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ABSTRACT 

The q u e s t i o n  of t h e  s o u r c e s  and f a t e s  of o r g a n i c  m a t t e r  i n  c o a s t a l  

sed iments  has  been addressed  through t h e  combined u s e  of modern sediment 

chronology and carbon i s o t o p i c  a n a l y s i s  (12c,  13c, 14c)  of sedimentary  

o r g a n i c  m a t t e r .  The s m a l l ,  s p a r s e l y  popula ted  White Oak River  e s t u a r y  

and t h e  l a r g e r ,  more populous Neuse River  e s t u a r y  were s e l e c t e d  a s  f i e l d  

s i t e s .  Sediment c o r e s  from one u p r i v e r  and one downriver l o c a t i o n  i n  each 

r i v e r - e s t u a r y  were s t u d i e d  i n  d e t a i l .  

Modern sediment chrono log ies  based upon excess  'l0pb and f a l l o u t  

2 3 9 y 2 4 0 ~ u  were used t o  p rov ide  a  depos i t ion-age  c o n t e x t  i n  which t o  view 

t h e  14c a g e s  of sedimentary  o r g a n i c  m a t t e r .  I n  t h r e e  of f o u r  c o r e s  

depos i t ion-age  i n t e r v a l s  were a s s i g n e d  as f o l l o w s :  0-30 y e a r s  f o r  samples 

c o n t a i n i n g  e x c e s s  'lOpb and plutonium; 30-100 y e a r s  f o r  samples c o n t a i n i n g  

e x c e s s  'lOpb b u t  l a c k i n g  plutonium. One of t h e s e  l o c a t i o n s  (White Oak, 

downriver)  may have exper ienced  s t e a d y - s t a t e  sediment  accumulat ion a t  abou t  

0.25 c m / ~ r ;  t h e  o t h e r  two l o c a t i o n s  (White Oak, u p r i v e r ;  Neuse, u p r i v e r ) ,  

w h i l e  n o t  s i t e s  of s t e a d y - s t a t e  sediment accumulat ion,  have had average  

accumulat ion r a t e s  < % 0.5  cmlyr over  t h e  l a s t  60-100 y e a r s .  I n  t h e  

f o u r t h  sediment c o r e  (Neuse, downriver)  excess  2 1 0 ~ b  and plutonium were 

ve ry  s i m i l a r l y  d i s t r i b u t e d  and were e v i d e n t l y  t r a n s p o r t e d  by a  common 

mixing p r o c e s s  r a t h e r  t h a n  by sediment accumulat ion.  

1 3  S t a b l e  carbon i s o t o p e s  i n  o r g a n i c  m a t t e r  were g e n e r a l l y  h e a v i e r  ( C- 

e n r i c h e d )  i n  downriver ( r e l a t i v e  t o  u p r i v e r )  sed iments ,  c o n s i s t e n t  w i t h  

i n c r e a s e d  i n p u t s  of marine  o r g a n i c  m a t t e r  a t  downriver l o c a t i o n s .  V e r t i c a l  

v a r i a t i o n s  i n  s t a b l e  i s o t o p i c  composi t ion w i t h i n  t h e  sediment  columns showed 

iii 



no c o n s i s t e n t  t r e n d s .  

14 
C a n a l y s e s  of sedimentary  o r g a n i c  m a t t e r  r e v e a l e d  t h e  p resence  of 

14 
bomb C i n  core- top samples ,  b u t  a t  c o n c e n t r a t i o n s  which i n d i c a t e d  t h e  

admixture  of aged o r g a n i c  m a t t e r ;  t h u s  o r g a n i c  m a t t e r  i n p u t s  i n c l u d e  bo th  

r e c e n t l y  produced and aged m a t e r i a l .  Below t h e  hor izon  of bomb 14c 
14 

con tamina t ion  C ages  exceeded sediment d e p o s i t i o n  a g e s  by about  100- 

1000 y e a r s .  Old o r g a n i c  m a t t e r  i s  t h e r e f o r e  p r e s e r v e d  i n  t h e s e  sed iments ,  

b u t  t h e  i s s u e  of i t s  p r e f e r e n t i a l  p r e s e r v a t i o n ,  r e l a t i v e  t o  r e c e n t l y  

produced o r g a n i c  m a t t e r ,  i s  unreso lved  because o f  non-s teady-s ta te  i n  

14 
C c o n c e n t r a t i o n  of o rgan ic -mat te r  i n p u t s ,  b o t h  pre-bomb and post-bomb. 
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

A s  a  s u b s t r a t e  f o r  m i c r o b i a l  growth,  o r g a n i c  m a t t e r  i n  t h e  sediments  

of r i v e r s  and e s t u a r i e s  r e p r e s e n t s  a p o t e n t i a l  oxygen demand on,  and 

n u t r i e n t  s o u r c e  t o ,  t h e  o v e r l y i n g  w a t e r .  The a c t u a l  impact of sedimentary  

o r g a n i c  m a t t e r  on w a t e r  q u a l i t y  depends upon t h e  r a t e s  of t h e  p r o c e s s e s  of 

m i c r o b i a l  d e g r a d a t i o n .  The s o u r c e s  (hence t h e  composi t ion)  of t h e  o r g a n i c  

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

c o a s t a l  sed iments  from many s o u r c e s .  We have u t i l i z e d  carbon i s o t o p e s  

1 4  
(12c,  13c, C) as t r a c e r s  f o r  d i s t i n g u i s h i n g  t h e  s o u r c e s  o f  o r g a n i c  m a t t e r  

t o  t h e  sed iments  of t h e  White Oak and Neuse r i v e r  e s t u a r i e s  and f o r  exam- 

i n i n g  t h e  d i f f e r e n t i a l  p r e s e r v a t i o n  of v a r i o u s  components of t h e  o r g a n i c  

m a t t e r  th rough  m i c r o b i a l  decomposi t ion w i t h i n  t h e  sed iments .  Our h y p o t h e s i s  

was t h a t  o r g a n i c  matter s u p p l i e d  t o  t h e  r i v e r - e s t u a r y  sys tems from aged 

r e s e r v o i r s  ( s o i l s ,  sed iments ,  e t c )  shou ld  be p r e f e r e n t i a l l y  p r e s e r v e d  over  

r e c e n t l y  produced o r g a n i c  m a t t e r .  A consequence of t h i s  would be  a n  i n c r e a s e  

14 
i n  C age  o f  sed imenta ry  o r g a n i c  m a t t e r  w i t h  dep th  i n  t h e  sediment column, 

a t  a r a t e  more r a p i d  t h a n  t h e  i n c r e a s e  i n  d e p o s i t i o n  a g e  o f  t h e  sediment .  

The g o a l  o f  o u r  s t u d y  w a s  t o  demons t ra te  t h i s  r e l a t i o n s h i p  th rough  t h e  

1 4  d e t e r m i n a t i o n  o f  d e p o s i t i o n  ages  i n  sediment  c o r e s  and of C a g e s  on 

o r g a n i c  m a t t e r  from t h o s e  c o r e s .  

The White Oak and Neuse r i v e r - e s t u a r y  sys tems were s e l e c t e d  a s  r e p r e -  

s e n t a t i v e  of d i f f e r e n t  d e g r e e s  of wa te r shed  development and p robab le  human 

impact on o rgan ic -mat te r  l o a d i n g .  The wate r shed  of t h e  White Oak i s  small 

and s p a r s e l y  popula ted ,  approach ing  a  " n a t u r a l "  sys tem,  w h i l e  t h a t  of t h e  

v i i i  



Neuse is larger, more populous, and more diversely used. Two sediment cores 

from each river-estuary system have been studied; upriver and downriver 

locations were chosen in each case to maximize the potential influences of 

continental and marine sources of organic matter, respectively. 

Sediment deposition ages were studied through the use of excess 210~b 

and fallout 239y240~~ as tracers of the vertical transport of sediment 

particles in the sediment column. In three of the four cores studied 

(WORH1 = White Oak River estuary, downriver; WORFl = White Oak River estuary, 

upriver; NRCl = Neuse River estuary, upriver) deposition-age intervals were 

assigned to horizons in the sediment: 0-30 years for horizons containing 

both fallout plutonium and excess 210~b, 30-100 years for horizons containing 

excess 'l0Pb and lacking plutonium. In one of these cores (WORH1) the tracer 

data were compatible with steady-state sediment accumulation as a dominant 

sediment-transport process: the sediment accumulation rate was about 0.25 

cm/yr. Based upon the deposition-age intervals average sediment accumulation 

rates for cores WORFl and NRCl appeared to be < 0.5 cm/yr. In core NRHl 

210 
(Neuse River estuary, downriver) excess Pb and fallout plutonium were 

very similarly distributed; thus mixing was determined to be the dominant 

sediment-transport process at this site, and the average sediment accum- 

ulation rate was relatively low (and possibly zero) during the last Q 100 

years. 

The stable carbon isotopic composition of the sedimentary organic matter 

provided an index of the relative importance of terrestrial (C -plants and 3 

products thereof) and marine (plankton, salt-marsh grasses) sources of 

organic matter. Most of the isotopic data were compatible with purely 



t e r r e s t r i a l  o r g a n i c  m a t t e r  s o u r c e s .  An o f f s e t  i n  i s o t o p i c  composi t ion 

between u p r i v e r  and downriver l o c a t i o n s ,  however, s u g g e s t s  an  i n c r e a s i n g  

c o n t r i b u t i o n  from marine  s o u r c e s  i n  t h e  downriver d i r e c t i o n .  V e r t i c a l  

changes i n  s t a b l e  c a r b o n - i s o t o p i c  composi t ion of o r g a n i c  m a t t e r  w i t h i n  t h e  

sediment  columns were v a r i a b l e  from l o c a t i o n  t o  l o c a t i o n  and probably  

r e s u l t e d  from v a r i a b l e  composi t ion of s o u r c e  m a t e r i a l s  o v e r  t ime .  

14 
The C d e t e r m i n a t i o n s  on o r g a n i c  matter from t h e  sediment c o r e s  f u r t h e r  

c o n s t r a i n  t h e  s o u r c e s  and f a t e s  of sedimentary  o r g a n i c  m a t t e r .  Newly d e p o s i t e d  

o r g a n i c  m a t t e r  i s  a  mix ture  o f  r e c e n t l y  produced and aged m a t e r i a l :  bomb 14c 

was p r e s e n t  i n  core- top samples ,  but  a t  c o n c e n t r a t i o n s  lower t h a n  would be 

expec ted  i f  on ly  p l a n t  m a t e r i a l s  produced d u r i n g  t h e  l a s t  25 y e a r s  were 

p r e s e n t .  Where sediment  d e p o s i t i o n  a g e s  cou ld  be  e s t i m a t e d ,  samples from 

14 14 
below t h e  dep th  of bomb C i n f l u e n c e  were found t o  have C a g e s  i n  e x c e s s  

of d e p o s i t i o n  a g e s  by about  100-1000 y e a r s .  Th i s  shows c l e a r l y  t h a t  aged 

o r g a n i c  m a t t e r  was p r e s e r v e d  i n  t h e s e  sed iments .  Whether t h e  aged m a t e r i a l  

was p r e f e r e n t i a l l y  p r e s e r v e d ,  r e l a t i v e  t o  r e c e n t l y  produced o r g a n i c  m a t t e r ,  

w a s  u n c l e a r ,  owing t o  non-s teady-s ta te  i n  14c age  of t h e  o rgan ic -mat te r  

i n p u t s .  A t  t h e  c o r e  t o p s ,  where r a p i d  mic rob ia l ly -media ted  decomposi t ion 

14 of o r g a n i c  m a t t e r  was expec ted ,  any r e s u l t i n g  changes i n  C age  were 

1 4  masked by bomb 14c. But C age  was n o t  found t o  i n c r e a s e  monoton ica l ly  

w i t h  dep th  i n  t h e  sediment  even i n  h o r i z o n s  below t h o s e  a f f e c t e d  by bomb 1 4 c ;  

14 
t h i s  i m p l i e s  t h a t  v a r i a t i o n  of t h e  a v e r a g e  C age  o f  t h e  o r g a n i c  s o u r c e  

m a t e r i a l s  t o  t h e  sed iments  may be a c h r o n i c  f e a t u r e  i n  t h e s e  e s t u a r i e s .  

Under such  c o n d i t i o n s  r e a s o n a b l e  mode l l ing  of t h e  e f f e c t  of m i c r o b i a l  

1 4  
d e g r a d a t i o n  p r o c e s s e s  upon C age  of o r g a n i c  m a t t e r  i n  sediment  c o r e s  i s  



n o t  p o s s i b l e .  

Recommendat i o n s  

1. The r e s u l t s  of o u r  s t u d y  and o f  s t u d i e s  performed i n  o t h e r  l o c a t i o n s  

a r e  c o n s i s t e n t  w i t h  t h e  n o t i o n  t h a t  m i c r o b i a l  decomposi t ion p r o c e s s e s  a c t  t o  

p r e f e r e n t i a l l y  remove r e c e n t l y  produced o r g a n i c  m a t t e r  from a  mix ture  of 

young and aged material. I f  t h i s  i s  t r u e ,  t h e  p o t e n t i a l  impact of o r g a n i c  

m a t t e r  i n t r o d u c e d  t o  North C a r o l i n a  e s t u a r i e s  depends upon i t s  age .  Loadings 

of recen t ly -produced ,  u n t r e a t e d  o r  p a r t i a l l y  t r e a t e d  o r g a n i c  m a t e r i a l s  a r e  

l i k e l y  t o  s u b s t a n t i a l l y  i n c r e a s e  sediment oxygen demand and t h e  r a t e  of 

n u t r i e n t  r e g e n e r a t i o n ,  the reby  i n c r e a s i n g  t h e  v u l n e r a b i l i t y  of t h e  e s t u a r i e s  

t o  water-column anoxia  and n u i s a n c e  a l g a l  blooms. Sediment accumulat ion 

r a t e s  a r e  t o o  low t o  r a p i d l y  remove t h e s e  m a t e r i a l s  from t h e  zone o f  i n t e n s e  

m i c r o b i a l  a c t i v i t y .  Discharges  of t h e s e  s u s c e p t i b l e  o r g a n i c  m a t e r i a l s  must 

t h e r e f o r e  be c o n t r o l l e d .  Aged o r g a n i c  m a t e r i a l s  a r e  more i n e r t  and a r e  

t h e r e f o r e  l e s s  l i k e l y  t o  cause  s e r i o u s  oxygen d e p l e t i o n  o r  n u t r i e n t  

enhancement. From t h i s  v iewpoint  t h e  aged m a t e r i a l  may be r e l a t i v e l y  

innocuous.  [We emphasize,  however, t h a t  aged m a t e r i a l s  may have more s u b t l e  

impacts  on w a t e r  q u a l i t y  and p r o d u c t i v i t y  ( e . g . ,  th rough  i n t e r a c t i o n s  w i t h  

m i c r o n u t r i e n t  e lements )  and t h a t  no i n c r e a s e  i n  o rgan ic -mat te r  l o a d i n g  can 

be assumed t o  be f r e e  of t h e  r i s k  o f  environmental  d e t e r i o r a t i o n . ]  

2. D i f f e r e n t i a l  p r e s e r v a t i o n  of aged and r e c e n t l y  produced o r g a n i c  

matter would a l s o  d i c t a t e  r e f i n e d  approaches  t o  t h e  assessment  o f  p o t e n t i a l  

h a z a r d s  t o  w a t e r  q u a l i t y  from e x i s t i n g  sed iments .  Measurements of g r o s s  

o r g a n i c  carbon c o n t e n t  a l o n e  may be  v e r y  mis lead ing :  t h e  s u s c e p t i b i l i t y  of 



t h e  o r g a n i c  m a t t e r  t o  m i c r o b i a l  d e g r a d a t i o n  must a l s o  be c o n s i d e r e d .  One 

approach t o  t h i s  g o a l  i s  through t h e  u s e  of carbon i s o t o p e s  ( i n c l u d i n g  1 4 c ) ,  

but  o t h e r  a s p e c t s  of t h e  composi t ion of sedimentary  o r g a n i c  m a t e r i a l s  shou ld  

be i n v e s t i g a t e d  f o r  t h e i r  r e l e v a n c e  t o  r a t e s  of m i c r o b i a l  d e g r a d a t i o n .  

