~ model Pu 

a c t i v i t y  p r o f i l e s  are  p l o t t e d  f o r  core D i n  F lg .  6.9). The main 

d i f f e r e n c e  i n  these models i s  t h a t  deep i n  the  core, w i t h  t h e  

ltpulse/continuous" case, t he  Nevada component becomes p rog ress i ve l y  

more impor tan t  such t h a t  t he  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i s  d r a s t i c a l l y  

lowered. This  s h i f t  i n  t he  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  w i t h  depth i n  t h e  

tlpulse/continuousll model should be e a s i l y  observable i n  t h e  Pu r a t i o  

data. 

To c a l c u l a t e  the  2 4 0 ~ u / 2 3 9 ~ ~  r a t i o  curves f o r  these models I 
21 Opbex 

f i r s t  assume t h a t  I can use the  der ived sediment m ix ing  

r a t e  i n  c a l c u l a t i n g  the  expected d i s t r i b u t i o n  o f  Pu a t  every s i t e  i f  

the  c o r r e c t  i n p u t  assumption i s  chosen. The general over lap  between 

the  apparent mix ing  ra tes  der ived by bo th  21 Opbex and Pu has been 

confirmed i n  the  l a s t  sec t ion .  To c rea te  the  tlpulse/pulse'l 

2 4 0 ~ u / 2 3 9 ~ u  curve, I f i r s t  need t o  determine t h e  r e l a t i v e  s i z e  o f  

each Pu pu lse  t h a t  i s  added t o  the  sediments. The t o t a l  q u a n t i t y  o f  

t r a c e r  added a t  t ime zero can be ca l cu la ted  f rom equat ion (6 )  t o  be 

(Duursma and Hoede, 1967): 

where s  i s  equ iva len t  t o  t he  amount o t  t r a c e r  added a t  t=O. I use t h e  

two end-member mix ing  model and the  average 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  

w i t h i n  each core t o  f i x  t he  r e l a t i v e  amounts o f  Pu f rom each o f  t h e  

pulses.  For example a t  core 0 ,  sNevada/stotal equals 0.22 (see 

r e l a t i v e  inventory  c a l c u l a t i o n s  i n  Table 6.3). I then c a l c u l a t e  two 

separate Pu a c t i v i t y  p r o f i l e s ,  s e t t i n g  A. i n  equat ion (6 )  f o r  t h e  

l a r g e r  pu lse  o f  g loba l  f a l l o u t  Pu by t a k i n g  t h e  bes t  f i t  A. f rom t h e  

s i n g l e  Pulse model (F ig .  7.2) t imes i t s  r e l a t i v e  a c t i v i t y  r a t i o  f rom 

the  2 4 0 ~ u / 2 3 9 ~ ~  data ( = l - (  s ~evada"  t o t a l  ) ;  f o r  example i n  t h e  



case o f  core D, t he  AO o f  t he  g loba l  pu lse  = 24 x 0.78 = 18.7). Th is  

i s  a  somewhat a r b i t r a r y  dec i s ion  which i n  e f f e c t  i s  used t o  s e t  

s g loba l  w i t h  equat ion (8).  so t h a t  i n  both the  " p u l ~ e / p u l s e ~ ~  and 

l 'pulse/continuous" models the  t o t a l  amount o f  Pu added f rom g l o b a l  and 

Nevada f a l l o u t  doesn' t  change. Given the  sglobal c a l c u l a t e d  above, 

i t  i s  s t ra igh t fo rward  t o  c a l c u l a t e  the  Nevada pu lse  Pu p r o f i l e ,  work ing 

back from our est imate o f  t h e  percent  o f  Nevada Pu added (Tab le  6.3) t o  

c a l c u l a t e  sNevada and hence AD f rom equation (8 ) .  An a c t i v i t y  

p r o f i l e  i s  ca l cu la ted  from equat ion (6 ) ,  t h e  A value, and t h e  
0 

2 '0~bex  mix ing  r a t e .  I then sum over 0.25 cm i n t e r v a l s  t h e  

r e s u l t i n g  2 3 9 9 2 4 0 ~ u  a c t i v i t i e s  f rom the  two pu lse  d i s t r i b u t i o n s  and 

from t h i s  t he  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  i n  the  s o l i d  phase can be 

ca lcu la ted .  

I n  t he  " p u l s e / c o n t i n ~ o u s ' ~  model, t he  Pu Nevada a c t i v i t y  p r o f i l e  i s  

ca l cu la ted  as j u s t  described, w h i l e  the  continuous g loba l  f a l l o u t  curve  

has y e t  t o  be determined. For t he  continuous i n p u t  c a l c u l a t i o n s ,  an 

amount o f  t r ace r ,  sglobal ( t h e  same amount as i n  t he  "pulse/pulse"  

model), i s  added over t ime such t h a t  t he  y e a r l y  f l u x  o f  Pu, q, equals 

s/dt.  I n  t he  s o l u t i o n  t o  the  continuous i n p u t  model, equat ion  (7 ) .  t h e  

i n t e r f a c e  a c t i v i t y  o f  Pu i s  r e l a t e d  t o  q  by t h e  f o l l o w i n g  equat ion 

(Duursma and Hoede, 1967): 

From t h i s  equat ion and the  known amount o f  g loba l  f a l l o u t  added ( i .e .  

q), t he  continuous i n p u t  curve f o r  g loba l  f a l l o u t  Pu i s  ca l cu la ted .  

S i m i l a r  t o  t h e  prev ious case, both the  Nevada and cont inuous curves a r e  

sunned, and the  r e s u l t i n g  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  a t  each depth i s  

ca lcu la ted .  

I n  F igure  7.4a-c I have p l o t t e d  the  model 2 4 0 ~ u / 2 3 9 ~ u  curves 

f o r  bo th  Pu i n p u t  scenarios f o r  cores E, D, and C ,  which a r e  t h e  th ree  

s i t e s  where I have sufficient a c t i v i t y  and 2 4 0 ~ u / 2 3 9 ~ u  data  t o  

r e l i a b l y  d i s t i n g u i s h  between these models. I n  every case, t h e  

l'pulse/pulsew model produces r e l a t i v e l y  constant  2 4 0 ~ u / 2 3 9 ~ u  r a t l o s  

throughout t h e  core. Bas i ca l l y ,  i f  two separate sources o f  Pu a re  



added t o  t h e  sediments a t  roughly the  same time, then mix ing  w i l l  r e s u l t  

i n  l i t t l e  separat ion between Pu from these sources some 20 o r  more years 

a f t e r  t h e i r  i npu t .  I n  the  "pulse/cont inuous" case the  model does 

e x h i b i t  a  l a r g e  s h i f t  i n  the  expected 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  o f  t he  sediment 

w i t h  depth i n  the  core. A t  the  sediment/water i n t e r f a c e ,  h igher  

2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  than the  core average would be found w h i l e  a t  depth, 

p rogress ive ly  lower 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  are  expected. This  s h i f t  i n  t h e  

2 4 0 ~ u / 2 3 9 ~ u  curve r e f l e c t s  the  r e l a t i v e l y  deeper mix ing  o f  t he  e a r l i e r  

pu lse  o f  Nevada Pu r e l a t i v e  t o  g loba l  f a l l o u t  Pu which i s  added i n  t h e  

model a t  a  constant  r a t e  over t ime. C lear ly ,  t he  data resemble t h e  

"pulse/pulse"  model much more than the  "pulse/continuous' '  case. 