3 .  The r e s e a r c h  g o a l s  o f  t h i s  p r o j e c t  were f r u s t r a t e d  i n  p a r t  by non- 

s t e a d y - s t a t e  i n  t h e  carbon i s o t o p i c  composi t ion o f  o r g a n i c  m a t t e r  i n p u t s  t o  

t h e  e s t u a r i n e  sed iments .  F u r t h e r  s t u d i e s  of dep th  p r o f i l e s  of carbon 

i s o t o p e s  i n  t h e s e  sed iments  would meet w i t h  t h e  same d i f f i c u l t i e s .  Two 

a l t e r n a t i v e  approaches ,  b o t h  beyond t h e  scope of t h e  p r e s e n t  p r o j e c t ,  might 

be c o n s i d e r e d :  

( i )  a comparison of carbon i s o t o p i c  composi t ions  i n  s u r f i c i a l  sed iments  

and i n  s o u r c e  m a t e r i a l s .  A l a r g e  number of samples would be 

d e s i r a b l e ,  and t h e  s o u r c e  m a t e r i a l s  shou ld  i n c l u d e  numerous samples 

c o l l e c t e d  i n  suspens ion  i n  t h e  w a t e r  column. An age  d i f f e r e n c e  

between s o u r c e s  and sediments  might be d i r e c t l y  demonstra ted i n  

t h i s  way. 

( i i )  microcosm ( j a r )  s t u d i e s .  Sediment samples would be incuba ted  i n  

t h e  l a b o r a t o r y ,  and changes i n  t h e  carbon i s o t o p i c  composi t ion 

would be fo l lowed  o v e r  t ime.  Th is  i s  a n  exper iment  on a l a r g e r  

s c a l e  t h a n  t h e  f o r e g o i n g ,  i n  t h a t  l a r g e  amounts of sediment and 

l o n g  i n c u b a t i o n s  would be r e q u i r e d .  



I .  INTRODUCTION 

General  

P a r t i c u l a t e  o r g a n i c  m a t t e r  e n t e r s  r i v e r s  and e s t u a r i e s  through s e v e r a l  

p rocesses :  e r o s i o n  of s o i l s  and sed iments ,  o r g a n i c  p r o d u c t i v i t y  i n  t h e  wa te r  

column, d i s p o s a l  o f  was tes  ( s a n i t a r y ,  a g r i c u l t u r a l ,  i n d u s t r i a l ) .  Because 

t h e  o r g a n i c  s o l i d s  a r e  of low d e n s i t y ,  they  a r e  t r a n s p o r t e d  i n  and through 

sed imenta ry  environments  w i t h  t h e  f i n e - g r a i n e d  ( s i l t  + c l a y )  f r a c t i o n  of 

i n o r g a n i c  p a r t i c l e s .  Depos i t ion  of t h i s  m a t e r i a l  from q u i e s c e n t  w a t e r s  

produces o r g a n i c - r i c h  mud accumulat ions .  These muds s u p p o r t  i n t e n s e  bio- 

geochemical  a c t i v i t y  whii5h e x e r t s  a  profound i n f l u e n c e  on t h e  chemis t ry  of 

b o t h  t h e  sed iments  and,  through n u t r i e n t  r e g e n e r a t i o n  and oxygen consumption, 

t h e  o v e r l y i n g  wate r .  Improved models f o r  t h e  biogeochemical  i n t e r a c t i o n s  i n  

r i v e r i n e  and e s t u a r i n e  sediments  a r e  t h e r e f o r e  e s s e n t i a l  t o  t h e  unders tand ing  

of b o t h  p r e s e n t  p a t t e r n s  and f u t u r e  changes i n  wa te r  q u a l i t y .  

S e v e r a l  f a c t o r s  i n t e r a c t  t o  c o n t r o l  t h e  t y p e s  and  r a t e s  of biogeochemical  

r e a c t i o n s  which occur  a t  a  g iven  l o c a t i o n .  Here we c o n s i d e r  one of t h e s e :  t h e  

e f f e c t  of composi t ion and provenance of t h e  sedimentary  o r g a n i c  m a t t e r  on t h e  

biogeochemical  p r o c e s s e s .  Evidence of t h e  importance of t h i s  f a c t o r  i s  very 

c l e a r .  I n  a  t y p i c a l  c o a s t a l  mud b o t h  t h e  c o n c e n t r a t i o n  of o r g a n i c  m a t t e r  

and t h e  r a t e s  of p r o c e s s e s  of m i c r o b i a l  d e g r a d a t i o n  of o r g a n i c  m a t t e r  

d e c r e a s e  w i t h  i n c r e a s i n g  dep th  i n  t h e  sediment column. Below a  few t e n s  

o f  c e n t i m e t e r s 1  dep th ,  t h e  c o n c e n t r a t i o n  of o r g a n i c  m a t t e r  l e v e l s  o f f  a t  

a  f i n i t e  v a l u e ,  and t h e  r a t e  of f u r t h e r  d e g r a d a t i o n  i s  t o o  slow t o  be 

r e a d i l y  d e t e c t a b l e .  These p a t t e r n s  i n  o r g a n i c  m a t t e r  and m i c r o b i a l  a c t i v i t y  



a r e  thought  t o  r e s u l t  from v a r i a t i o n s  i n  t h e  s u s c e p t i b i l i t y  of o r g a n i c  

m a t t e r  t o  m i c r o b i a l  degrada t ion :  newly d e p o s i t e d  o r g a n i c  m a t t e r  i s  r i c h  i n  

eas i ly -metabo l ized  components ( " r e a c t i v e  ," " ju icy" )  , but  s e l e c t i v e  removal 

of t h i s  m a t e r i a l  l e a v e s  a  r e s i d u e  of " r e f r a c t o r y "  o r g a n i c  m a t t e r  which is  

r e s i s t a n t  t o  decomposi t ion.  Berner (1971; 1974; 1980) has  emphasized t h e  

importance of t h e  n a t u r e  of t h e  o r g a n i c  s u b s t r a t e s  t o  t h e  r a t e s  of m i c r o b i a l  

d e g r a d a t i o n  i n  e a r l y  d i a g e n e s i s .  

Although they  a r e  of paramount importance,  t h e  d i s t i n c t i o n s  i n  compo- 

s i t i o n  between "metabol izable"  and " r e f r a c t o r y "  o r g a n i c  m a t t e r  a r e  ve ry  

p o o r l y  unders tood .  It seems l i k e l y ,  however, t h a t  t h e  m e t a b o l i z a b l e  and 

r e f r a c t o r y  f r a c t i o n s  i n  a  contemporary mud may c o r r e l a t e  i n  a  s imple  way 

w i t h  t h e  proximal  s o u r c e s  o f  o r g a n i c  m a t t e r  t o  t h e  d e p o s i t .  Organic m a t t e r  

d e r i v e d  by e r o s i o n  from an  aged r e s e r v o i r  ( s o i l ,  sed iment ,  p e a t ,  c o a l ,  

pet roleum,  e t c )  i s  a  r e s i d u e  from a n  e a r l i e r  c y c l e  o f  d e g r a d a t i o n ,  dur ing  

which m e t a b o l i z a b l e  components have been a t  l e a s t  p a r t l y  re -minera l i zed ;  

such m a t e r i a l  may be expec ted  t o  r e s i s t  f u r t h e r  d e g r a d a t i o n  when re-  

d e p o s i t e d  i n  contemporary sed iments .  I n  c o n t r a s t ,  a  s u b s t a n t i a l  f r a c t i o n  

of newly produced o r g a n i c  m a t t e r ,  w i t h  no p rev ious  h i s t o r y  of d e g r a d a t i o n ,  

shou ld  undergo r a p i d  d e g r a d a t i o n  i n  contemporary sed iments .  To t e s t  t h i s  

h y p o t h e s i s  i t  i s  n e c e s s a r y  t o  d i s c r i m i n a t e ,  i n  t h e  complex m i x t u r e  of 

o r g a n i c  m a t e r i a l s  i n  muds, among t h e  v a r i o u s  s o u r c e s  o f  o r g a n i c  m a t t e r .  I n  

t h i s  p r o j e c t  we have u t i l i z e d  carbon i s o t o p e s  a s  s o u r c e  t r a c e r s  f o r  o r g a n i c  

matter i n  muds from t h e  White Oak and Neuse R i v e r - e s t u a r i e s ,  North C a r o l i n a .  

Carbon I s o t o p e s  as Source  T r a c e r s  f o r  Organic  M a t t e r  

N a t u r a l  carbon c o n s i s t s  of t h e  s t a b l e  i s o t o p e s  12c (98.89%) and 13c 



(1.11%) and t h e  r a d i o a c t i v e  i s o t o p e  14c ( h a l f - l i f e  5,730 y e a r s ) .  Our u s e  

1 4  
of C a s  a  t r a c e r  depends upon age d i f f e r e n c e s  among t h e  v a r i o u s  r e s e r -  

v o i r s  which c o n t r i b u t e  o r g a n i c  m a t t e r  t o  r i v e r i n e  and e s t u a r i n e  sediments .  

With t h e  s t a b l e  i s o t o p e s  we e x p l o i t  t h e  we l l - s tud ied  f r a c t i o n a t i o n  of 12c 

and 1 3 C  i n  n a t u r a l  p r o c e s s e s .  

1 3  I s o t o p e  f r a c t i o n a t i o n .  The mass d i f f e r e n c e  between and C c a u s e s  

t h e  atoms of  t h e s e  i s o t o p e s  t o  r e a c t  chemica l ly  a t  s l i g h t l y  d i f f e r e n t  r a t e s  

and s o  t o  d i s t r i b u t e  themselves  d i f f e r e n t i a l l y  ( i . e . ,  t o  f r a c t i o n a t e )  between 

r e a c t a n t s  and p r o d u c t s .  Usefu l  summaries of f r a c t i o n a t i o n  mechanisms and 

e f f e c t s  a r e  con ta ined  i n  Hoefs (1980).  A t  environmental  t empera tu res  t h e  

f r a c t i o n a t i o n s  produced a r e  s m a l l ,  s o  t h e y  can be expressed  on an  expanded 

("per  m i l , "  o r  p a r t s  p e r  thousand) s c a l e :  

1 3  
1 3  12 - 1 3  12 

- - ' 'sample ( C1 C)sample  ( "s tandard  1000 0,00 1 3  12 
( "s tandard  

The u s u a l  s t a n d a r d  is  t h e  PeeDee be lemni te ,  a  f o s s i l  o f  Cretaceous  age  

1 3  composed of ca lc ium c a r b o n a t e ;  a l l  6 C ' s  i n  t h i s  r e p o r t  a r e  r e l a t i v e  t o  

t h i s  "PDB" s t a n d a r d .  M a t e r i a l s  which a r e  r e l a t i v e l y  e n r i c h e d  i n  12c a r e  s a i d  

t o  be i s o t o p i c a l l y  " l i g h t "  and t h o s e  r e l a t i v e l y  e n r i c h e d  i n  13C  a r e  s a i d  t o  

be "heavy". 

We a r e  concerned h e r e  w i t h  t h e  c a r b o n - i s o t o p i c  composi t ion o f  o r g a n i c  

m a t t e r ,  which d e r i v e s  u l t i m a t e l y  from p h o t o s y n t h e s i s .  The p r o c e s s  of photo- 

s y n t h e s i s  i n v o l v e s  a s u b s t a n t i a l  i s o t o p i c  f r a c t i o n a t i o n  between t h e  i n o r g a n i c  

ca rbon  s o u r c e  r e s e r v o i r  (CO gaseous o r  d i s s o l v e d )  and t h e  o r g a n i c  m a t t e r  
2  ' 

produced: o r g a n i c  m a t t e r  i s  i s o t o p i c a l l y  l i g h t  compared t o  t h e  i n o r g a n i c  

ca rbon .  The magnitude of t h e  i s o t o p i c  f r a c t i o n a t i o n  depends upon t h e  



p h o t o s y n t h e t i c  pathway employed. P l a n t s  employing t h e  c a l v i r i  c y c l e  (C 
3 

p l a n t s :  most h i g h e r  p l a n t s )  produce o r g a n i c  m a t t e r  which i s  l i g h t e r ,  on 

average ,  by abou t  17-27 0100 t h a n  t h e  s o u r c e  carbon.  P l a n t s  which photo- 

s y n t h e s i z e  by t h e  Hatch-Slack pathway (C p l a n t s :  mainly  g r a s s e s ,  i n c l u d i n g  4 

corn  and some sa l t -marsh  s p e c i e s )  a r e  l i g h t e r  t h a n  t h e  s o u r c e  carbon by 

0-12 0100 .  CAM ( c r a s s u l a c e a n  a c i d  metabolism) p l a n t s  ( c e r t a i n  s u c c u l e n t s )  

produce f r a c t i o n a t i o n s  o v e r l a p p i n g  t h e  ranges  of C and C p l a n t s ;  t h e s e  do 3 4 

n o t  f i g u r e  s i g n i f i c a n t l y  i n  o u r  f i e l d  a r e a s  and a r e  o m i t t e d  from f u r t h e r  

d i s c u s s i o n .  

Added t o  t h e  v a r i a b i l i t y  i n  t h e  i s o t o p i c  composi t ion o f  p l a n t  carbon 

due t o  p h o t o s y n t h e t i c  pathway i s  t h a t  which a r i s e s  from v a r i a t i o n s  i n  

i s o t o p i c  composi t ion of t h e  i n o r g a n i c  carbon s o u r c e s  which a r e  u t i l i z e d .  

Impor tan t  s o u r c e  r e s e r v o i r s ,  t o g e t h e r  w i t h  t h e i r  i s o t o p i c  composi t ions ,  

i n c l u d e  t h e  fo l lowing :  

Atmospheric CO 
2  

- 7 

Disso lved  CO marine  
2  ' 

Disso lved  C02, f r e s h w a t e r  

Marine c a r b o n a t e s  

Freshwater  c a r b o n a t e s  -15 t o  +4 

Disso lved  CO ( c h i e f l y  HCO- i n  most n a t u r a l  w a t e r s )  i s  h e a v i e r  t h a t  gaseous  2  3 

CO due t o  isotope-exchange e q u i l i b r i a .  Freshwater  d i s s o l v e d  CO and 
2  2  

c a r b o n a t e s  a r e  g e n e r a l l y  i s o t o p i c a l l y  l i g h t e r  t h a n  t h e i r  mar ine  c o u n t e r p a r t s  

because  of t h e  g r e a t e r  i n f l u e n c e  of l i g h t  p l a n t  ca rbon ,  added through 

r e s p i r a t i o n .  Thus, f o r  a  g iven  p h o t o s y n t h e t i c  pathway, a marine p l a n t ,  

u s i n g  HCO- as carbon s o u r c e ,  w i l l  be i s o t o p i c a l l y  h e a v i e r  t h a n  a  t e r r e s t r i a l  3 



p l a n t ,  u s i n g  a tmospher ic  CO And i n  c a s e s  where t h e  i s o t o p i c  composi t ion 
2  ' 

o f  t h e  carbon s o u r c e  r e s e r v o i r  can f l u c t u a t e ,  due t o  v a r i a b l e  i n p u t s  o f  

a tmospher ic ,  marine and r e s p i r e d  CO cor responding  f l u c t u a t i o n s  must be 
2  ' 

a n t i c i p a t e d  i n  t h e  i s o t o p i c  composi t ion o f  newly-produced o r g a n i c  m a t t e r ;  

e s t u a r i e s  may be p a r t i c u l a r l y  s u s c e p t i b l e  t o  v a r i a b i l i t y  of t h i s  s o r t  

( S p i k e r ,  1980) .  

D e s p i t e  t h e  e v i d e n t  c o m p l i c a t i o n s ,  t h e  r e g u l a r i t i e s  i n  s t a b l e  i s o t o p i c  

composi t ion s u f f i c e  t o  pe rmi t  some degree  o f  d i s c r i m i n a t i o n  among s o u r c e s  of 

o r g a n i c  m a t t e r  (Hoefs,  1980: s e e  F ig .  l a ) .  T e r r e s t r i a l  macrophytes,  which 

a r e  mainly C p l a n t s  o p e r a t i n g  on a tmospher ic  CO a r e  c h a r a c t e r i s t i c a l l y  
3  2  ' 

l i g h t  ( t y p i c a l l y  -30 < 613c < -24 0100).  The e a r l y  s t a g e s  of decomposi t ion 

do n o t  a l t e r  t h e  i s o t o p i c  s i g n a t u r e  (Brown e t  a l ,  1972; Haines and Montague, 

1979) ,  s o  t h a t  s o i l  o r g a n i c  m a t t e r  and sewage a r e  a l s o  expected t o  be l i g h t .  

D i e t s  r i c h  i n  c o r n  and s u g a r  cane,  both  C p l a n t s ,  would s h i f t  sewage toward 
4  

a h e a v i e r  i s o t o p i c  composi t ion (van d e r  Merwe, 1982) ,  b u t  two sewage s l u d g e  

samples from New York C i t y  were found t o  have s ' ~ c ' s  o f  -25.7 0/00 and 

-26.0 0/00 (Burne t t  and S c h a e f f e r ,  1980) .  Coal and o i l  a r e  n o t  d i s t i n g u i s h a b l e  

from C p l a n t s  i n  t h e  c a r b o n - i s o t o p i c  composi t ion.  Marine p lank ton  c o l l e c t e d  
3  

from tempera te  and t r o p i c a l  waters a r e  found t o  be r e l a t i v e l y  heavy 

(-22 < 613c < -18 0/00) ( S a c k e t t  e t  a l ,  1974) ,  though i n  c u l t u r e  exper iments  

most o f  17  t a x a  of phytoplankton produced i s o t o p i c  f r a c t i o n a t i o n s  a s  l a r g e  

as t h o s e  o f  C p l a n t s  (Wong and S a c k e t t ,  1978) ;  p r e s e n t  knowledge of t h e  
3  

physiology and ecology of  t h e  phytoplankton is i n a d e q u a t e  t o  e x p l a i n  t h e  

a p p a r e n t  d i sc repancy  between f i e l d  samples and l a b o r a t o r y  c u l t u r e s .  The 

f i e l d  d a t a  form t h e  b a s i s  o f  numerous s t u d i e s  of ca rbon  i s o t o p i c  composi t ion 

of o r g a n i c  m a t t e r  i n  c o a s t a l  sed iments  (e .g . ,  S a c k e t t  and Thompson, 1963; 



C3 P M S  (MDST TERRESTRIAL) 

SOIL CARBON, SEWAGE, COAL 

SALT WEH 
SDIKNT 

SOIL 
CARBON 

-32 %, 

aNL 
OIL 

OIL 

1 ! I I 
-3000 0 1000 10,000 QO 

14c AGE, YEARS 

F i g u r e  1. Carbon i s o t o p i c  s i g n a t u r e s  o f  o r g a n i c  m a t t e r .  
(A) S t a b l e  carbon i s o t o p e s  ( 6  3~ r e l a t i v e  t o  PDB s t a n d a r d )  . 
(B) S t a b l e  ca rbon  i s o t o p e s  and 14c a  e .  Negat ive  14c a g e s  

r e f l e c t  con tamina t ion  w i t h  bomb g4C. 



Hunt, 1970; S h u l t z  and Ca lder ,  1976; Gear ing e t  a l ,  1977) .  Genera l ly  613c 

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

1 3  c o a s t  (from 613c < -24 0100 t o  6  C -20 0 / 0 0 ) ;  t h i s  i s  i n t e r p r e t e d  a s  

i n d i c a t i n g  t h a t  t h e  carbon prese rved  i n  Recent sed iments  on t h e  c o n t i n e n t a l  

s h e l v e s  is  l a r g e l y  d e r i v e d  from marine  p h o t o s y n t h e s i s .  

14 
C a g e s  of carbon s o u r c e s .  With r e s p e c t  t o  o u r  g o a l  of c h a r a c t e r i z i n g  

t h e  r e a c t i v e  o r  m e t a b o l i z a b l e  f r a c t i o n  of o r g a n i c  matter i n  contemporary 

sed iments ,  t h e  s t a b l e  carbon i s o t o p e s  have t h e  d e f e c t  of n o t  d i s c r i m i n a t i n g  

between o r g a n i c  m a t t e r  from modern p l a n t s  and from aged r e s e r v o i r s  ( sed iments ,  

s o i l s ,  c o a l ,  o i l :  F ig .  l a ) .  Th i s  d e f e c t  i s  remedied i n  p a r t  by add ing  14c 
14 

(F ig .  l b )  . Coal and o i l  c o n t a i n  no 14c ( " i n f i n i t e t t  C a g e ) .  The o r g a n i c  

14 
m a t t e r  from t h e  t o p  one meter  of s o i l  p r o f i l e s  has  a v e r a g e  C a g e  v a r y i n g  

between z e r o  and thousands  of y e a r s ,  w i t h  average  a g e  t y p i c a l l y  i n c r e a s i n g  

w i t h  i n c r e a s i n g  dep th  i n  t h e  p r o f i l e  (Campbell e t  a l ,  1 9 6 7 ;  Scharpensee l  

e t  a l ,  1969; Scharpensee l ,  1970; M a r t e l  and P a u l ,  1974) .  A s i m i l a r  p a t t e r n  

o f  14c ages  may be expec ted  i n  sa l t -marsh  sed iments ,  a l t h o u g h  t h e  v e r t i c a l  

s c a l e  may be expanded ( e . g . ,  Bloom and S t u i v e r ,  1963) ;  s t a b l e  carbon 

i s o t o p e s  w i l l  be h e a v i e r  t h a n  i n  s o i l  p r o f i l e s  i f  C sa l t -marsh  p l a n t s  
4  

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  sedimentary  o r g a n i c  m a t t e r  (Haines ,  1976) .  

1 4  C l e a r l y  t h e  a v e r a g e  C age  of o r g a n i c  m a t t e r  d e r i v e d  from s o i l s  o r  salt- 

marsh sed iments  w i l l  depend upon t h e  dep th  of a c t i v e  e r o s i o n ,  bu t  t h i s  

m a t e r i a l  w i l l  c e r t a i n l y  be o l d e r  t h a n  contemporary v e g e t a t i o n ;  p e a t  exposed 

a t  low t i d e  i n  a wave-cut bank f a c i n g  Core Sound, North C a r o l i n a  gave 14c 

a g e s  (8 l3c-cor rec ted ,  5,730-year h a l f - l i f e )  from 260 t o  490 y e a r s  (C .S. 

Martens,  unpubl i shed  d a t a ) .  

Contemporary v e g e t a t i o n  and immediate by-products a r e  shown i n  F i g u r e  



l b  as hav ing  formal  n e g a t i v e  a g e ,  t h a t  i s ,  a s  c o n t a i n i n g  excess  14c. T h i s  

14 e x c e s s  h a s  r e s u l t e d  from a r t i f i c i a l  C p roduc t ion  d u r i n g  t h e  p e r i o d  of 

a tmospher ic  t e s t i n g  of n u c l e a r  weapons ("bomb 14c") .  By convent ion t h e  

zero-age d a t e  f o r  14c i s  taken  a s  A.D.  1950, p r i o r  t o  con tamina t ion  of t h e  

atmosphere w i t h  a r t i f i c i a l  14c. Contemporary v e g e t a t i o n  c o n t a i n s  bomb 14c 

and t h u s  h a s  n e g a t i v e  age  on t h i s  s c a l e .  

Turekian and Benoi t  (1981) used carbon i s o t o p e s  t o  c o n s t r a i n  s o u r c e s  of 

o r g a n i c  m a t t e r  t o  sediments  of t h e  i n n e r  New York Bigh t .  I n  a d d i t i o n ,  

s e v e r a l  p r e v i o u s  i n v e s t i g a t o r s  have used 14c a g e ,  a l o n e  o r  i n  combinat ion 

1 3  
w i t h  6 C ,  a s  a n  i n d i c a t o r  o f  provenance of o r g a n i c  m a t t e r  i n  c o a s t a l  

sed iments .  Er lenkeuser  e t  a1 (1974) p r e s e n t e d  carbon i s o t o p e  d a t a  on r e c e n t  

sed iments  from t h e  B a l t i c  Sea.  By e x t r a p o l a t i n g  1 4 C  age  from d e p t h  i n  l o n g  

c o r e s  t h e y  showed a " r e c e n t  age" ( i . e . ,  age  a t  z e r o  dep th)  of 850 y e a r s .  

Th i s  age  i s  n o t  o b t a i n e d  by d i r e c t  measurements on core - top  o r g a n i c  m a t t e r  

1 4  because  of r e c e n t  a d d i t i o n s  o f  f o s s i l - f u e l  carbon ( i n f i n i t e  C age)  and 

bomb 14c.  The 850-year " r e c e n t  age" was i n t e r p r e t e d  a s  r e s u l t i n g  from 

admixture  of f o s s i l  o r g a n i c  m a t t e r  e roded  from nearby  g l a c i a l  sed iments .  

S i m i l a r l y ,  Benoi t  e t  a 1  (1979) found a n  e x t r a p o l a t e d  " r e c e n t  age" o f  

2310 4 310 y e a r s  f o r  a  sediment  c o r e  from Long I s l a n d  Sound. These i n v e s t -  

i g a t o r s  i n t e r p r e t e d  t h i s  a s  t h e  age  of t h a t  f r a c t i o n  of t o t a l  carbon 

d e p o s i t e d  which s u r v i v e s  d e g r a d a t i o n  and is b u r i e d  ( t h e  non-metabol izable  

o r  r e f r a c t o r y  o r g a n i c  m a t t e r ) ;  s o i l s  were regarded  a s  t h e  p robab le  s o u r c e  

o f  t h i s  aged m a t e r i a l .  Bax te r  e t  a 1  (1980) found an  e x t r a p o l a t e d  " r e c e n t  

age" o f  3000 y e a r s  f o r  a  sediment c o r e  from t h e  F i r t h  of Clyde; i n  t h i s  

c a s e  t h e  aged f r a c t i o n  of o r g a n i c  m a t t e r  was thought  t o  be  predominant ly  

Carbon i fe rous  c o a l  eroded from t h e  nearby  c o a s t l i n e .  



Research S t r a t e g y  

General  approach.  P rev ious  i n v e s t i g a t i o n s  of c a r b o n - i s o t o p i c  compo- 

s i t i o n  of o r g a n i c  m a t t e r  from c o a s t a l  sediments  s u p p o r t  o u r  presumption t h a t  

t h e  r e f r a c t o r y  f r a c t i o n  o f  o r g a n i c  m a t t e r  i n  t h e s e  sediments  must be d e r i v e d  

i n  p a r t  from aged r e s e r v o i r s .  It was o u r  purpose  t o  t e s t  t h i s  h y p o t h e s i s  i n  

sed iments  from North C a r o l i n a  e s t u a r i e s .  I f  i t  cou ld  be  shown t h a t  t h e  

o r g a n i c  m a t t e r  which s u r v i v e s  m i c r o b i a l  d e g r a d a t i o n  i n  t h e s e  sed iments  i s  

dominated by r e f r a c t o r y  r e s i d u e s  from s o i l s  o r  sed iments ,  t h e n  t h e  c l e a r  

i m p l i c a t i o n  would be t h a t  i n c r e a s e d  i n p u t s  of modern was tes  would i n c r e a s e  

m i c r o b i a l  a c t i v i t y ,  p o t e n t i a l l y  a f f e c t i n g  w a t e r  q u a l i t y .  