The ca l cu la ted  2 4 0 ~ u / 2 3 9 ~ u  d l  s t r i  bu t ions  i n  t he  "pu l  se/pul seY case 

a re  r e l a t i v e l y  i n s e n s i t i v e  t o  the  est imate o f  Db, b u t  i n  t h e  *pulse/  

cont inuousu case t h e  2 4 0 ~ u / 2 3 9 ~ u  curve w i l l  s h i f t  i f  a  d i f f e r e n t  m lx lng  

r a t e  i s  assumed. Given the  90% conf idence l i m i t s  f rom the  21 Op,,ex 

der ived mix ing  ra te ,  t he  r e s u l t i n g  e f f e c t s  on the  "pulse/cont inuous" 

model 2 4 0 ~ ~ / 2 3 9 ~ u  r a t i o  curve can be ca lcu la ted ,  and these a r e  shown i n  

F ig .  7.4a-c. As  t h e  mix ing  r a t e  increases, t he  s lope on t h e  2 4 0 ~ u / 2 3 9 ~ u  

r a t i o  curve decreases, bu t  t h e  change i n  slope i s  n o t  s u f f i c i e n t  t o  

e l i m i n a t e  t h e  2 4 0 ~ u / 2 3 9 ~ u  grad ien ts .  The model i s  a l s o  f a i r l y  i nsens l -  

t i v e  t o  t h e  choice o f  t h e  i n p u t  t imes f o r  both t h e  Nevada and g l o b a l  

sources. The basic  conclus ion i s  t h a t  i f  the  n e t  f l u x  o f  Pu t o  t h e  

sediments cont inued t o  be large,  then a  t rend  towards t h e  h igher  g l o b a l  

f a l l o u t  2 4 0 ~ u / 2 3 9 ~ u  r a t i o  should be detec tab le  i n  t he  sur face sediment 

data, and lower r a t i o s  should be ev ident  deep i n  the  cores. The l ack  o f  

any s t rong downcore g rad ien t  i n  t h e  2 4 0 ~ u / 2 3 9 ~ u  data i s  t h e  s t rongest  

evidence support ing a  p u l s e - l i k e  i n p u t  f o r  Pu f rom any o f  i t s  sources a t  

these s i t e s .  

I n  t h e  shal lower cores, t h i s  model cannot be app l i ed  s ince  t h e  

average 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  i s  t o o  c l o s e  t o  t h e  g l o b a l  f a l l o u t  average, 

and hence t o o  l i t t l e  Nevada Pu i s  present  t o  a l t e r  t h e  2 4 0 ~ u / 2 3 9 ~ u  

r a t i o s  s i g n i f i c a n t l y  a t  any depth. Given t h e  h igh  Pu i n v e n t o r i e s  i n  

cores F (501m) and A (90m) (Buesseler e t  a l . ,  1985; Chapter 4, t h i s  

t h e s i s )  and g iven the  h i s t o r i c a l  increases i n  t h e  sur face sediment Pu 
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Figure 7.4a-c: 2 4 0 ~ u / 2 3 9 ~ u  Atom Ra t io  Data and Model M ix ing  Curves. 

F i g .  7.4a Core E- 1275m 

. Depth (cm) 

2 4 0 ~ u / 2 3 9 ~ ~  atom r a t i o  data a re  represented by a s o l i d  c i r c l e  and t h e i r  
associated one standard d e v i a t i o n  e r r o r  bars a re  p l o t t e d .  The open 
squares represent  t he  r e s u l t i n g  model 2 4 0 ~ u / 2 3 9 ~ u  curve f o r  the  "pulse/  
pu lsew model, w h i l e  t he  crosses represent  t h e  model 2 4 0 ~ u / 2 3 9 ~ ~  curve 
f o r  t h e  'lpulse/continuousll m ix ing  model (see t e x t  f o r  d e t a i l s ) .  Also 
inc luded w i t h  the~ipulse/cont lnuousl l  model curve a re  the  r e s u l t i n g  
2 4 0 ~ u / 2 3 9 ~ u  curves ( s o l i d  l i n e )  i f  t h e  chosen Db i nc ludes  t h e  90% con- 
f idence l i m i t s  as discussed i n  t h e  t e x t .  
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a c t i v i t y  on the  s h e l f  (Chapter 6), t he re  appears t o  be cons iderab le  

cont inued scavenging o f  Pu a t  these shal low s i t e s  i n  c o n t r a s t  t o  t h e  

deeper cores. 

F igure  7.5 i s  a  schematic summary o f  t he  range o f  Pu i n p u t  scenar- 

i o s  suggested by the  data and models discussed i n  t h i s  t h e s i s .  Essen- 

t i a l l y  t he re  a re  a range o f  i n p u t  scenarios depending upon t h e  water  

depth and hence the  r e l a t i v e  magnitude o f  t h e  e a r l y  f a l l o u t  i n p u t s  (most 

s i g n i f i c a n t  i n  the  deep-sea) and cont inued scavenging processes (p ro -  

g ress i ve l y  more imporant i n  the  shal lower cores) .  

V. SEDIMENT MIXING PROCESSES - DEEP-SEA CORES G AND H 

The two deep-sea cores G (4469111) and H (4990111) were c o l l e c t e d  w i t h  

t h e  i n t e n t i o n  o f  ob ta in ing  both deep-sea Pu pore water da ta  (Chapter 4) 

and i n  order  t o  examine s o l i d  phase a c t i v i t y  data from s i t e s  where t h e  

Nevada i n p u t  would be most s i g n i f i c a n t  r e l a t i v e  t o  my o the r  cores. Wi th  

respect  t o  t h e  l a t t e r ,  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  c lose  t o  0.1 were found 

throughout t he  cores i n d i c a t i n g  t h a t  over 40% o f  t he  t o t a l  239, 24OPu 

a c t i v i t y  a t  these s i t e s  o r i g i n a t e d  f rom the  Nevada f a l l o u t  source (Table 

6.3). As shown i n  F igure  4.3 i n  Chapter 4, t he re  i s  a sharp sub-surface 

maximum i n  bo th  the  2 1 0 ~ b e x  and 2 3 9 p 2 4 0 ~ u  a c t i v i t i e s  a t  3-4 cm i n  

core H and a t  4-4.5 cm i n  core G. Because o f  these subsurface fea tures ,  

I cannot use the  models discussed i n  t h e  prev ious sec t ions  which assume 

t h a t  sediment mix ing  processes a r e  pu re l y  d i f f u s i v e  i n  nature.  Given 

t h e  constant  2 4 0 ~ u / 2 3 9 ~ ~  r a t i o s  throughout t he  sediment p r o f  1 l e s  i n  

cores G and H, a t  l e a s t  q u a l i t a t i v e l y  the  Nevada and g l o b a l  f a l l o u t  

sources must have a r r i v e d  predominant ly e a r l y  on, otherwise a wider  

range o f  2 4 0 ~ u / 2 3 9 ~ u  r a t i o s  would be expected. 

As discussed i n  Chapter 4, I b e l i e v e  t h a t  these subsurface peaks 

cou ld  be caused by sur face depos i t  feeders which defecate a p o r t i o n  o f  

t h e i r  ingested m a t e r i a l  a t  a  d i s c r e e t  depth i n  t h e  sediment column. 