Our work has  two major components. The d e t e r m i n a t i o n  of t h e  carbon- 

i s o t o p i c  composi t ion o f  t h e  o r g a n i c  f r a c t i o n  of sediment  samples p r o v i d e s  

t h e  b a s i s  f o r  s o u r c e  d i s c r i m i n a t i o n  and t h u s  f o r  d i s t i n c t i o n s  between t h e  

m e t a b o l i z a b l e  and r e f r a c t o r y  f r a c t i o n s .  Modern sediment c h r o n o l o g i e s ,  based 

upon n a t u r a l l y - o c c u r r i n g  e x c e s s  'l0pb and f a l l o u t  239y  2 4 0 ~ u ,  have been used 

14 t o  e s t a b l i s h  a  sediment-age c o n t e x t  f o r  i n t e r p r e t a t i o n  of t h e  C ages  on 

o r g a n i c  m a t t e r .  

F i e l d  a r e a s .  I n  choosing f i e l d  a r e a s  we recognized  t h e  n e c e s s i t y  bo th  -- 
t o  t e s t  o u r  h y p o t h e s i s  i n  a  r e l a t i v e l y  s imple  sys tem and t o  a t t e m p t  i t s  

a p p l i c a t i o n  i n  a  l a r g e r  sys tem of more immediate p r a c t i c a l  i n t e r e s t .  

Accordingly ,  w e  chose  t h e  White Oak and Neuse River  e s t u a r i e s  as f i e l d  a r e a s  

f o r  t h i s  s t u d y .  

The d r a i n a g e  b a s i n  o f  t h e  White Oak l i e s  e n t i r e l y  w i t h i n  t h e  Coas ta l  

P l a i n  and i s  s m a l l  enough t o  be  q u i t e  homogeneous g e o l o g i c a l l y .  P o p u l a t i o n  

is s p a r s e ,  and  t h e  major human impact is probably  t h a t  a s s o c i a t e d  w i t h  l a n d  

u s e  i n  a g r i c u l t u r e .  Background s t u d i e s  a p p l i c a b l e  t o  o u r  r e s e a r c h  were 



a v a i l a b l e  (Martens and Goldhaber,  1978 and unpubl i shed  d a t a ) .  

The Neuse River  d r a i n s  approximately  6,000 s q u a r e  m i l e s  of t h e  North 

C a r o l i n a  Piedmont and C o a s t a l  P l a i n  ( B i l l i n g s l e y ,  F i s h  and S c h i p f ,  1957) ,  

a n  a r e a  l a r g e  enough t o  encompass d i v e r s e  geology and l a n d  u s e  and which 

c o n t a i n s  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  p o p u l a t i o n  of t h e  s t a t e ;  i n d u s t r y  

i s  p r e s e n t ,  b u t  t h e  d r a i n a g e  b a s i n  i s  n o t  h e a v i l y  i n d u s t r i a l i z e d .  S t u d i e s  

o f  sed imenta ry  d i a g e n e s i s  i n  t h e  Neuse e s t u a r y  (M. Brinson and E .  Matson, 

E a s t  C a r o l i n a  U n i v e r s i t y ,  w i t h  WRRI s u p p o r t )  were i n  p r o g r e s s .  

11. METHODS 

Sampling 

Sediment c o r e s  were c o l l e c t e d  i n  t h e  White Oak River  and e s t u a r y  on 

7  A p r i l  1982 w i t h  t h e  c o l l a b o r a t i o n  of J e f f r e y  P. Chanton of t h e  Curr iculum 

i n  Marine S c i e n c e s ,  UNC-Chapel H i l l  and Norman H.  C u t s h a l l  and C u r t i s  R. 

Olsen of Oak Ridge N a t i o n a l  Laboratory .  Sampling sites were s e l e c t e d  t o  

c o i n c i d e  w i t h  s t a t i o n  F ( h e r e  d e s i g n a t e d  WORF) of Martens and Goldhaber 

(1978) and s t a t i o n  H ( h e r e  WORH) of Gruebel  (1981) ( F i g .  2 ) .  S t a t i o n  

WORF was approx imate ly  28 km upst ream of t h e  highway b r i d g e  a t  Swansboro, 

North C a r o l i n a  (NC Highway 24) .  Sediment pore-water s a l i n i t i e s  a t  t h i s  

s i t e  i n d i c a t e  no r e g u l a r  seawate r  i n t r u s i o n  (Martens and Goldhaber,  1978) .  

S t a t i o n  WORH was l o c a t e d  about  7.5 km upstream of  t h e  highway b r i d g e  a t  

Swansboro. T h i s  s i t e  i s  w i t h i n  t h e  e s t u a r y :  pore-water s a l i n i t i e s  rang ing  

from 2-26 0/00 have been r e p o r t e d  (Gruebel ,  1981) .  A t  b o t h  WORF and WORH 

w a t e r  dep th  was l e s s  t h a n  two mete r s .  Cores were t a k e n  i n  a s i x - i n c h  

d iamete r ,  s t a i n l e s s  s t e e l  c o r e r  which was pushed manually i n t o  t h e  sed iment .  
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Figure 2.  S t a t ion  loca t ions ,  e a s t e r n  North Carol ina:  boxed a r e a  a t  l e f t  is 
enlarged a t  r i g h t .  NB =.New Bern, North Carol ina.  Neuse River 
es tuary  s t a t i o n s :  NRC, NRE, NRG, NRH; r e s u l t s  a r e  presented  on 
sediment cores  from NRC and NRH. White Oak River  e s tua ry  s t a t i o n s :  
WORE, WORH . 



For convenience t h e s e  c o r e s  a r e  d e s i g n a t e d  WORFl and WORH1. The c o r e s  

were subsampled i n  t h e  f i e l d  i n t o  two-cent imeter  dep th  i n t e r v a l s .  A l l  

subsamples were f r o z e n  w i t h i n  one day of c o r e  c o l l e c t i o n  and were main- 

t a i n e d  f r o z e n  u n t i l  t h e y  cou ld  be d r i e d  i n  t h e  l a b o r a t o r y  i n  Chapel H i l l .  

Sediment c o r e s  were c o l l e c t e d  i n  t h e  Neuse River  e s t u a r y  on 7 J u l y  

1982. Core samples were c o l l e c t e d  a t  s t a t i o n s  H,G,E, and C of M. Br inson 

and E. Matson, E a s t  C a r o l i n a  U n i v e r s i t y .  The c o r e s  from s t a t i o n  H ( h e r e  

d e s i g n a t e d  NRH) and C (NRC) were s e l e c t e d  f o r  d e t a i l e d  s t u d y ;  t h e s e  c o r e s  

a r e  d e s i g n a t e d  N R H l  and NRC1. S t a t i o n s  NRH and NRC were approximately  i n  

mid-channel, 60 km and 2 . 7  km, r e s p e c t i v e l y ,  downstream from t h e  Highway 1 7  

b r i d g e  a t  New Bern, North C a r o l i n a .  A t  t h e  t ime  of sampl ing t h e  w a t e r  

dep th  a t  NRH was 6.7 m and s a l i n i t i e s  were 12 0/00 ( s u r f a c e  w a t e r )  and 

1 3  0/00 (6  m d e p t h ) ;  w a t e r  dep th  a t  NRC was 3.4 m,  and s a l i n i t i e s  were 

0.9 0 /00  ( s u r f a c e )  and 3 .8  0/00 ( 3  m d e p t h ) .  Cores were c o l l e c t e d  

manually by d i v e r s  (M. Brinson and E .  Matson) u s i n g  SCUBA. Four-inch 

p o l y b u t y r a t e  t u b e s  (118-inch w a l l )  were pushed i n t o  t h e  sediment  and s e a l e d  

t o p  and bottom w i t h  rubber  s t o p p e r s  p r i o r  t o  wi thdrawal .  Some core -  

s h o r t e n i n g  was observed:  t h a t  i s ,  t h e  sediment-water i n t e r f a c e  w i t h i n  t h e  

c o r e  t u b e  was v i s i b l y  lower  t h a n  i n  t h e  su r rounding  sediment .  About 1 cm 

s h o r t e n i n g  was observed i n  c o r e  NRH1, 4-5 cm i n  c o r e  NRC1. Cores were 

s h i e l d e d  from d i r e c t  s u n l i g h t  i n  t h e  f i e l d  and were  r e t u r n e d  t o  t h e  s h o r e  

l a b o r a t o r y  (Pamlico E s t u a r i n e  Labora to ry ,  E a s t  C a r o l i n a  U n i v e r s i t y )  f o r  

subsampling.  A l l  c o r e s  were subsampled i n  two-centimeter dep th  inc rements .  

The topmost two c e n t i m e t e r s  was i n  a l l  c a s e s  ve ry  f l u i d  and was sampled 

from t h e  c o r e  t u b e  w i t h  a  p l a s t i c  spoon; t h e  remainder  of t h e  c o r e  was 



subsampled by e x t r u s i o n  from t h e  c o r e  t u b e .  Below 6-10 cm dep th  t h e  sediment  

was s u f f i c i e n t l y  cohes ive  t h a t  t h e  outermost  Q 2 mm cou ld  be trimmed from 

each i n t e r v a l  and d i s c a r d e d .  Subsampling was completed i n  a l l  c a s e s  w i t h i n  

f o u r t e e n  hours  of c o r e  c o l l e c t i o n .  The subsamples were s e a l e d  i n t o  p l a s t i c  

pouches and were s t o r e d  f r o z e n  ( i n c l u d i n g  t h e  t o p  12 cm of each c o r e )  o r  

r e f r i g e r a t e d  u n t i l  t h e y  cou ld  be d r i e d  i n  t h e  l a b o r a t o r y  i n  Chapel H i l l .  

Bulk P r o p e r t i e s  - and I s o t o p e  Chemistry 

A l l  subsamples were d r i e d  a t  9 0 - 1 0 0 ~ ~ .  P e r  c e n t  w a t e r  i s  t h e  p e r  c e n t  

mass l o s t  (wet-mass b a s i s )  on d ry ing .  The d r i e d  subsamples were t h e n  ground 

i n  a  ce ramic  m o r t a r ;  t o  a i d  i n  homogenization t h e  mor ta r  used was l a r g e  

enough t o  c o n t a i n  t h e  e n t i r e  subsample a s  one charge.  Except f o r  t h e  sub- 

samples from c o r e  WORF1, t h e  p roduc t s  of t h i s  g r i n d i n g  were powders which 

were v i s u a l l y  homogeneous w i t h  r e s p e c t  t o  t h e i r  major components. The WORFl 

subsamples were v i s u a l l y  inhomogeneous: p o l y d i s p e r s e  o r g a n i c  matter and 

s i l i c a t e  sand c o n t r i b u t e d ,  i n  v a r y i n g  p r o p o r t i o n s ,  t o  every  subsample. 

There be ing  no p r a c t i c a l  way t o  homogenize materials of such  d i s p a r a t e  

d e n s i t y ,  a l i q u o t s  o f  t h e  WORFl subsamples f o r  a l l  subsequent  chemical  

measurements were t a k e n  w i t h  a r i f f l e - t y p e  m i c r o s p l i t t e r .  

One- t o  ten-gram a l i q u a n t s  of t h e  d r i e d  subsamples were r o a s t e d  i n  a i r  

f o r  two days a t  4 7 5 ' ~ .  Loss-on- igni t ion (LOI) i s  t h e  p e r  c e n t  mass l o s t  

(dry-mass b a s i s )  on r o a s t i n g .  

2 1 0  
2 1 0 ~ b  w a s  determined a s  t h e  g randdaughte r  Po, which was assumed t o  

e x i s t  i n  s e c u l a r  e q u i l i b r i u m  w i t h  2 1 0 ~ b  i n  t h e s e  samples .  One- t o  t h r e e -  

gram a l i q u a n t s  of t h e  d r i e d  subsamples were t o t a l l y  d i s s o l v e d  by f i r s t  

t r e a t i n g  w i t h  HNO - H C 1  t o  o x i d i z e  o r g a n i c  m a t t e r ,  t h e n  a t t a c k i n g  t h e  3 



s i l i c a t e  r e s i d u e  w i t h  a m i x t u r e  of HF, HNO and H SO (300:100:50 by 
3  2  4 

208 
volume). Y i e l d - t r a c e r  Po was p r e s e n t  throughout  t h e  d i s s o l u t i o n  p r o c e s s .  

Polonium i s o t o p e s  were d e p o s i t e d  o n t o  s i l v e r  d i s k s  from warm, s t i r r e d  1 N 

H C 1  and were determined by a l p h a  spec t romet ry .  

2 3 9 ' 2 4 0 ~ ~  was determined u s i n g  s l i g h t  m o d i f i c a t i o n s  of t h e  p rocedure  

of Krishnaswami and S a r i n  (1976).  One- t o  seventeen-gram ( g e n e r a l l y  3-10 

gram) a l i q u a n t s  of d r i e d  sediment  were mois tened w i t h  7  N HNO t h e n  s p i k e d  
3  ' 

w i t h  0.84 dpm 2 4 2 ~ u  a s  y i e l d  t r a c e r .  Two l e a c h e s ,  w i t h  h o t  HNO (60 ml) 
3  

and h o t  HN03 (40 ml) + H C 1  (20 m l ) ,  were used t o  s o l u b i l i z e  f a l l o u t  plutonium. 

Plutonium was s e p a r a t e d  from t h e  combined l e a c h a t e s  by anion-exchange chrom- 

a tography  and e l e c t r o d e p o s i t e d  on s t a i n l e s s  s t e e l  p l a n c h e t s  (pupha1 and 

Olsen,  1972; K r e s s i n ,  1977) f o r  d e t e r m i n a t i o n  by a l p h a  spec t romet ry .  

Carbon i s o t o p e  measurements were purchased from Beta  A n a l y t i c ,  I n c . ,  

of  Cora l  Gables ,  F l o r i d a .  I n  most c a s e s  12c,  13c and 14c were determined on 

a  s i n g l e ,  l a r g e  (35-100 grams) sample. To supplement t h e s e  d a t a  and t o  test  

( a t  r e l a t i v e l y  low c o s t )  f o r  c o n s i s t e n c y  w i t h i n  c o r e s ,  some a d d i t i o n a l ,  

s m a l l e r  (2-4 grams) samples were ana lyzed  f o r  1 2 C  and 13c on ly .  S i n c e  

d e t e r m i n a t i o n s  on t h e  o r g a n i c  f r a c t i o n  were d e s i r e d ,  sediment samples were 

p r e - t r e a t e d  t o  remove CaCO t h e s e  p r e - t r e a t m e n t s  were performed i n  o u r  
3 ; 

l a b o r a t o r i e s .  The sediment was s l u r r i e d  i n  a  l a r g e  e x c e s s  of 0 .6  N H C 1  and 

s t i r r e d ,  e i t h e r  c o n t i n u o u s l y  o r  a t  f r e q u e n t  i n t e r v a l s ,  f o r  a  minimum of 30 

minutes .  Calcium c a r b o n a t e  was a  minor c o n s t i t u e n t  i n  o u r  samples ,  and 

v i s i b l e  CO r e l e a s e  ceased  i n  a l l  c a s e s  w i t h i n  a few minutes .  The t r e a t e d  
2  

sediment  was c o l l e c t e d  by c e n t r i f u g a t i o n  and f i l t r a t i o n  under  vacuum, w i t h  

copious  washing t o  remove e x c e s s  a c i d ;  a f t e r  washing,  i t  was r e - d r i e d  and 



ground f o r  ca rbon- i so tope  a n a l y s i s .  A t  Beta  A n a l y t i c  t h e  samples were 

1 3  combusted i n  0 t o  c o n v e r t  o r g a n i c  carbon t o  CO 6 C was measured mass- 
2 2 ' 

s p e c f r o m e t r i c a l l y  on t h e  CO gas .  For t h e  14c measurements t h e  CO was 
2 2 

chemica l ly  conver ted  t o  benzene,  which was counted by l i q u i d  s c i n t i l l a t i o n  

(Noakes e t  a l ,  1965; Polach and S t i p p ,  1967; C a l v e r t  e t  a l ,  1978) .  

111. RESULTS 

General  Core D e s c r i p t i o n s  

General  d e s c r i p t i o n s  of t h e  f i e l d  s i t e s  and of t h e  sed iments  c o l l e c t e d  

a r e  g iven  i n  Tab le  1. S t a t i o n s  WORH (White Oak e s t u a r y ) ,  NRH and NRC (Neuse 

e s t u a r y )  were a l l  i n  muddy (predominant ly  s i l t  + c l a y )  sediments .  The mud 

from WORHl was g e n e r a l l y  d a r k e r  t h a n  t h a t  c o l l e c t e d  i n  t h e  Neuse, excep t  

t h a t  a h o r i z o n  i n  N R C l  (18-24 cm) was a s  d a r k  a s  t h e  White Oak sediment .  

Organic m a t t e r  i n  t h e s e  muds was mainly f i n e - g r a i n e d ;  l e a v e s  a n d / o r  woody 

f ragments  were n o t e d  a t  t h e  sediment-water i n t e r f a c e  a t  NRC and i n t e r m i t t e n t l y  

down c o r e  WORH1. Coal f ragments  were found a t  t h e  b a s e  (38-42 cm) of c o r e  

N R C 1 .  A l l  of t h e s e  e s t u a r i n e  sediments  c o n t a i n e d  minor s h e l l  m a t e r i a l  and,  

e x c e p t i n g  t h o s e  from NRC, a l l  smel led  of hydrogen s u l f i d e .  

As n o t e d  i n  Tab le  1, t h e  sediment from c o r e  WORFl (White Oak River )  

c o n t a i n e d  v a r i a b l e  p r o p o r t i o n s  of o r g a n i c  m a t t e r  and s i l i c a t e  m i n e r a l s .  

Both f r a c t i o n s  were  g e n e r a l l y  c o a r s e r  t h a n  i n  t h e  e s t u a r i n e  sed iments ,  and 

t h e  p r o p o r t i o n  of s i l i c a t e  sand i n c r e a s e d  n o t i c e a b l y  w i t h  dep th  i n  t h e  c o r e .  

There was no macroscopic  s h e l l  m a t e r i a l ,  and a s l i g h t  odor  o f  hydrogen 

s u l f i d e  was d e t e c t e d  o n l y  i n t e r m i t t e n t l y .  



Table  1. Sample l o c a t i o n s  and c o r e  descriptions. 

S t a t i o n  - WORF, -- c o r e  WORF1. 3 4 ° 4 9 . 6 ' ~ ,  7 7 O 1 0 . 8 ' ~ .  C o l l e c t e d  n e a r  SE bank, 
o f f s h o r e  o f  roo ted  g r a s s e s  n e a r e s t  t h e  bank. V a r i a b l e  p r o p o r t i o n s  
of r e l a t i v e l y  c o a r s e  o r g a n i c  m a t t e r  and s i l i c a t e s  w i t h  dep th  i n  
t h e  c o r e ,  w i t h  conspicuous  i n c r e a s e  i n  sand c o n t e n t  w i t h  depth .  
S l i g h t  s m e l l  of hydrogen s u l f i d e  i n t e r m i t t e n t .  

S t a t i o n  - WORH, -- c o r e  WORH1. 3 4 ' 4 5 ' ~ ~  77 '7 .2 '~ .  C o l l e c t e d  j u s t  s o u t h  of 
channe l  marker 20. Dark mud w i t h  o c c a s i o n a l  macroscopic o r g a n i c  
m a t t e r  ( l e a v e s  a n d / o r  wood f ragments ) .  B iva lve  s h e l l  m a t e r i a l  
v i s i b l e  th roughout ,  bu t  minor.  S u l f i d i c .  

S t a t i o n  - NRC, -- c o r e  NRC1 .  3 5 ' 5 . 3 ' ~ ,  7 7 ° 1 . ~ ' ~ .  C o l l e c t e d  approximately  mid- 
e s t u a r y .  Dark mud; 18-24 cm dep th  a p p r e c i a b l y  d a r k e r  t h a n  
sediment  above o r  below, w i t h  s h a r p  i n t e r f a c e  between gray  and 
b l a c k  mud i n  i n t e r v a l  24-26 cm. Leaves,  s t i c k s  on sediment 
s u r f a c e .  Oxidized l a y e r  > 1 cm, < 2 cm t h i c k .  Two a r t i c u l a t e d  
Rangia a t  4-6 cm. Macroscopic c o a l  f ragments  i n  38-40 cm, 
40-42 cm. 

S t a t i o n  - NRH, -- c o r e  NRH1.  35'5.7'N, 7 6 ° 3 0 . 0 ' ~ .  C o l l e c t e d  approximately  mid- 
e s t u a r y .  Dark mud. Bottom was dense ly  burrowed a t  t h i s  s t a t i o n .  
Oxidized l a y e r  approximately  0 .5  cm. Minor s h e l l  m a t e r i a l  v i s i b l e  
i n  t o p  20 cm; no i n t a c t  v a l v e s .  S u l f i d i c .  



Bulk P r o p e r t i e s  and I s o t o p i c  R e s u l t s  - 

Bulk p r o p e r t i e s .  P e r  c e n t  wa te r  and p e r  c e n t  LO1 ( l o s s  on i g n i t i o n )  

f o r  t h e  f o u r  sediment c o r e s  a r e  given i n  Tab le  2,  and t h e  LO1 d a t a  a r e  

d i s p l a y e d  i n  F i g u r e s  3-6. 

O v e r a l l  t h e  nominal r ange  i n  pe r  c e n t  w a t e r  was about  32-86 %. Both 

extremes are s u s p e c t  a s  t r u e  measures of i n  s i t u  w a t e r  c o n t e n t :  t h e  h i g h e s t  

v a l u e s  were from c o r e  t o p s ,  where t h e  p r e c i s e  l o c a t i o n  of t h e  sediment-water 

i n t e r f a c e  was d i f f i c u l t  t o  e s t a b l i s h ,  t h e  lowest  from sandy h o r i z o n s  which 

may have d r a i n e d  d u r i n g  subsampling.  Below t h e  topmost samples and f o r  

w a t e r  c o n t e n t s  g r e a t e r  t h a n  about  45 %, however, t h e  r e s u l t s  shou ld  be f r e e  

of sampl ing a r t i f a c t s .  I n  u n d i s t u r b e d  sed iments  of uniform l i t h o l o g y  w a t e r  

c o n t e n t  shou ld  d e c r e a s e  s lowly  w i t h  i n c r e a s i n g  dep th ,  due t o  compaction.  

Th is  p a t t e r n  was n o t  observed i n  any of t h e  sediment  c o r e s  s t u d i e s  h e r e .  

Ra ther ,  t h e  l a r g e  ranges  i n  water c o n t e n t  and t h e  f l u c t u a t i o n s  w i t h  dep th  i n  

t h e  c o r e s  r e f l e c t  v a r i a b l e  l i t h o l o g y :  mud has  a h i g h e r  w a t e r  c a p a c i t y  t h a n  

does  sand.  

Water c o n t e n t  and LO1 were p o s i t i v e l y  c o r r e l a t e d ;  t h i s  i s  o f t e n  observed 

i n  sed iments  o f  v a r i a b l e  l i t h o l o g y  (e .g . ,  Benninger and Krishnaswami, 1981) .  

L i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  between t h e s e  pa ramete rs  were > 0.97 f o r  

c o r e s  WORFl (2-40 cm, 44-48 cm), N R C l  (2-20 cm, 24-42 cm) and N R H l  (2-46 cm) 

and 0 . 8 1  f o r  c o r e  WORHl (0-44 cm). The d a t a  o m i t t e d  i n  computing t h e s e  

c o r r e l a t i o n s  i n c l u d e  t h o s e  i d e n t i f i e d  above a s  be ing  s u s p e c t  and,  i n  a d d i t i o n ,  

samples 20-22 cm and 22-24 cm from N R C 1 ;  t h e s e  l a t t e r  samples were  among 

t h o s e  found t o  be  d a r k e r  t h a n  t h e  su r rounding  sediment (Table  1 ) .  I n  g e n e r a l ,  

t h e n ,  w a t e r  c o n t e n t  and LO1 a r e  redundant i n d i c a t o r s  of l i t h o l o g i c  



T a b l e  2 .  Bulk  s e d i m e n t  p r o p e r t i e s ,  2 1 0 ~ b  and 239,  240pu 

S t a t i o n  WORF, Core  WORFl 

Depth ,  cm 

0-2 

2-4 

4-6 

6-8 

8-10 

10-12 

12-14 

14-16 

16-18 
16-18 ( 2 )  

18-20 

20-22 

22-24 

24-26 

26-28 
26-28(2)  

28-30 

30-32 

32-34 

34-36 

36-38 

38-40 

40-42 

42-44 

44-46 

46-48 

1 )  Mass p e r  c e n t  of we t  s e d i m e n t  
2) LO1 = l o s s  on  i g n i t i o n ;  mass p e r  c e n t  of  d r y  s e d i m e n t  
3) dpm = d i s i n t e g r a t i o n s  p e r  minu te .  E r r o r s  are + l o  due  t o  c o u n t i n g  

s ta t i s t i cs .  



Table 2 ,  continued. 

Station WORH, Core WORHl 

Depth, cm 

0-2 

2-4 



Table 2, continued. 

Station NRC, Core NRCl 

Depth, cm 

0- 2 

2-4 



Table 2, continued. 

Station NRH, Core NRHl 

Depth, cm 

0- 2 

2-4 

4-6 

6-8 

8-10 

10-12 

12-14 

14-16 

16-18 

18-20 
18-20 (2) 

1 

20-22 

22-24 

24-26 

26-28 
26-28 (2) 

28-30 

30-32 

32-34 

34-36 

36-38 

38-40 

40-42 

42-44 

44-46 
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v a r i a b i l i t y  i n  t h e s e  sed iments ,  and t h e  p l o t s ,  i n  F i g u r e s  3-6, o f  LO1 2 

dep th  show t h e  p a t t e r n s  of v a r i a b i l i t y .  

2 1 0 ~ b  and e x c e s s  2 1 0 ~ b .  The c o n c e n t r a t i o n s  o f  2 1 0 ~ b  ( a s  a c t i v i t i e s ,  -- 
dpm/g = d i s i n t e g r a t i o n s  p e r  minute  p e r  gram dry  sediment)  are g iven  i n  

Tab le  2  and p l o t t e d  v s  dep th  i n  sediment i n  F i g u r e s  3-6. The range of - 

c o n c e n t r a t i o n s ,  roughly 0 .7  dpmlg t o  1 1 . 3  dpm/g, i s  t y p i c a l  o f  c o a s t a l  

sed iments .  Nine d u p l i c a t e  a n a l y s e s  were performed ( s e e  Table  2 ) ,  and t h e  

a v e r a g e  c o e f f i c i e n t  o f  v a r i a t i o n  was found t o  be 4.2 % (2 .1  % i f  one 

o u t l i e r  is  exc luded) .  

The u s e  o f  2 1 0 ~ b  i n  model l ing v e r t i c a l  sediment t r a n s p o r t  due t o  

sediment  accumulat ion and mixing i s  based upon t h e  shape o f  t h e  2 1 0 ~ b  

concen t ra t ion-dep th  p r o f i l e .  I f  t h e  t r a n s p o r t  p r o c e s s e s  and t h e  accum- 

u l a t i o n  of e x c e s s  2 1 0 ~ b  ( s e e  below) have o p e r a t e d  a t  s t e a d y - s t a t e  i n  a  

l o c a t i o n ,  t h e  r e s u l t i n g  2 1 0 ~ b  c o n c e n t r a t i o n  p r o f i l e  shou ld  be monotone 

non- inc reas ing  w i t h  i n c r e a s i n g  dep th  i n  t h e  sediment .  S i g n i f i c a n t  d e v i a t i o n s  

from t h i s  e x p e c t a t i o n  were observed i n  two of t h e  f o u r  c o r e s  s t u d i e d  h e r e  

(WORF1, NRC1, F i g u r e s  3  and 5 ) .  These r e v e r s a l s  of smoothly d e c r e a s i n g  

t r e n d s  i n  'l0pb a r e  d i s c u s s e d  i n  d e t a i l  below, where t h e  c h r o n o l o g i c  

s i g n i f i c a n c e  of t h e  ' l0pb d a t a  i s  d i s c u s s e d .  