This  can be considered an " inverse  conveyor-bel t "  feed ing  p a t t e r n  i n  

t h e  terminology o f  Rhodes (1974) and o thers .  Recently, Boudreau (1986b) 

has attempted t o  model t h i s  type o f  m ix ing  process. Given t y p i c a l  
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Figure 7.5: Schematic summary o f  Pu inpu t  scenarios t o  the  sediments o f  t he  Northwest 
A t l a n t i c  

The Pu i npu t  f unc t i on  t o  t he  sediments i s  p l o t t e d  schemat ica l ly  vs. 
t ime f o r  deep-sea, s lope and muddy she l f  sediments. A t  t he  deep-sea s l t es ,  
the e a r l y  50's Nevada f a l l o u t  Pu inpu ts  a re  fo l lowed c l ose l y  by g loba l  
f a l l o u t  i npu ts  i n  t he  50's and e a r l y  60's w i t h  r e l a t i v e l y  minor continuous 
f luxes  o f  Pu being incorporated i n t o  the  sediments. A t  t he  slope s i t es ,  
the  t o t a l  g loba l  f a l l o u t  inputs  a re  somewhat l a r g e r  than t he  Nevada inputs ,  
w i t h  the  bu lk  o f  the  Pu a r r i v i n g  i n  t he  50's and 60's.  A t  t he  she l f  s i t e s ,  
t he  continuous i npu t  o f  Pu w i l l  dominate the  Pu i n p u t  func t ion .  The 
r e l a t i v e  amounts o f  Nevada and g l oba l  f a l l o u t  Pu incorporated I n t o  t he  
sediments w i t h  t h l s  scheme i s  cons is ten t  w i t h  t he  average t rend i n  t he  
sediment 2 4 0 ~ u / 2 3 9 ~ u  r a t i o s .  The Pu sediment m ix ing  models suggest the  
pu l se - l i ke  i npu t  scenario f o r  t he  dee e cores. The Pu inven to ry  data and 
the  t ime sequence o f  Pu a c t i v i t y  and q46Pu/239P~ data on t he  she l f  a l l  
support a  h igher  r a t e  o f  cont inued Pu scavenging i n  the  she l f  region. 



Figure 7.6: Sediment Mix ing  Rates vs. Water Depth f rom 80-2700 m i n  
the  Northwest A t l a n t i c  

DEPTH (m) 

0 from 210Pb0x dat 
A from Pu data 

Mix ing  r a t e s  ca l cu la ted  f rom 210pbex and 239*240~~ model1 i n g  a r e  
shown as open c i r c l e s  and open t r i a n g l e s ,  as respec t i ve l y .  The 90% 
conf idence ranges a re  represented by t h e  arrows a t  the da ta  po in t s .  
Data taken f rom t h . 1 ~  t h e s i s  and Anderson e t  a1. (1986). 
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CHAPTER 8 

Summary 

I. INTRODUCTION 

This thesis examines the distribution and behavior of fallout 

Plutonium in the marine environment. By developing a more sensitive 

technique to measure both 2 3 9 ~ u  and 240~u in marine sediments, pore 

waters, sea water and sediment trap samples, a variety of research 

questions can be addressed. In general, my research falls into four 

areas: a) the early diagenesis of Pu, 1.e. the biogeochemical processes 

which can alter the distribution of Pu once it is buried, b) the factors 

controlling the accumulation and inventories of Pu within the sediments 

of a given region, c) the input history of fallout Pu to marine sedi- 

ments and the variability in the geochemical properties of Pu from its 

different nuclear testing sources, and d) the processes (primarily 

sediment mixing) controlling the distribution of Pu within a given core. 

The conclusions of this thesis will be summarized below, point by point, 

starting with the development of the mass spectrometric detection 

technique. 

11. CONCLUSIONS 

1. A thermal ionization mass spectrometric technique was developed 

which enabled me to detect 2 3 9 9 2 4 0 ~ ~  down to the lom3 dpm per sample 

level of 239s240~u, or lower. This is well over an order of magnitude 

more sensitive than current alpha-counting techniques. This increase 

in sensitivity allowed me to detect the extremely low activities of 

239'240~u found in slope and deep-sea pore waters. An additional bonus 

of the m.s. technique is the ability to separate the 2 3 9 ~ u  and 240~u 

isotopes. The wide range in the 240~u/239~u ratios of my samples 

proved informative. With 240~u/239~u ratio data, a link could be made 

between the specific source of fallout Pu (identified by their charac- 

teristic 240~u/239~u ratio) and the geochemical behavior of Pu in the 



oceans (see conclus ion #4). 

2. Plutonium pore water chemistry was examined a long a  t ransec t  o f  

seven box cores between Woods Hole and Bermuda. These cores e x h i b i t  a 

systematic t r a n s i t i o n  between h i g h l y  reducing muddy sediments on t h e  

she l f ,  t o  more ox ic  and carbonate r i c h  sediments i n  t h e  deep-sea. I 

show t h a t  Pu diagenesis cannot be r e l i a b l y  p red i c ted  based upon s o l i d  

phase data alone; Pu pore water da ta  remain the  most s e n s i t i v e  i n d i -  

ca tors  o f  Pu diagenesis. The major quest ion which was posed was how 

does t h e  s o l u b i l i t y  and hence p o t e n t i a l  d i f f u s i v e  f l u x  o f  Pu ou t  o f  t h e  

sediments vary a t  these s i t e s ?  

Along the  e n t i r e  t ransec t  o f  cores I have found t h a t  t h e  Pu pore 

water d i s t r i b u t i o n  i s  predominant ly c o n t r o l l e d  by the  s o l i d  phase Pu 

p r o f i l e .  The ca l cu la ted  2 3 9 s 2 4 0 ~ u  d i s t r i b u t i o n  c o e f f i c i e n t s  
4  

(Kd = dpm on solids/dpm i n  s o l u t i o n )  range between 0.2-23 x  10 . W i t h l n  

t h i s  data se t  t he re  i s  a l s o  a  suggest ion o f  lower Kd values i n  t he  deeper 
4  5  cores ( w i t h  Kdls o f  10 -10 i n  the  s h e l f  and slope cores ou t  t o  2362 m, 

4  and Kdts o f  0.3-0.6 x  10 i n  t he  deeper cores) .  No s i n g l e  mechanism 

(redox, sediment type, complexatlon, Fe/Mn cyc l i ng ,  e tc . )  was found 

which could account f o r  t he  r e l a t i v e l y  h igher  s o l u b i l i t y  o f  Pu i n  t h e  

pore waters o f  t he  deeper cores. 

A d i f f u s i v e  f l u x  o f  Pu out  o f  t h e  sediments i s  suggested s ince i n  

t h e  upper sect ions o f  t h e  core the  pore water 2 3 9 9 2 4 0 ~ ~  a c t l v l  t i e s  a r e  

e levated over t he  near bottom water 2 3 9 9 2 4 0 ~ ~  a c t i v i t i e s .  ~ i f f u s i v e  

f l u x  est imates f o r  Pu a re  q u i t e  smal l  however (0.2-24 x  1 0 - ~ d ~ r n  
2 239p240~u /cn  y r ) ,  suggest ing t h a t  s ince  i t s  i n t r o d u c t i o n ,  n e g l i g i b l e  

Pu has been remobi l ized out  o f  t he  sediments. On a  longer t ime  scale 
2  3  ( = I 0  -10 years) Pu r e m o b i l i z a t i o n  may become s i g n i f i c a n t  r e l a t i v e  t o  

t h e  observed s o l i d  phase 239 '240~u i n v e n t o r i e s  . 
3. Sediment i nven to r i es  o f  239, 240pu and 21 Opbex were examined 

over a  l a r g e  area o f  the  Northwest A t l a n t i c  s h e l f  and s lope region.  These 

two t r a c e r s  were compared s ince bo th  isotopes a r e  suppl ied predominant ly 

by atmospheric d e l i v e r y  t o  coas ta l  waters, and s ince bo th  239 , 240pU and 

* lOpb a r e  used t o  study recent  accumulat ion and mix ing  processes i n  

marine sediments. From t h i s  sediment i nven to ry  compi la t ion  an est imate 



21 Opbex 
could be made of the magnitude and location of Pu and deposition 
and accumulation. A major conclusion is that the sediment inventories 

decrease with increasing water depth, reflecting a decrease in the net 

scavenging rate of these elements off-shore. Pu sediment inventories 

drop-off with increasing water depth much more rapidly than 21 Opbex 

inventories, either due to the shorter residence time of 2 1 0 ~ b  compared 

to Pu with respect to water column removal processes, or due to compar- 

i sons between the natural 1 y occurring 21 OPb steady-state scenario and 

the more recently introduced fallout Pu. 

A mass balance calculation indicates that the inventory of 21 Opbex 

in the sediments is roughly in balance (83 + 15%) with 21 Opbex atmos- 

pheric and water column sources over the entire Northwest Atlantic Shelf 
and Slope region out to 4000 m. Based upon a more limited number of 

sediment inventories at greater water depths (n=5; 4000-6000 m) a defic- 

iency in 21 Opbex is found in deep-sea sediments (measured 21 Opbex 

inventory/expected supply -45%). These inventory data argues against 

strong lateral inputs of 2 1 0 ~ b  into this continental margin region. For 

239s240~u, only about 24% of the known fallout inputs are found in the 

sediments out to 4000m; the remainder has yet to be removed from the 

water column. 

4. 240~u/239~u ratio data provide a unique insight into the 

relationship between the specific sources of Pu and its behavior in the 

oceans. Specifically, sediment 240~u/239~u ratlos were found to vary 

systematically from 0.18 on the shelf to 0.10 in the deep-sea (at 
4500-5000 m) in the Northwest Atlantic. This decrease is consistent 

with a two source model, whereby fallout Pu from surface based testing 

at Nevada (240~u/239~u=0.035) Is rapidly removed to the sediments at all 

depths, while global fallout Pu (240~u/239~u=0.18) Is only efficiently 

deposited to the sediments in the shallower cores where scavenging is 

more intense. This model was chosen since the Pu isotopic data rule out 

any present day fractionation of 2 3 9 ~ u  from 240~u in the water column. 

This two source model is supported by a variety of findings. Sur- 

face sediments from the 1950's and 1960's from my study region have 

lower or equivalent 240~u/239~u ratios compared to present day samples 



f rom t h e  same water depths (Nevada f a l l o u t  was conf ined t o  1951-1958 

w h i l e  g loba l  f a l l o u t  i npu ts  peaked around 1961/62). The 239, 24OPu 

a c t i v i t i e s  and 2 4 0 ~ u / 2 3 9 ~ ~  r a t i o s  i n  a  se r ies  o f  s h e l f  cores was 

found t o  increase q u i t e  r a p i d l y  over t ime (between 1952, 1957, 1964 and 

1983). corresponding t o  increased scavenging o f  g loba l  f a l l o u t  Pu and a  

s h i f t  t o  h igher  240/230 r a t i o s .  I n  a  s u i t e  o f  core tops f rom t h e  across 

the  A t l a n t i c ,  i t  was found t h a t  i n  general,  a l l  Nor th A t l a n t i c  deep-sea 

sediments show some evidence o f  t he  Nevada f a l l o u t  s igna l  ( i . e .  2 4 0 ~ u /  

239~u<0.18). As  expected, t he  Pu i nven to ry  a t t r i b u t a b l e  t o  t h e  Nevada 

source i n  t he  sediments decreases as one examines more d i s t a n t  cores i n  
the  Eastern vs. t he  Western North A t l a n t i c  basin. I n  deep-sea cores 

from the  Northwest A t l a n t i c  (>4500m), I have ca l cu la ted  t h a t  approxi -  

mately 40% o f  t he  t o t a l  2 3 9 s 2 4 0 ~ u  a c t i v i t y  i n  t h e  sediments was 

suppl ied by the  Nevada source. 

Whi le the  s o l i d  phase 2 4 0 ~ u / 2 3 9 ~ ~  r a t i o  decreases w i t h  i nc reas ing  

water depth, t he  pore water 2 4 0 ~ u / 2 3 9 ~ ~  r a t i o  remains roughly 0.18 a t  

a l l  depths. This pronounced d i s - e q u i l i b r i u m  between the  s o l i d  phase and 

pore water 2 4 0 ~ u / 2 3 9 ~ u  data r e f l e c t s  a  d i f  ference i n  t h e  phys i ca l /  

chemical p rope r t i es  o f  t he  Nevada and g loba l  f a l l o u t  sources. The 

Nevada t ropospher ic  f a l l o u t  i s  apparent ly  more t i g h t l y  bound by i t s  

s o l i d  phase f a l l o u t  c a r r i e r  than Pu f rom g loba l  f a l l o u t  sources and i s  

t he re fo re  n o t  p a r t i c i p a t i n g  i n  t he  s o l i d / s o l u t i o n  exchange reac t ions .  

The fo rmat ion  o f  p a r t i a l l y  and completely melted g l a s s - l i k e  p a r t i c l e s  

f rom sur face based t e s t i n g  a t  Nevada l i k e l y  r e s u l t e d  i n  t h e  c r e a t t o n  o f  

these h i g h l y  unreac t ive  and i n e r t  c a r r i e r s  o f  f a l l o u t  Pu. 

This  evidence f o r  t he  i n p u t  o f  d i f f e r e n t  types o f  f a l l o u t  Pu 

c a r r i e r s  w i t h  d i f f e r e n t  geochemical behaviors i n  t he  ocean cou ld  have 

major i m p l i c a t i o n s  f o r  t he  P a c i f i c  239 '240~u  a c t i v i t y  data.  I n  t he  

North P a c i f i c ,  c l ose - in  i npu ts  o f  Pu f rom nuc lear  weapons t e s t i n g  a t  

t he  Marshal l  I s lands  a r e  q u i t e  l a r g e  (est imated t o  be equal i n  magnitude 

t o  g l o b a l  f a l l o u t  Pu i npu ts )  and a r e  charac ter ized by e levated 2 4 0 ~ u /  

2 3 9 ~ u  r a t i o s  ( r e l a t i v e  t o  g loba l  f a l l o u t ) .  The geochemistry o f  Pu 

c a r r i e d  by c lose - in  f a l l o u t  p a r t i c l e s  f rom surfaced based t e s t i n g  a t  

these c o r a l  a t o l l s  need no t  be i d e n t i c a l  t o  t h e  geochemistry o f  g loba l  



f a l l o u t  Pu, bu t  t h i s  has ye t  t o  be shown. 