Only t h e  e x c e s s  a c t i v i t y  of 2 1 0 ~ b  ( h e r e a f t e r  "excess  2 1 0 ~ b " ) ,  r e l a t i v e  

t o  t h e  a c t i v i t y  of t h e  p r o g e n i t o r  n u c l i d e  2 2 6 ~ a ,  decays  w i t h  t h e  2 1 0 ~ b  h a l f -  

l i f e  o f  22.3 y e a r s ;  t h i s  i s  because  t h e  long- l ived  2 2 6 ~ a  ( h a l f - l i f e  1600 

y e a r s )  produces  2 1 0 ~ b  as a  decay p roduc t  and s o  " s u p p o r t s , "  a t  s e c u l a r  

e q u i l i b r i u m ,  a  background 210F'b a c t i v i t y  e q u a l  t o  t h e  2 2 6 ~ a  a c t i v i t y .  For 

chronology u s i n g  2 1 0 ~ b ,  t h e r e f o r e ,  a n  e s t i m a t e  of 2 2 6 ~ a  i n  each sample i s  

r e q u i r e d .  I n  t h e  absence  o f  d i r e c t  2 2 6 ~ a  d e t e r m i n a t i o n s  t h e  s e l f - d e f  ined  



' lOpb background v a l u e  ( i .  e . ,  c o n s t a n t  'lOpb observed deep i n  sediment 

c o r e s )  i s  commonly used.  A s  a  check on such  s e l f - d e f i n e d  backgrounds,  

c o a s t a l  sed iments  o f  wide ly  v a r y i n g  l i t h o l o g y ,  when ana lyzed  by t o t a l  

226 
d i s s o l u t i o n  o r  gamma spec t romet ry ,  have been found t o  have Ra concen- 

t r a t i o n s  of 0.4-2.1 dpmlg (Benninger e t  a l ,  1979; Benninger and 

Krishnaswami, 1981; DeVito; 1981) ;  h i g h e r  a p p a r e n t  background v a l u e s  would 

be s u s p e c t .  S e l f - d e f i n e d  backgrounds were e v i d e n t  i n  t h e  'lOpb d a t a  f o r  

c o r e s  WORHl (F ig .  4) and N R H l  (F ig .  6 ) .  I n  c o r e  WORHl t h e  e i g h t  a n a l y s e s  

i n  t h e  i n t e r v a l  28-44 cm d e f i n e d  a  non-decreas ing background of 1 .71  + 0.07 

dpm/g (T ? s ) ;  excess  'lOpb t h e r e f o r e  p e n e t r a t e d  t o  28 cm dep th .  I n  c o r e  

N R H l  no d e c r e a s e  i n  'lOpb w a s  d e t e c t a b l e  below 20 cm, and t h e  t h i r t e e n  

a n a l y s e s  i n  t h e  i n t e r v a l  20-46 cm d e f i n e d  a  background of 1 .30  + 0.08 dpmlg. 

Core N R C l  (F ig .  5 )  was a p p a r e n t l y  t o o  s h o r t  t o  p e n e t r a t e  through t h e  zone 

of e x c e s s  ' l0pb; a  background ( 2 2 6 ~ a )  v a l u e  of 1 .50 f 0.10 dpm/g was 

assumed h e r e .  Core WORFl p r e s e n t e d  t h e  d i f f i c u l t y  of unusua l ly  l a r g e  

l i t h o l o g i c  v a r i a t i o n s  (F ig .  3: LOI): 2 2 6 ~ a  was probably  n o t  c o n s t a n t  w i t h  

dep th .  Based upon t h e  a n a l y s e s  from 34-40 cm and 46-48 cm, i t  was assumed 

h e r e  t h a t  f o r  samples having LO1 > 10 %, t h e  a p p r o p r i a t e  background ( 2 2 6 ~ a )  

v a l u e  was 1 .35  t 0.20 dpmlg. 

2 3 9 y 2 4 0 ~ ~ .  The c o n c e n t r a t i o n s  of 2 3 9 y 2 4 0 ~ u  a r e  g iven  i n  Tab le  2  and 

p l o t t e d  i n  F i g u r e s  3-6. Note t h a t  t h e  c o n c e n t r a t i o n s  ( a s  a c t i v i t i e s )  a r e  

expressed  p e r  k i logram of  d r y  sediment .  Thus t h e  c o n t r i b u t i o n  o f  
239,24OPu , 

t o  t h e  t o t a l  a c t i v i t y  of t h e  sediment was ve ry  s m a l l :  t h e  maximum a c t i v i t y  

r a t i o ,  239~2401?u/210F'b, was 0.022. The c o n c e n t r a t i o n s  observed,  0-190 

dpmlkg, a r e  t y p i c a l  o f  modern c o a s t a l  sed iments  from n o r t h e r n  t empera te  

l a t i t u d e s .  Three  d u p l i c a t e  a n a l y s e s  were performed (Table  2 ) ,  and a l l  



d u p l i c a t e s  agreed  w i t h i n  t h e  r e p o r t e d  coun t ing  s t a t i s t i c s .  

I n  u s i n g  f a l l o u t  plutonium a s  a  t o o l  i n  modern-sediment chronology,  i t  

i s  impor tan t  t o  d e f i n e  t h e  maximum dep th  of p e n e t r a t i o n  of p lutonium i n t o  

t h e  sediment  column. I d e a l l y  t h i s  shou ld  correspond t o  t h a t  dep th  a t  which 

t h e  plutonium c o n c e n t r a t i o n ,  w i t h i n  coun t ing  s t a t i s t i c s ,  i s  t r u l y  z e r o .  I f  

w e  choose ' z e r o  w i t h i n  two s t a n d a r d  d e v i a t i o n s '  a s  d e f i n i n g  t h e  z e r o  l e v e l ,  

i t  i s  apparen t  t h a t  few t r u e  z e r o  c o n c e n t r a t i o n s  o f  239,240 
Pu a r e  r e p o r t e d  i n  

Table  2. The l a r g e  number of c o n c e n t r a t i o n s  between 0-2 dpm/kg would t h e n  

pose  s e v e r e  problems of i n t e r p r e t a t i o n ;  w h i l e  many of t h e s e  samples probably  

c o n t a i n e d  2 3 9 y 2 4 0 ~ ~ ,  i t s  presence  may have r e s u l t e d  e i t h e r  from n a t u r a l  

p r o c e s s e s  o r  as a r t i f a c t s  of sample h a n d l i n g  and p r e p a r a t i o n .  A s  a  p r a c t i c a l  

l i m i t ,  t h e r e f o r e ,  any c o n c e n t r a t i o n  which over lapped ,  a t  one s t a n d a r d  

d e v i a t i o n  (Table  2 ) ,  t h e  range  0-2 dpm/kg was regarded  as z e r o .  With t h i s  

d e f i n i t i o n  t h e  maximum dep ths  of 239y 2 4 0 ~ ~  p e n e t r a t i o n  i n t o  t h e  sediment  

c o r e s  were found t o  be: 

WORFl 20 cm 
WORHl 14 cm 

N R C l  1 8  cm (12 cm) 
NRHl 26 cm 

Two l i m i t s  a r e  shown f o r  N R C l  because ,  w h i l e  t h e  i n t e r v a l  16-18 cm c o n t a i n e d  

f i n i t e  239y 2 4 0 ~ ~ y  con t inuous  non-zero 2 3 9 y 2 4 0 ~ ~  t e r m i n a t e d  a t  12 cm i n  t h i s  

c o r e .  

Carbon i s o t o p e s .  

Table  3 .  Examination 

between t h o s e  samples 

ana lyzed  f o r  b o t h  14c 

The complete carbon i s o t o p e  d a t a  a r e  c o l l e c t e d  i n  

o f  t h i s  t a b l e  r e v e a l s  s e r i o u s  i n c o n s i s t e n c y  i n  813c 

which were ana lyzed  f o r  813c o n l y  and t h o s e  which were 

1 3  1 3  
and 8  C;  t h e  former  samples y i e l d e d  8  C s i g n i f i c a n t l y  

l i g h t e r  (more n e g a t i v e )  f o r  c o r e s  WORH1, N R C l  and NRH1. The c a u s e  of t h i s  



T a b l e  3 .  Carbon i s o t o p e s  i n  s e d i m e n t a r y  o r g a n i c  m a t t e r  

S t a t i o n  WORF, Core  WORFl 

Depth,  cm 

0- 2 

613c, O / O o l  A '~c ,  0 /002 14c a g e ,  y e a r s  3 

S t a t i o n  WORH, Core  WORHl 

Depth,  cm 

0- 2 

2-4 

2-4 

4-6 

8- 10 

16-18 

22-24 

28-30 

34-36 

40-42 

613c, O / O o l  A '~c ,  0 /002 1 4  C a g e ,  y e a r s  3 

-29.07 

-27 .61  



Table 3, continued. 

Station NRC, Core NRCl 

Depth, cm 613C, O/Ool n14c, 0/002 3 
0-2 -30.35 

ears 3 

Station NRH, Core NRHl 

Depth, cm g13c, O / O O ~  A'~c, 0/002 14 C age, years 3 

13 
1) 6 C relative to the PDB standard 

14 
2) A C = ((Asn/Aabs) - 1) x 1000 0100, where Asn = sample activity, 

13 normalized to 6 C = -25 0100; Aabs = absolute international standard 

activity (see Stuiver and Polach, 1977). 

3) Ages are 613~-corrected and calculated using the 5,730-year half -1if e. 



o f f s e t  i s  p r e s e n t l y  unknown, bu t  i t  seems c l e a r  t h a t  a  s y s t e m a t i c  e r r o r  has  

been i n t r o d u c e d  i n  sample p r e p a r a t i o n  and /or  i s o t o p i c  measurement. Beta 

A n a l y t i c  I n c .  i s  working w i t h  us  t o  d i s c o v e r  t h e  n a t u r e  o f  t h e  problem. For 

1 4  
t h e  p r e s e n t  we r e g a r d  t h e  combined i s o t o p i c  measurements (12c ,  13c, C on 

1 3  
t h e  same sample) a s  t h e  more r e l i a b l e ,  f o r  two reasons :  ( i )  t h e  6 C ' s  from 

t h e  combined a n a l y s e s  showed compara t ive ly  smooth t r e n d s  ( e x c e p t i n g  c o r e  

WORF1) which were c o n s i s t e n t  w i t h  p rev ious  measurements on sediments  from 

t h e s e  l o c a t i o n s  (C. Martens and M. Goldhaber,  unpubl ished d a t a ;  M. Br inson 

and E .  Matson, unpubl i shed  d a t a ) ;  ( i i )  t h e  613c's r e p o r t e d  wi thou t  14c 

d e t e r m i n a t i o n s  were v e r y  l i g h t  compared t o  p u b l i s h e d  v a l u e s  f o r  o r g a n i c  m a t t e r  

i n  c o a s t a l  sed iments .  The d a t a  p l o t t e d  i n  F i g u r e s  7 and 8  and d i s c u s s e d  i n  

t h i s  r e p o r t  a r e  t h e r e f o r e  on ly  t h o s e  which were o b t a i n e d  from measurement of 

14 12c, 13c and C on t h e  same sample. 

Carbon-isotope d a t a  f o r  t h e  White Oak River  and e s t u a r y  c o r e s  a r e  

d i s p l a y e d  i n  F i g u r e  7 .  Core WORFl had g e n e r a l l y  l i g h t e r  ca rbon  (613c more 

n e g a t i v e )  t h a n  c o r e  WORH1, c o n s i s t e n t  w i t h  a  g r e a t e r  p r o p o r t i o n  of 

t e r r e s t r i a l  (C ) o r g a n i c  m a t t e r  a t  t h e  u p r i v e r  l o c a t i o n  (WORF); t h e  carbon 
3  

a t  WORH w a s  n o t  f u l l y  marine  ( o r  from C p l a n t s ) ,  however, a s  i t  was t o o  
4  

1 3  
l i g h t  ( 6  C mainly < -25 0100) and was observed t o  c o n s i s t  i n  p a r t  of l e a v e s  

and wood f ragments .  The 14c age  of t h e  o r g a n i c  m a t t e r  d i d  n o t  i n c r e a s e  

monotonical ly  w i t h  dep th  i n  e i t h e r  c o r e  WORFl o r  c o r e  WORH1. Core WORFl 

was younger a t  a l l  h o r i z o n s  sampled and showed a much s t r o n g e r  i n f l u e n c e  of 

bomb ( n e g a t i v e  a g e s  a t  0-2 cm, 8-10 cm); d e s p i t e  t h e  f i n i t e  a g e s  a t  a l l  

d e p t h s  sampled i n  c o r e  WORH1, however, t h e  upper samples were probably  a l s o  

contaminated w i t h  bomb 14c ( s e e  d i s c u s s i o n  below).  

Carbon-isotope d a t a  f o r  t h e  Neuse River  e s t u a r y  c o r e s  a r e  d i s p l a y e d  i n  





F i g u r e  8 .  Once a g a i n  t h e  u p r i v e r  c o r e  (NRC1) had c o n s i s t e n t l y  t h e  l i g h t e r  

carbon ( a  more t e r r e s t r i a l  average  s o u r c e ) ,  b u t  t h e  downriver c o r e  (NRH1) 

was t o o  l i g h t  i s o t o p i c a l l y  t o  c o n t a i n  o r g a n i c  m a t t e r  o n l y  from marine  o r  

14 
C - p l a n t  s o u r c e s .  Core N R C l  showed no t r e n d s  i n  C a g e ;  bomb 14c was 

4  

abundant a t  2-6 cm and 16-20 cm, bu t  a sample from i n t e r m e d i a t e  dep th ,  a s  

w e l l  a s  two deeper  samples ,  gave 14c a g e s  > 1000 y e a r s .  Core N R H l  was t h e  - 
1 4  

on ly  one t o  y i e l d  a p r o f i l e  of smoothly i n c r e a s i n g  C age  w i t h  i n c r e a s i n g  

d e p t h ,  from -120 y e a r s  a t  2-6 cm t o  1990 y e a r s  a t  40-44 cm. 

I V .  DISCUSSION 

Sediment Chronologies  

I n t r o d u c t i o n .  Robbins (1978) c l e a r l y  sets f o r t h  t h e  p r i n c i p l e s  under- 

l y i n g  t h e  u s e  o f  r a d i o n u c l i d e s  a s  t r a c e r s  f o r  de te rmin ing  r a t e s  of sediment 

accumuLation and mixing.  To be a  u s e f u l  t r a c e r  a  r a d i o n u c l i d e  must a t t a c h  

i r r e v e r s i b l y  t o  sediment  p a r t i c l e s ,  s o  t h a t  i t  does n o t  move independen t ly  

of them, and i t  must be  s u p p l i e d  a t  a  known r a t e  t o  t h e  sediment-water 

i n t e r f a c e .  Under t h e s e  c o n d i t i o n s  t h e  dep th  d i s t r i b u t i o n  of t h e  r a d i o n u c l i d e  

i n  t h e  sediment  column i s  a  p roduc t  of t h o s e  p r o c e s s e s  which t r a n s p o r t  

p a r t i c l e s  i n  t h e  sediment  column. Sediment accumulat ion is  one such  p rocess :  

r e l a t i v e  t o  t h e  sediment-water i n t e r f a c e ,  sediment p a r t i c l e s  a r e  t r a n s p o r t e d  

downward by t h e  accumulat ion of sediment .  I n  shal low-water  sed iments  

e s p e c i a l l y ,  t h e  t r a n s p o r t  due t o  t r u e  sediment  accumulat ion i s  normal ly  

confounded w i t h  t h a t  due t o  mechanical  d i s t u r b a n c e ,  whether  b i o l o g i c a l  

( b i o t u r b a t i o n )  o r  p h y s i c a l  ( re - suspens ion ,  e r o s i o n ) .  To s o r t  o u t  t h e s e  





e f f e c t s  more t h a n  one t r a c e r  is  needed. Here we have employed as t r a c e r s  

n a t u r a l  e x c e s s  2 1 0 ~ b  and f a l l o u t  239y 2 4 0 ~ ~ .  ~ e  f o l l o w  c o n v e n t i o n a l  p r a c t i c e  

i n  assuming t h a t  t h e s e  n u c l i d e s  a r e  t r u e  p a r t i c l e  t r a c e r s  ( t h a t  is ,  do n o t  

show chemical  m o b i l i t y )  i n  t h e  sediment column. 