5. Wi th sediment 239 '240~u  a c t i v i t y  data alone. It I s  impossib le 

t o  determine the  most appropr ia te  i n p u t  f u n c t i o n  t o  use f o r  Pu when 

modeling sedlment mixing. However, by combining bo th  Pu a c t i v i t y  da ta  

and 2 4 0 ~ u / 2 3 9 ~ u  r a t i o  data i n  the  sediments, I was ab le  t o  cons t ra in  

the  i n p u t  f u n c t i o n  o f  Pu t o  the  slope and deep ocean cores. The con- 

s t a n t  2 4 0 ~ ~ / 2 3 9 ~ ~  r a t l o s  throughout an i n d i v i d u a l  core a r e  cons i s ten t  

w i t h  a  model which suggests t h a t  t he  bu lk  o f  t h e  Pu deposi ted t o  t h e  

deep ocean sediments (bo th  from Nevada and g loba l  f a l l o u t  sources) 

a r r i v e d  ear ly-on i n  t he  f a l l o u t  record.  I n  shal lower cores (<1000m) 

from t h i s  region, t h e  appropr ia te  Pu i n p u t  f u n c t i o n  w i l l  t h e r e f o r e  

depend upon the  r e l a t i v e  magnitude o f  t he  e a r l y  Pu i n p u t s  and cont inued 

scavenging processes. 
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APPENDIX I - "CPM.BAS1'- A P r o g r a m  i n  B A S I C  f o r  C a l c u l a t i n g  C o u n t i n g  R a t e s  
f r o m  Gamma S p e c t r u m  

1 REH "CPM.BASn b y  K. B u e e e e l e r  FOR I B M  DOS 2 . 0 2  AND B A S I C A  ( R E V . 0 2 / 8 6 )  
1 0  P R I N T  "PROGRAM FOR ANALYZING COUNTING DATA FROM GAMMA DETECTORS" 
2 0  I N P U T  "ENTER SAMPLE M-NUMBER1';MS 
3 0  INPUT "ENTER SAMPLE I a D m " ; I D $  
4 0  I N P U T  "ENTER COUNTING END DATE ( M O / D A I Y R ) " ; D A T $  
5 0  I N P U T  I1ENTER L I V E  T I M E  I N  SECONDSM;SEC: L E T  M I N m S E C I 6 0  
6 0  I N P U T  "ENTER DETECTOR USED ( 1 . 1 , 1 . 2 , 1 m 4 ) " ~ D T  
7 0  I N P U T  "ENTER SAMPLE WEIGHT I N  G R A M S U ~ G  
8 0  L E T  BKGl=BGK2=PEAK=0 
9 0  P R I N T  "YOUR CHOICES OF ISOTOPES ARE: ( * *  OR ENTER - 9 9  TO END PROGRAM **)I1 

1 0 0  P R I N T  T A B ( 2 0 ) ; " l :  2 1 0 P B  AT 4 6 , 5  KEV" 
1 1 0  P R I N T  T A B ( 2 0 ) ;  " 2 :  2 3 4 T H  AT 6 3 , 3  KEV"  
1 2 0  P R I N T  T A B ( 2 0 ) j  " 3 1  2 1 2 P B  AT 2 3 8  KEVU 
1 3 0  P R I N T  T A B ( 2 0 ) i  '4:  2 1 4 P B  AT 2 9 5  KEV"  
1 4 0  P R I N T  T A B ( 2 0 ) ;  " 5 :  2 1 4 P B  AT 3 5 2  KEV" 
1 5 0  P R I N T  T A B ( 2 0 ) ;  " b r  2 1 4 B I  AT 6 0 9  KEV" 
1 6 0  P R I N T  T A B ( 2 0 ) i  " 7 :  137CS AT 6 6 1  KEV" 
1 7 0  P R I N T  T A B ( 2 0 ) ;  " 8 :  OTHER ISOTOPES" 
1 8 0  I N P U T  "ENTER YOUR CHOICE OF ISOTOPE BY NUMBER ( I - 8 ) " ; C H  
1 9 0  I F  CHI-99 THEN 8 2 0  
2 0 0  P R I N T  "ENTER LOWER ENERGY B A S E L I N E  COUNTS, CHANNEL BY CHANNEL" 
2 1 0  81.0 
2 2 0  P R I N T  "WHEN F I N I S H E D  ENTER - 9 9 "  
2 3 0  L P R I N T  "LOW ENERGY B A S E L I N E  DATA:"  
2 4 0  FOR I=i TO 2 5  
2 5 0  I N P U T  "LOW ENERGY B A S E L I N E  COUNTS PLEASE" ;BKG1 
2 6 0  I F  B K G l = - 9 9  THEN 3 0 0  
2 7 0  L P R I N T  B K G l ; " , " ;  
2 8 0  S l s S I + B K G 1  
2 9 0  NEXT I 
3 0 0  L P R I N T  
3 1 0  L E T  A l = S l / ( I - 1 )  
3 2 0  P R I N T  'NOW ENTER CHANNEL BY CHANNEL THE PEAK REGION COUNTS" 
3 3 0  S 2 a 0  
3 4 0  P R I N T  "WHEN F I N I S H E D  ENTER - 9 9 '  
3 5 0  L P R I N T  "PEAK REQION DATA!"  
3 6 0  FOR J.1 TO 2 5  
3 7 0  I N P U T  "PEAK CHANNEL COUNTS PLEASEU;PEAK 
3 8 0  I F  PEAK=-99  THEN 4 2 0  
3 9 0  L S R I N T  PEAK1 'I, " 5  
4 0 0  SZ=S2+PEAK 
4 1 0  NEXT J 
4 2 0  L P R I N T  
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4 3 0  LET A P = S 2 / ( J - 1 )  
4 4 0  PRINT "NOW ENTER CHANNEL BY CHANNEL THE HIGH ENERGY BASELINE COUNTS" 
4 5 0  S3=0 
4 6 0  PRINT "WHEN F IN ISHED ENTER - 9 9 "  
4 7 0  LPRINT "HIGH ENERGY BASELINE DATAI" 
4 8 0  FOR K=1  TO 2 5  
4 9 0  INPUT "HIOH ENERGY BASELINE COUNTS PLEASEr1vBKG2 
5 0 0  I F  BKG2s-99 THEN 5 4 0  
5 1 0  LPRINT BKG21 11, l1 I 
5 2 0  S3=S3+BKQ2 
5 3 0  NEXT K 
5 4 0  LPRINT 
5 5 0  LET A 2 = S 3 / ( K - i )  
5 6 0  B S L N = ( ( A l + A 2 ) / 2 ) * ( J - 1 )  
5 7 0  NET.92-BSLN 
5 8 0  EB~(((Sl+S3)n(l/2))/(Si+S3))wBSLN 
5 9 0  E P a S 2 n ( l / 2 )  
6 0 0  E N = ( ( E B A 2 ) + ( E P n 2 ) ) n ( 1 / 2 )  
6 1 0  EC=EN/NET 
6 2 0  CPMeNETIHIN 
6 3 0  LPRINT T A B ( ~ ~ ) I " M $ - " : M $  
6 4 0  LPRINT TAB(20) ; "SAHPLE I . D , " j I D $  
6 5 0  I F  CH.1 THEN I S O $ ~ 1 1 2 1 0 P B  AT 46 .5  KEV" 
6 6 0  I F  CH=2 THEN I S 0 $ = " 2 3 4 T H  AT 65 .3  KEV" 
6 7 0  I F  CH.3 THEN I S 0 $ = " 2 1 2 P B  AT 2 3 8  KEV" 
6 8 0  I F  CH34 THEN IS0$= ' '214PB AT 2 9 5  KEV" 
6 9 0  I F  CH.5 THEN ISO$mt1214PB AT 3 5 2  KEV1I 
7 0 0  I F  CH=b THEN 1S0$=11214BI  AT 6 0 9  KEV" 
7 1 0  I F  CH.7 THEN ISO$m'1137CS AT 6 6 1  KEV" 
7 2 0  I F  CH.8 THEN ISO$mllISOTOPE mtl 