The p r i n c i p a l  supp ly  of b o t h  e x c e s s  'l0Pb and 2 3 9 9 2 4 0 ~ ~  t o  most c o a s t a l  

sedimentary  environments i s  by a tmospher ic  d e p o s i t i o n .  2 1 0 ~ b  ( h a l f - l i f e  

238 
22.3 y e a r s ) ,  a member o f  t h e  U decay s e r i e s ,  i s  produced i n  t h e  a tmosphere  

by r a d i o a c t i v e  decay o f  2 2 2 ~ n  and i t s  s h o r t - l i v e d  daughte r s  (Turekian e t  a l ,  

1977) .  The d e p o s i t i o n  f l u x  of 'l0Pb t o  t h e  e a r t h ' s  s u r f a c e  i s  n o t  i n f l u e n c e d  

by human a c t i v i t i e s  and may be assumed t o  be  c o n s t a n t  a t  any p a r t i c u l a r  

l o c a t i o n .  Usua l ly  a  sediment  chronology based upon 'l0Pb ex tends  o v e r  4-5 

h a l f - l i v e s  (88-110 y e a r s )  and i s  l i m i t e d  by t h e  n e c e s s i t y  t o  d i s t i n g u i s h  

e x c e s s  2 1 0 ~ b  r e l a t i v e  t o  t h e  22 6 ~ a - s u p p o r t e d  background. Atmospheric 

2 3 9 y 2 4 0 ~ u  was a  p roduc t  of t h e  above-ground t e s t i n g  of n u c l e a r  weapons. It 

was n o t  measured s y s t e m a t i c a l l y  i n  f a l l o u t  c o l l e c t i o n s ,  b u t  i t s  h i s t o r y  of 

d e p o s i t i o n  is  assumed t o  f o l l o w  t h a t  of 9 0 ~ r ,  which i s  w e l l  known: t h e  

e a r l i e s t  measurable  d e p o s i t i o n  o c c u r r e d  d u r i n g  t h e  e a r l y  19501s ,  and t h e  

peak d e p o s i t i o n  a t  most l o c a t i o n s  o c c u r r e d  d u r i n g  1963 (HASL, 1977) .  

Both i n  s o i l s  and i n  n a t u r a l  w a t e r s  2 1 0 ~ b  and 239 ' 2 4 0 ~ ~  s o r b  s t r o n g l y  

o n t o  sediment p a r t i c l e s .  We assume h e r e  t h a t  t h i s  s o r p t i o n  is  i r r e v e r s i b l e ,  

b u t  t h e  s o r p t i o n  p r o c e s s  i s  n o t  i n d i s c r i m i n a t e .  Both t r a c e r s  s o r b  p r e f e r -  

e n t i a l l y  o n t o  f i n e - g r a i n e d ,  o r g a n i c - r i c h  (mud) p a r t i c l e s .  As i s  i l l u s t r a t e d  

below, s i g n i f i c a n t  v a r i a t i o n  i n  l i t h o l o g y  w i t h i n  a c o r e  must be t a k e n  i n t o  

account  when i n t e r p r e t i n g  t h e  t r a c e r  d a t a .  

The d i s t r i b u t i o n s  of excess  210~b  and f a l l o u t  2 3 9 y 2 4 0 P ~  i n  t h e  sediment  



column c a r r y  i n f o r m a t i o n  abou t  d i f f e r e n t ,  bu t  o v e r l a p p i n g ,  t ime  s c a l e s ,  

t h e  l a s t  $100 y e a r s  f o r  e x c e s s  210~b  and t h e  l a s t  *u30 y e a r s  f o r  239, 24OPu 

I n  t h e  s i m p l e s t  s i t u a t i o n  t h e  on ly  v e r t i c a l  sediment t r a n s p o r t  i s  due t o  

s t e a d y - s t a t e  sediment  accumulat ion,  and t h e  on ly  supp ly  of e i t h e r  t r a c e r  i s  

by d i r e c t  a tmospher ic  d e p o s i t i o n .  Then excess  'l0Pb shou ld  d e c r e a s e  

e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  dep th  i n t o  t h e  sed iment ,  w i t h  t h e  shape  of 

t h e  p r o f i l e  governed by t h e  r a t e  of sediment accumulat ion and t h e  h a l f - l i f e  

f o r  r a d i o a c t i v e  decay.  239Pu ( h a l f - l i f e  24,390 y e a r s )  and 2 4 0 ~ u  ( h a l f - l i f e  

6,540 y e a r s )  have n o t  undergone s i g n i f i c a n t  decay s i n c e  t h e i r  p r o d u c t i o n ,  

s o  i n  t h i s  s i m p l e  s i t u a t i o n  ( supp ly  by a tmospher ic  d e p o s i t i o n ,  t r a n s p o r t  by 

sediment  accumulat ion)  t h e  2 3 9 y 2 4 0 ~ ~  p r o f i l e  shou ld  peak a t  a  dep th  c o r r e s -  

ponding t o  1963, and t h e  c o n c e n t r a t i o n  shou ld  f a l l  t o  z e r o  a t  a dep th  

cor responding  t o  t h e  e a r l y  1 9 5 0 ' s .  More r e a l i s t i c a l l y ,  t h e  t o p  of t h e  

sediment  column i s  u s u a l l y  mixed b i o l o g i c a l l y  o r  p h y s i c a l l y ,  and t h e  

chronomet r ic  t r a c e r s  may be  s u p p l i e d  by l a t e r a l  t r a n s p o r t  a s  w e l l  as by 

d i r e c t  a tmospher ic  d e p o s i t i o n .  Then b o t h  excess  ' l0pb and 239, 240pu may 

show homogeneous c o n c e n t r a t i o n s  i n  a  s u r f i c i a l ,  rapidly-mixed zone.  

C o n c e n t r a t i o n s  d e c r e a s e  w i t h  dep th  below t h i s  zone o f  r a p i d  mixing,  b u t  

t h e  c o n c e n t r a t i o n  p r o f i l e s  may s t i l l  be i n f l u e n c e d  by mixing as w e l l  a s  

by sediment  accumula t ion .  I f  t r u e  sediment  accumula t ion ,  a t  s t e a d y - s t a t e ,  

h a s  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  v e r t i c a l  t r a n s p o r t  of excess  2 1 0 ~ b  

and 239y 2 4 0 ~ u  i n  t h e  sediment  column, however, t h e  two t r a c e r s  shou ld  show 

d i f f e r e n t  maximum d e p t h s  o f  p e n e t r a t i o n ;  i n  t h i s  c a s e  v a r i o u s  models can 

be used t o  e x t r a c t  r a t e s  of s t e a d y - s t a t e  sediment  accumula t ion  ( e . g , ,  

Benninger e t  a l ,  1979) .  



The models f o r  e x t r a c t i n g  r a t e s  o f  sediment  accumulat ion and /or  

sediment mixing from chronomet r ic  t r a c e r  d a t a  g e n e r a l l y  assume s t e a d y - s t a t e ;  

i n  p a r t i c u l a r  t h e  r a t e s  of accumulat ion of excess  'l0pb and of sediment and 

t h e  r a t e  of sediment mixing a r e  assumed t o  be c o n s t a n t .  These assumptions  

cannot  be  defended i n  d e t a i l ,  and they  a r e  c e r t a i n l y  n o t  e q u a l l y  p l a u s i b l e  

i n  every  s i t u a t i o n .  It i s  impor tan t  t o  unders tand  t h a t  t h e  assumption of 

s t e a d y - s t a t e  i s  a c o n s t r a i n t  imposed by t h e  l i m i t e d  number of t r a c e r s  

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

o p e r a t e  i n  t h e  sed imenta ry  environment.  

I f  i t  i s  once a d m i t t e d  t h a t  chronometr ic  t r a c e r  p r o f i l e s  may have 

r e s u l t e d  from non-s teady-s ta te  t r a n s p o r t  p r o c e s s e s ,  t h e  s i g n i f i c a n c e  of 

t h e  p r o f i l e s  t o  t h e  t r u e  d e p o s i t i o n  age  of t h e  sediment i s  e v i d e n t l y  

u n c e r t a i n .  For example, s i n c e  t h e  t r a c e r s  and t h e i r  c a r r i e r s  cou ld  rep- 

r e s e n t  a n e g l i g i b l e , m a s s  f r a c t i o n  o f  t h e  sediment ,  i t  i s  p o s s i b l e  t h a t  

modern t r a c e r  l e v e l s  cou ld  be s t i r r e d  i n t o  a n  o l d  sediment column w i t h o u t  

d e t e c t a b l e  t r u e  sediment  accumulat ion.  When two o r  more t r a c e r s  a r e  

employed t h e  p o s s i b i l i t y  of m i s i d e n t i f y i n g  t r a n s p o r t  p r o c e s s e s  i s  reduced 

because  an  a c c e p t a b l e  t r a n s p o r t  model must be c o n s i s t e n t  w i t h  m u l t i p l e  

c o n s t r a i n t s ;  we e x p l o i t  t h i s  advantage h e r e .  Below we have assumed, excep t  

a s  n o t e d ,  t h a t  o u r  t r a c e r  ages  a r e  t r u e  d e p o s i t i o n  a g e s  f o r  t h e  sed iments  

w i t h  which t h e  t r a c e r s  were a s s o c i a t e d .  

It  was n o t  o u r  purpose  h e r e  t o  develop d e t a i l e d  models of v e r t i c a l  

sediment t r a n s p o r t  f o r  o u r  s t a t i o n s  i n  t h e  White Oak and Neuse r i v e r  

e s t u a r i e s .  Ra ther ,  o u r  p r i n c i p a l  g o a l  was t o  e s t a b l i s h  a sediment-age 

14 
c o n t e x t  w i t h i n  which t o  i n t e r p r e t  C ages  on o r g a n i c  m a t t e r :  was t h e  



o r g a n i c  m a t t e r  o l d e r ,  as expected,  t h a n  t h e  d e p o s i t i o n  age  of t h e  sediment  

which c o n t a i n e d  i t ?  I n  a d d i t i o n  we have used t h e  2 3 9 y 2 4 0 ~ ~  as a n  index  of 

t h e  p e n e t r a t i o n  of bomb 14c i n t o  t h e  sediment :  w e  have assumed t h a t  t h e r e  

14 w a s  no s i g n i f i c a n t  bomb C below t h e  maximum dep th  of p lutonium p e n e t r a t i o n .  

Core WORF1. A s  n o t e d  above 2 3 9 y 2 4 0 ~ ~  was found t o  a  dep th  of 20 cm i n  

t h i s  c o r e ;  u s i n g  t h e  e s t i m a t e d  2 1 0 ~ b  background ( 2 2 6 ~ a )  v a l u e  of 1 .35  i- 0.20 

dpmlg, excess  2 1 0 ~ b  w a s  found t o  34 cm. The s e p a r a t i o n  between t h e s e  dep ths  

of maximum p e n e t r a t i o n  i m p l i e s  t h a t  t h e  t r a c e r  p r o f i l e s  were n o t  p r o d u c t s  of 

r e c e n t  mixing a l o n e .  We can say  c r u d e l y  t h a t  t h e  t o p  20 cm of t h e  c o r e  had 

a n  age  o f  - < Q30 y e a r s  (Pu t i m e - s c a l e ) ,  t h e  t o p  34 cm an  age  of 70-90 y e a r s  

( 2 1 0 ~ b  t ime-sca le ;  a  l o n g e r  i n t e r v a l  cou ld  n o t  be d e t e c t e d  w i t h  c e r t a i n t y  

h e r e  because  of t h e  low 'l0pb c o n c e n t r a t i o n s ) .  These a r e ,  i n  e f f e c t ,  

maximum sediment  "ages" f o r  t h e s e  d e p t h s  because  we have assumed t h a t  t h e  

e s t a b l i s h m e n t  of t h e  p r o f i l e s  took  a l l  o f  t h e  t ime  a v a i l a b l e .  

I n  o r d e r  t o  de te rmine  whether  a  s t e a d y - s t a t e  t r a n s p o r t  model cou ld  be  

f i t  t o  t h e s e  d a t a  i t  was f i r s t  n e c e s s a r y  t o  c o r r e c t  f o r  t h e  apparen t  (F ig .  3) 

c o r r e l a t i o n  between LO1 and t r a c e r  c o n c e n t r a t i o n s .  LOI, 2 1 0 ~ b  and ,  t o  some 

e x t e n t ,  2 3 9 y 2 4 0 ~ u  were p o s i t i v e l y  c o r r e l a t e d  because  a l l  were a s s o c i a t e d  

w i t h  t h e  mud f r a c t i o n  of t h e  sed iment ,  which was v a r i a b l e  down t h e  l e n g t h  

o f  t h e  c o r e .  A s imple  way t o  view t h i s  problem i s  t o  assume t h a t  mud, 

c a r r y i n g  e x c e s s  2 1 0 ~ b  and 2 3 9 9 2 4 0 ~ ~ ,  and sand ,  devoid  of t r a c e r s ,  accumulated 

independen t ly .  Then t h e  t r a c e r  n u c l i d e s  would c a r r y  no i n f o r m a t i o n  about  

t h e  r a t e  of accumula t ion  of t h e  sand .  But i f  t h e  mud accumulated a t  s t eady-  

s t a t e ,  t h e  t r a c e r s  cou ld  be used t o  de te rmine  i t s  rate of  accumulat ion,  - 
and t h i s  i n f o r m a t i o n ,  t o g e t h e r  w i t h  t h e  v e r t i c a l  d i s t r i b u t i o n  of mud i n  



t h e  c o r e ,  would d e f i n e  an age-depth r e l a t i o n s h i p  f o r  t h e  c o r e .  

I n  t h e  f o r e g o i n g  'mud' was used a s  a  shor thand  d e s i g n a t i o n  f o r  t h e  

c a r r i e r  of e x c e s s  2 1 0 ~ b  and  2399 2 4 0 ~ u .  To apply  t h e  two-component ( ' mud1 - 
' s a n d ' )  model, i t  i s  n e c e s s a r y  t o  i d e n t i f y  a n  index  of t h i s  c a r r i e r  whose 

c o n c e n t r a t i o n  p r o f i l e  can be  determined.  P e r  c e n t  LO1 has  proved t o  be a  

u s e f u l  i n d e x  i n  some s i t u a t i o n s  (Benninger and Krishnaswami, 1981).  