7 3 0  LPRINT TAB ( 2 0 )  1 "SAMPLE WEIOHT=ll~ GI " ~ r n ~ ~  
7 4 0  LPRINT T A B ( ~ ~ ) ~ " I S O T O P E I ~ ~ I S O $  
7 5 0  LPRINT 
7 6 0  LPRINT T A 8 ( 2 0 ) ~ " D E T E C T O R : 1 1 ~ D T ~ 1 1 C O U N T I N G  DATE l1;DAT$ 
7 7 0  LPRINT  T A B ( ~ ~ ) I " T O T A L  COUNTING T I H E - " I S E C ~ ~ ~ S E C ~ ~ "  = 1 1 ~ M I N / 1 4 4 0 ~ t 1 D A Y S n  
7 0 0  LPRINT 
7 9 0  LPRINT TAB ( 12)  1 "CPMm"; CPM; ' I+/-" ;  EC*1001 "XI1 
QWa LPR1N-r " ............................................. 
0 1 0  GOT0 8 0  
8 2 0  END 



APPENDIX 1Ia- Data from non-distruct ive gamma analyses ...................................................... ...................................................... 

ID Depth ERZ 210Pb ERPb 22bRa ERRa EXPb ERE1 
ca +/-cm dprlgm + / - I  dpm/gm + / - I  dpm/gm 41-1 

===== =====I ===== ===50= ===== ====== ==== ====== ==== 
Core A- 9011 co l lec ted 1/28/83 03-6YRE-9 40 28.12N 70 54.1'W 

A1 -0.75 0.75 8.9 0.5 1.7 0.2 7.2 0.5 
A2 -2.5 1.0 
A3 -4.5 1.0 0.5 0.6 1.7 0.2 b.8 0.6 
A4 -b.5 1.0 7.0 0.4 1.7 0.2 5.3 0.4 
A5 -8.5 1.0 7.8 0.6 1.7 0.2 b.1 0.b 
Ab -10.5 1.0 
A7 -12.5 1.0 b.O 0.3 1.7 0.2 5.1 0.4 
A8 -14.5 1.0 
A9 -16.5 1.0 

A10 -18.5 1.0 4.2 0.3 1.7 0.2 2.5 0.4 
A11 -20.5 1.0 
A12 -22.5 1.0 
A13 -24.5 1.0 
A14 -26.5 1.0 1.7 0.2 0.0 
A15 -28.5 1.0 
116 -30.5 1.0 
A17 -32.5 1.0 1.7 0.2 0.0 
A18 -35.5 2.0 

ID Depth ERZ 210Pb ERPb 22bRa 
cn +I-ca dp r lg r  + / - I  dpm/gm ----- ------ ----- ----- ------ ----- ------ ----- --en-- ----- ------ 

Core AK- 801 co l lec ted 7/28/83 83-6YRE-9 
AKl -0.5 0.5 10.6 0.5 1.8 
AK2 -1.5 0.5 11.7 0.b 1.7 
AK3 -2.5 0.5 12.1 0.4 1.8 
AK4 -3.5 0.5 10.7 0.3 1.9 
AKS -5.0 1.0 10.6 0.3 1 .9 
AKb -7.0 1.0 9.3 0.3 1.9 
AK7 -9.0 1.0 7.2 0.3 1.8 
AKB -11.0 1.0 b.9 0.5 1.0 
AK9 -13.0 1.0 5.8 0.3 2,2 

AKlO -15.0 1.0 4.1 0.2 2.0 
AKll -17.0 1.0 3.8 0.2 1.9 
AK12 -19.0 1.0 3.3 0.2 1.9 
AK13 -21.0 1.0 3.3 0.3 1.9 
AK14 -23.0 1.0 3.1 0.3 1.9 
AK15 -25.0 1.0 3.0 0.3 1.8 
AKlb -28.0 2.0 3.9 0.2 1.9 

ERRa EXPb ERE1 234Th ERTh 
+/ - I  dpalga +/ - I  dpmlga + / - I  ---- ------ ---- ---- ------ ---- ------ ---- 
40 28.4'N 70 55.2'W 
0.05 0.8 0.5 10.0 0.7 
0.05 10.0 0.b 0.9 0.7 
0.04 10.3 0.4 4.1 0.4 
0.07 8.8 0.3 3.1 0.2 
0.10 8.7 0.3 3.0 0.2 
0.10 7.4 0.3 3.5 0.2 
0.05 5.4 0.3 3.4 0.3 
0.07 5.1 0.5 3.5 0.4 
0.10 3.6 0.3 3.3 0.3 
0.10 2.1 0.2 3.3 0.2 
0.10 1.9 0.2 2.9 0.2 
0.04 1.4 0.2 2.0 0.2 
0.10 1.4 0.3 2.7 0.3 
0.07 1.2 0.3 3.2 0.4 
0.05 2.0 0.3 2.6 0.2 
0.05 2.0 0.2 3.0 0.2 

ERCs 
+I-! ---- ---- 



APPENDIX IIb- Data from non-distructive garra analyses ...................................................... ...................................................... 

ID Depth ERZ 210Pb ERPb 22bRa ERRa EXPb ERE1 234ThERTh 
cr +I-cm dprigr +/-I dprlgr +/-I dprlgr +/-I dprlgr +/-I 

===== ====3= ===1= ==If== 1'25' ====I= ==== ====== ==I= =I==== I=== 

Core F- 501r collected 4/30/84 OCEANUS-152 39 55.1'N 70 54.2'W 
F1A -0.5 0.5 7.6 0.4 2.3 0.2 5.3 0.5 5.9 0.5 
FIB -1.5 0.5 7.7 0.5 2.3 0.2 5.4 0.5 4.2 0.6 
F2A -2.5 0.5 8.2 0.5 2.1 0.2 6.1 0.5 2? 0.4 
F2B -3.5 0.5 6.8 0.5 2.2 0.2 4.6 0.5 5.0 0.6 
F3 -5.0 1.0 7.2 0.4 2.3 0.2 4.9 0.5 2.0 0.3 
F4 -7.0 1.0 6.7 0.4 2.4 0.2 4.3 0.4 2.1 0.3 
F5 -9.0 1.0 3.8 0.3 2.2 0.2 1.6 0.3 2.0 0.2 
Fb -11.0 1.0 2.1 0.2 2.2 0.2 0.0 2.2 0.2 
F7 -13.0 1.0 2.4 0.2 2.2 0.2 0.2 0.3 2.0 0.2 
F8 -15.0 1.0 2.9 0.3 2.1 0.2 0.8 0.3 2.0 0.2 
F9 -17.0 1.0 2.0 0.2 2.2 0.2 0.0 2.0 0.3 

ID Depth ERZ 210Pb ERPb 226Ra ERRa EXPb ERE1 234ThERTh 
cr +/-cr dprlgr +/-I dprlgr +I-1 dpnlgr +I-1 dpr/gm +I-1 ----- ----- ='=I== ----- em---- ----- ------ ---- ------ ---- ------ ---- ----- ------ ----- ------ ---- ------ ---- ------ ---- 

Core E- 127% collected 4/29/84 OCEANUS-152 39 48.1'N 70 56.3'W 
E1A -0.5 0.5 22.8 0.7 2.9 0.3 19.9 0.8 1.6 0.4 
El0 -1.5 0.5 b.3? 0.5 2.9 0.3 3.5? 0.5 2.3? 0.3 
E2A -2.5 0.5 14.9 0.6 2.7 0.3 12.2 0.7 2.1 0.4 
E2B -3.5 0.5 12.3 0.4 2.6 0.3 9.7 0.5 2.0 0.2 
E3 -5.0 1.0 11.0 0.3 2.8 0.3 8.2 0.5 2.7 0.2 
E4 -7.0 1.0 8.7 0.3 2.9 0.3 5.8 0.5 2.7 0.3 
E5 -9.0 1.0 9.0 0.3 2.9 0.3 6.1 0.5 
E6 -11.0 1.0 6.7 0.3 2.9 0.3 3.8 0.4 3.4 0.3 
E7 -13.0 1.0 3.7 0.3 2.8 0.3 0.9 0.4 2.8 0.3 
EB -15.0 1.0 2.7 0.3 2,H 0.3 0.0 3.5 0.3 
E9 -17.0 1.0 2.2 0.3 2.9 0.3 0.0 3.5 0.3 
El0 -19.0 1.0 2.8 0.3 2.7 0.3 0.0 3.6 0.3 
Ell -21.0 1.0 2.1 0.2 2.9 0.3 0.0 3.4 0.3 
El2 -23.0 1.0 2.4 0.2 2.6 0.3 0.0 3.1 0.3 
El3 -25.0 1.0 2.7 0.2 2.7 0.3 0.0 3.7 0.3 



APPENDIX IIc- Data from non-distructive gamma analyses ...................................................... ...................................................... 

ID Depth ER2 210Pb ERPb 226Ra ERRa EXPb ERE1 234Th ERTh 
cm +I-ca dpmlgn +I-1 dpmlgm +I-1 dpmlgm +/-I dpmlgr +I-1 ----- ------ ----- ------ ----- ------ ---- ------ ---- ------ ---- ----- ------ ----- ------ ----- ------ ---- ------ ---- ------ ---- 

Core BK- 1170m collected 1/29/83 83-6YRE-9 39 48.3'N 70 54.9'U 
BK1 -0.5 0.5 36.4 0.9 2.3 0.08 34.1 0.9 6.5 0.5 
BK2 -1.5 0.5 25.4 0.7 2.3 0.08 23.1 0.7 2.9 0.3 
EK3 -2.5 0.5 19.4 0.3 2.5 0.06 16.9 0.3 2.2 0.2 
BK4 -3.5 0.5 14.5 0.3 2.3 0.07 12.2 0.3 1.8 0.2 
BK5 -4.5 0.5 15.0 0.5 2.5 0.07 12.5 0.5 2.5 0.3 
BKC -6.0 1.0 12.5 0.6 2.3 0.07 10.2 0.6 2.0 0.3 
BK7 -8.0 1.0 7.4 0.3 2.4 0.06 5.0 0.3 2.6 0.3 
BK8 -10.0 1.0 6.6 0.4 2.5 0.08 4.1 0.4 3.4 0.4 
BK9 -12.0 1.0 6.1 0.3 2.70.08 3.40.3 2.50.2 
BKlO -14.0 1.0 
EKll -16.0 1.0 4.0 0.4 2.5 0.08 1.5 0.4 2.2 0.4 
BK12 -18.0 1.0 3.6 0.3 2.5 0.06 1.1 0.3 2.6 0.3 
BK13 -20.0 1.0 
BK14 -22.0 1.0 2.7 0.2 2.7 0.07 0.0 0.2 3.1 0.3 
EK15 -24.0 1.0 2.8 0.2 2.5 0.07 0.3 0.2 2.7 0.2 
BKlb -28.0 3.0 2.9 0.3 2.7 0.10 0.2 0.3 2.8 0.3 

ID Depth ERZ 210Pb ERPb 226Ra ERRa EXPb ERE% 234ThERTh 
cm t/-ca dpmlgr +/-I dpmigm +I-1 dpmlgm +I-1 dpmlgm +I-1 ----- ------ ----- ------ ----- ------ ---- ------ ---- ------ ---- ----- ------ -me-- ------ -em-- ------ ---- ------ ---- ------ ---- 

Core D- 2362m collected 4129184 OCEANUS-152 39 35.O'N 70 56.8'W 
DIA -0.5 0.5 14.2 0.6 2.4 0.2 11.8 0.6 1.6 0.3 
DIE -1.5 0.5 12.1 0.3 2.6 0.3 9.6 0.4 1.9 0.2 
D2A -2.5 0.5 10.4 0.5 2.8 0.3 7.6 0.6 1.5 0.3 
D2B -3.5 0.5 10.0 0.4 2.6 0.3 7.4 0.5 1.9 0.2 
D3 -5.0 1.0 7.7 0.3 2.5 0.3 5.2 0.4 2.0 0.2 
D4 -7.0 1.0 5.0 0.3 2.6 0.3 2.4 0.4 2.9 0.2 
D5 -9.0 1.0 4.6 0.2 2.8 0.3 1.8 0.4 3.0 0.2 
Db -11.0 1.0 5.5 0.3 2.9 0.3 2.6 0.4 2.9 0.3 
D7 -13.0 1.0 2.8 0.3 2.6 0.3 0.2 0.4 2.8 0.3 
D8 -16.0 2.0 2.5 0.2 2.4 0.2 0.1 0.3 3.2 0.2 



APPENDIX I I d -  Data f r o 8  non-distruct ive gamma analyses 
...................................................... 

ID Depth ERZ 210Pb ERPb 22bRa 
cm +I-cm dpr lg r  +I-1 dpmlgm 

===== ====== ===== ..... I ===== ====== 
Core C-2700~ c o l  lec  ted 7/31/83 83-6YRE-9 

C1 -0.8 0.8 14.2 0.b 3.2 
C2 -2.5 1.0 9.1 1.0 4.0 
C3 -4.5 1.0 b.9 0.3 2.9 
C4 -6.5 1.0 7.4 0.4 3.0 
C5 -8.5 1.0 4.9 0.3 2.9 
Cb -10.5 1.0 
C7 -12.5 1.0 3.7 0.2 3.1 
C8 -14.5 1.0 
C9 -1b.5 1.0 4.1 0.2 3.2 

C10 -18.5 1.0 
C l l  -20.5 1.0 2.8 0.3 3.4 
C12 -23.5 1.0 

ERRa EXPb EREX 
+I -1  dpmlgm +I -1  ---- ------ ---- ---- ------ ---- 
39 10.3'N 70 43.0'U 

0.2 11,o 0.6 
0.2 5.1 1.0 
0.1 4.0 0.3 
0.1 4.4 0.4 
0.1 2.0 0.3 

ID Depth ERZ 210Pb ERPb 22bRa ERRa EXPb EREX 234ThERTh 
cm +I-cm dpmlgr + / - I  dp r lg r  +/-I dpmlgr +I-1 dpmlgr +I-1 

===== 5===== ===== ====== ""' ====== ==== ====== ==== ====.= .=== 
Core CK- 2 7 0 0 ~  co l lec ted 7131183 83-6YRE-9 39 10.9'N 70 42.9'U 

CK1 -0.5 0.5 20.0 2.0 3.0 0.1 25.0 2.0 1.8 0.2 
CK2 -1.5 0.5 19.0 2.0 2.8 0.2 16.2 2.0 1.4 0.2 
CK3 -2.5 0.5 18.0 0.4 3.8 0.1 14.2 0.4 1.7 0.2 
CK4 -3.5 0.5 13.1 0.6 3.8 0.1 9.3 0.6 1.0 0.3 
CK5 -4.5 0.5 12.0 2.0 2.8 0.1 9.2 2.0 1.0 0.3 
CKb -6.0 1.0 10.0 2.0 3.6 0.1 6.4 2.0 1.8 0.3 
CK7 -8.0 1.0 10.1 0.b 2.7 0.1 7.4 0.6 2.0 0.3 
CK8 -10.0 1.0 9.0 1.0 2.6 0.1 6.4 1.0 2.5 0.2 
CK9 -12.0 1.0 

CKlO -14.0 1.0 3.8 0.3 3.2 0.3 
CKl l  -1b.O 1.0 3.8 0.5 2.0 0.1 1.0 0.5 2.7 0.2 
CK12 -18.0 1.0 3.3 0.3 3.5 0.1 0.0 2.4 0.3 
CK13 -20.0 1.0 
CK14 -22.0 1.0 3.3 0.3 3.4 0.1 0.0 2.7 0.3 
CK15 -24.0 1.0 
CKlb -26.0 1.0 
CKl7-28.0 1.0 3.0 0.5 2.9 0.1 0.0 1.9 0.2 

137Cs 
dpr lkg ------ 
--em-- 



APPENDIX IIe- Data fror non-distructive gamma analyses ...................................................... ...................................................... 

ID Depth ER2 210Pb ERPb 226Ra ERRa EXPb EREX 234Th 
cr +I-cr dprlgr +/-I dprlgr +I-1 dprlgr +I-1 dprlkg 

----- ------ ----- ------ ----- ------ ---- ------ ---- ------ 
--em- ------ ----- ------ ----- ------ ---- ------ ---- ------ 
Core 6- 4469m collected 12/04/85 OCEANUS-173 31 54.1'N 64 17.8'W 
61A -0.25 0.25 12.0 0.4 3.1 0.2 8.91 0.53 0.9 
618 -0.75 0.25 7.2 0.3 2.8 0.2 4.40 0.33 1.6 
61C -1.25 0.25 5.6 0.3 2.7 0.1 2.91 0.20 1.3 
61D -1.75 0.25 5.3 0.3 4.0 0.2 1.30 0.11 2.0 
628 -2.25 0.25 4.2 0.2 3.3 0.1 0.91 0.05 1.3 
628 -2.75 0.25 4.0 0.3 2.7 0.1 1.24 0.10 1.2 
62C -3.25 0.25 4.2 0.2 3.7 0.2 0.54 0.04 1.4 
62D -3.75 0.25 4.9 0.3 3.9 0.2 1.03 0.00 1.2 
63A -4.25 0.25 14.7 0.5 2.5 0.1 12.23 0.83 2.0 
63B -4.75 0.25 5.9 0.3 3.4 0.2 2.52 0.16 1.1 
63C -5.25 0.25 3.7 0.2 3.8 0.3 0.0 1 .0 
63D -5.75 0.25 3.7 0.3 3.8 0.2 0.0 1.8 
64A -6.25 0.25 3.9 0.2 2.8 0.1 1.1 0.00 
64B -6.75 0.25 3.2 0.2 3.2 0.2 0.0 1 -0 
64D -7.75 0.25 3.5 0.2 3.4 0.2 0.1 0.01 1.1 
65B -8.75 0.25 4.1 0.2 3.2 0.2 0.9 0.07 1.4 
66A -10.25 0.25 0.0 0.0 3.7 0.1 0.0 
6bC -11.25 0.25 0.0 0.0 3.5 0.1 0.0 
67AlB -12.50 0.50 3.5 0.2 3.5 0.1 0.0 1.0 

ID Depth ER2 210Pb ERPb 226Ra ERRa EXPb EREX 234Th 
cm +I-cm dprlgr +/-I dprlga +I-! dprlgr +I-1 dprlkg ----- ------ ---== ------ ----- ------ ---- ---- ------ ----- ------ --- ------ ----- ------ ---- ------ ---- ------ 

Core H- 4490r collected 12/8/85 OCEANUS-173 36 27.9'N 66 33.6'W 
H1A -0.25 0.25 11.3 0.4 2.4 0.1 8.85 0.58 1.2 
HfB -0.75 0.25 9.8 0.4 3.0 0.2 6.79 0.57 1.3 
H1C -1.25 0.25 5.5 0.3 2.1 0.1 3.35 0.26 1.4 
HID -1.75 0.25 4.2 0.3 3.2 0.2 1.05 0.09 1.9 
H2A -2.25 0.25 5.9 0.3 2.1 0.1 3.85 0.27 1.6 
H2B -2.75 0.25 7.2 0.2 2.1 0.1 5.17 0.33 0.0 
H2C -3.25 0.25 11.6 0.4 3.3 0.2 8.32 0.53 1.5 
H2D -3.75 0.25 12.8 0.5 2.1 0.1 10.69 0.79 2.1 
H3A -4.25 0.25 3.9 0.3 2.8 0.2 1.05 0.10 
H3C -5.25 0.25 4.1 0.2 2.2 0.1 1.89 0.16 1.1 
H4B -6.75 0.25 3.2 0.2 2.4 0.1 0.85 0.06 1.3 
H4C -7.25 0.25 2.9 0.2 3.1 0.2 0.0 1.5 
H5A -8.25 0.25 2.7 0.2 2.7 0.1 0.0 1.3 
H5D -9.75 0.25 3.3 0.2 2.9 0.1 0.4 0.03 1.3 
HbA -10.25 0.25 3.0 0.2 2.7 0.1 0.3 0.02 1.3 
HbC -11.75 0.25 0.0 0.0 2.8 0.1 0.0 
H7AIB -12.50 0.50 3.2 0.2 3.2 0.1 0.0 1.4 
H7CID -13.50 0.50 0.0 0.0 2.9 0.1 0.0 
HBAlE -14.50 0.50 0.0 0.0 3.1 0.1 0.0 
HBClD -15.50 0.50 3.7 0.2 3.6 0.1 0.1 0.01 1.1 

ERTh 
+i-1 
---- ---- 

ERTh 
+I-! ---- ---- 
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