A p p l i c a t i o n  of t h e  two-component model t o  c o r e  WORFl i s  i l l u s t r a t e d  i n  

F i g u r e  9. The assumption u n d e r l y i n g  t h e  model i s  t h a t  excess  'l0pb and LO1 

( a s  a n  i n d e x  of t h e  t r a c e r  c a r r i e r )  accumulated a t  a c o n s t a n t  r a t e .  The 

e x c e s s  ' lOpb d a t a  were normal ized  t o  LOI, and dep th  , in  t h e  sediment was 

L 
t r ans formed  t o  cumula t ive  mass of LO1 (g  LOI/cm ) .  For t h e  model t o  be 

p l a u s i b l e  t h e  d a t a  shou ld  d e f i n e  a s t r a i g h t  l i n e  on a  semi- logar i thmic  

p l o t  (Fig .  9 ) .  Th i s  was c l e a r l y  on ly  approximately  t r u e ;  t h e  l e a s t - s q u a r e s  

l i n e  through t h e  d a t a  has  on ly  a moderate c o r r e l a t i o n  c o e f f i c i e n t  

( r  = -0 .825) ,  and t h e  r e s i d u a l s  a r e  n o t  randomly s c a t t e r e d  about  t h e  l i n e .  

The s l o p e  o f  t h i s  l i n e  y i e l d s  a n  accumulat ion r a t e  of 39.5 x  

2  
g  LOI/cm - y r ;  t h e  cor responding  age  a t  34 cm i s  about  57 y e a r s .  

D e s p i t e  t h e  d o u b t f u l  semi - logar i thmic  f i t  of  F igure  9 ,  t h i s  accumulat ion 

model i s  reasonab ly  c o n s i s t e n t  w i t h  2 3 9 y 2 4 0 ~ ~ .  For F i g u r e  9 ,  t h e  plutonium 

d a t a  were  a l s o  normal ized  t o  LOI; r e l a t i v e  t o  F i g u r e  3  t h e  s u b s u r f a c e  

maximum was reduced i n  ampl i tude ,  bu t  i t s  p o s i t i o n  was unchanged, as was 

t h e  maximum dep th  o f  p e n e t r a t i o n .  Using t h e  above model t h e  239y  2 4 0 ~ u  peak 

2  
(9 cm d e p t h  = 0 .53  g  L01/cm ) d a t e s  1968-1969, t h e  maximum dep th  of 

2  
p e n e t r a t i o n  (20 cm - 1.236 g  LOI/cm ) 1950-1951. The l a t t e r  i s  compat ib le  

w i t h  t h e  h i s t o r y  o f  p lutonium f a l l o u t ,  and t h e  former  o f f s e t  (peak f a l l o u t  



In (excess 210~b /g LO1 ) 

Figure 9. Sediment chronologic model, core WORF1. Data have been normalized to 
LO1 to correct for lithologic variability. Opb model assumes constant 
rates of accumulation of excess 2 1 0 ~ b  and LOI; slope of line gives 
accumulation rate = 39.5 x g ~ 0 1 / c m ~ - ~ r .  (Calculation assumes 
density of sedimentary solids to be 2.2 g/cm3) 



o c c u r r e d  i n  1963) may be due t o  i n p u t s  o t h e r  t h a n  from d i r e c t  f a l l o u t .  

I n  summary, f o r  c o r e  WORFl t h e  'lOpb and 2397 2 4 0 ~ ~  d a t a  a r e  compat ible  

w i t h  a  sediment age  o f  about  60 y e a r s  a t  34 cm. The dep th  i n t e r v a l  0-34 cm 

i n  t h i s  c o r e  may be  viewed a s  t h e  p roduc t  of s t e a d y - s t a t e  sediment accum- 

u l a t i o n ,  a l t h o u g h  t h e  d a t a  do n o t  compel t h i s  i n t e r p r e t a t i o n .  Samples 

from below 34 cm dep th  appeared t o  c o n t a i n  n e i t h e r  excess  'l0pb nor  239,24OPu. 3 

t h i s  h o r i z o n  may t h e r e f o r e  r e p r e s e n t  an  unconformity (absence o f  d e p o s i t i o n  

o r  l o s s  of sediment by e r o s i o n ) ,  and a g e s  below t h i s  dep th  a r e  probably  

> Q80 y e a r s .  - 

Core WORH1. I n  c o r e  WORHl -- 2 3 9 7 2 4 0 ~ u  was found t o  a  dep th  o f  1 4  cm, 

e x c e s s  'lOPb t o  a dep th  o f  28 cm. A s  i n  c o r e  WORFl t h e  maximum dep ths  of 

p e n e t r a t i o n  f o r  t h e  two t r a c e r s  a r e  w e l l  s e p a r a t e d ,  and i t  i s  r e a s o n a b l e  t o  

assume t h a t  t h e  sediment had age Q30 y e a r s  a t  1 4  cm dep th  and age Q100 y e a r s  

a t  28 crn dep th .  

A p p l i c a t i o n  of a  s t e a d y - s t a t e  t r a n s p o r t  model t o  t h e  t r a c e r  d a t a  f o r  

c o r e  WORHl i s  i l l u s t r a t e d  i n  F igure  10 .  I n  t h i s  c a s e  t h e  v a r i a t i o n  i n  

l i t h o l o g y  down t h e  c o r e ,  as r e f l e c t e d  i n  LO1 (F ig .  4) was n o t  l a r g e ,  and 

no c o r r e c t i o n  f o r  l i t h o l o g y  was n e c e s s a r y .  A mass-depth s c a l e  

2  ( g  d r y  sedimentlcm ) was used i n  F igure  1 0  t o  avo id  t h e  e f f e c t s  o f  

v a r i a b l e  p o r o s i t y  on t h e  s imple  c e n t i m e t e r  s c a l e .  Both excess  'lOpb and 

2  
2397 2 4 0 ~ ~  were homogeneous i n  t h e  i n t e r v a l  0-4 cm (0-1.8 g/cm ) , i n d i c a t i n g  

r a p i d  mixing t o  t h i s  dep th .  Below t h i s  h o r i z o n  t h e  e x c e s s  'lOPb d a t a  f i t  a n  

e x p o n e n t i a l  d e c r e a s e  ve ry  w e l l  ( s t r a i g h t  l i n e  on semi-log p l o t :  r = -0.989);  

t h e  t o p  p o i n t  was excluded from t h e  f i t  because  o f  mixing,  and t h e  bottom 

2  t h r e e  p o i n t s  (dep th  > 11.7  g/cm ) were excluded because  of t h e  r e l a t i v e l y  





l a r g e  u n c e r t a i n t i e s  i n  e x c e s s  ' lOpb. The s l o p e  o f  t h e  l i n e  i n  F igure  10 

2  
y i e l d s  a  s t e a d y - s t a t e  sediment accumulat ion r a t e  o f  0 .13  g/cm -yr .  To 

c a l c u l a t e  t h e  maximum dep th  of p e n e t r a t i o n  of 239 ' 2 4 0 ~ ~  compat ib le  w i t h  

t h i s  accumulat ion r a t e  one must add t h e  t h i c k n e s s  of t h e  mixed l a y e r  

2  
(4 cm - 1 .83  g/cm ) t o  t h e  i n t e g r a t e d  accumulat ion of t h e  p e r i o d  1950- 

2  
1982 (32 y r  x  0.13 g/cm - ~ r )  ; t h i s  g i v e s  5.99 g/cm2 as t h e  expected 

maximum p e n e t r a t i o n .  The a c t u a l  maximum p e n e t r a t i o n  l a y  i n  t h e  i n t e r v a l  

2  
6.4-7.7 g/cm . Thus a  more complete t r a n s p o r t  model would have t o  a l l o w  

2 f o r  some t r a n s p o r t  by mixing below 4 cm (1.83 g/cm ) .  I n  such a  model t h e  

r a t e  of s t e a d y - s t a t e  sediment  accumulat ion would be reduced s l i g h t l y ,  b u t  

t h e  d i f f e r e n c e  would n o t  be  s i g n i f i c a n t  h e r e .  

2  
Applying t h e  s t e a d y - s t a t e  accumulat ion r a t e  of - <0.13 g/cm - y r  t o  c o r e  

WORHl y i e l d s  an  age  of - > 114 y e a r s  a t  28 cm, where e x c e s s  2 1 0 ~ b  went t o  

z e r o .  I f  t h e  same r a t e  i s  a p p l i e d  t o  deeper  h o r i z o n s ,  t h e  c a l c u l a t e d  a g e  

2  
a t  t h e  c o r e  bottom (42 cm - 22.7 g/cm ) i s  > 175 y e a r s .  These a g e s  are - 
shown a s  lower  l i m i t s  because  t h e  t r u e  r a t e  of sediment accumulat ion may 

2  
be s l i g h t l y  l e s s  t h a n  0 .13 g/cm -yr ;  " c o r r e c t e d "  a g e s  would n o t  exceed 

t h e s e  f i g u r e s  by more t h a n  25 %. 

Core NRC1. It i s  a p p a r e n t  from F i g u r e  5  t h a t  c o r e  N R C l  i s  n o t  -- 
r e p r e s e n t a t i v e  of s t e a d y - s t a t e  sediment accumulat ion and mixing.  LO1 was 

found t o  r e v e r s e  t h e  t r e n d  of a  g e n e r a l  d e c r e a s e  w i t h  dep th  i n  t h e  i n t e r v a l  

18-24 c m ;  sediment  from t h i s  i n t e r v a l  was d a r k e r  i n  c o l o r  t h a n  t h a t  above 

o r  below (Table  1 ) '  and i t  w a s  probably  d e r i v e d  from a  d i f f e r e n t  s o u r c e .  

210~b  w a s  low i n  t h i s  i n t e r v a l  of h i g h  LO1 (18-24 cm) and i n c r e a s e d  a g a i n  

a t  dep ths  below 24 cm; indeed ,  i g n o r i n g  t h e  18-24 cm i n t e r v a l ,  'l0pb showed 



l i t t l e  tendency t o  d e c r e a s e  o v e r  t h e  e n t i r e  8-38 cm i n t e r v a l  and probably  

d i d  n o t  r each  t h e  background ( 2 2 6 ~ a - s u p p o r t e d )  l e v e l  even a t  t h e  c o r e  bottom 

(42 cm). Th is  p a t t e r n  i n  2 1 0 ~ b  (exc lud ing  t h e  18-24 cm i n t e r v a l )  would be 

c o n s i s t e n t  w i t h  ve ry  r a p i d  sediment accumulat ion,  bu t  t h e  d i s t r i b u t i o n  of 

2 3 9 ' 2 4 0 ~ u  i n d i c a t e s  t h a t  sediments  from above and below t h e  18-24 cm 

i n t e r v a l  a r e  of d i f f e r e n t  ages :  2 3 9 9 2 4 0 ~ ~  was found i n  t h e  i n t e r v a l  0-12 cm 

and p o s s i b l y  i n  16-18 cm, b u t  a t  no g r e a t e r  depth .  

For p r e s e n t  purposes  adequa te  ~ h r o n o m e t ~ i c  r e s o l u t i o n  i s  o b t a i n e d  from 

t h e  maximum observed p e n e t r a t i o n s  o f  t h e  t r a c e r s :  t h e  top  1 8  cm has  a  

d e p o s i t i o n  age  < % 30 y e a r s ,  and t h e  e n t i r e  c o r e  h a s  a  d e p o s i t i o n  age  - 
< Q 90 y e a r s .  - 

Core NRH1. I n  c o r e  NRHl excess  2 1 0 ~ b  and -- 2 3 9 9 2 4 0 ~ ~  were d e t e c t e d  t o  

t h e  same maximum dep th  (F ig .  6 ) ;  indeed ,  probably  because  t h e  z e r o  background 

226 
f o r  p lutonium i s  b e t t e r  d e f i n e d  t h a n  t h e  Ra-support l e v e l  f o r  2 1 0 ~ b ,  

2 3 9 y 2 4 0 ~ u  was demonstrably f i n i t e  t o  26 cm, w h i l e  e x c e s s  2 1 0 ~ b  cou ld  n o t  be 

d e t e c t e d  below 20 cm. The l a c k  of v e r t i c a l  s e p a r a t i o n  of excess  2 1 0 ~ b  and 

2 3 9 ' 2 4 0 ~ ~  i n  t h i s  c o r e  i m p l i e s  t h a t  bo th  p r o f i l e s  were shaped by a  common 

mixing p r o c e s s ;  t h e  t r u e  r a t e  of sediment  accumulat ion was low enough, 

r e l a t i v e  t o  t h e  mixing r a t e ( s ) ,  t o  l e a v e  no r e c o r d ,  and i t  cou ld  have been 

z e r o .  I n  such a  c a s e  t h e  d e p o s i t i o n  age  of t h e  sediment i s  i n d e t e r m i n a t e ;  

we can  on ly  s a y  t h a t  t h e  t o p  26 cm of  t h e  sediment column h a s  been open t o  

p a r t i c l e  t r a n s p o r t  w i t h i n  t h e  l a s t  30 y e a r s .  

Carbon I s o t o p e s  

1 4  Depos i t ion  a g e  v s  C age .  The f o r e g o i n g  d i s c u s s i o n  has  e s t a b l i s h e d  



Figure  11. 

DEPOSITION AGE, YR 

0 WORFI A WORHI NRC I 

"C age  of o r g a n i c  m a t t e r  v s  sediment d e p o s i t i o n  
a g e ,  c o r e s  WORF1, WORH1, ~zl. Depos i t ion  age  i s  
r e s o l v e d  on ly  i n t o  t h r e e  i n t e r v a l s :  0-30 y e a r s  
(excess  2' Opb and PU p r e s e n t )  ; 30-100 y e a r s  (excess  
2 1  Opb, no Pu) ; 100-250 y e a r s  ( e x t r a p o l a t i o n  of 
c h r o n o l o g i c  model) .  



rough d e p o s i t i o n  ages  f o r  dep th  hor izons  from c o r e s  WORF1, WORHl and N R C 1 .  

The d e p o s i t i o n  a g e s  a r e  combined w i t h  14c ages  on t h e  o r g a n i c  f r a c t i o n s  of 

t h e s e  c o r e s  i n  F igure  11. No e f f o r t  h a s  been made t o  a s s i g n  a n  a b s o l u t e  

d e p o s i t i o n  age  t o  any sample on which 14c age  h a s  been determined.  Ra ther ,  

d e p o s i t i o n  age  has  been d i v i d e d  i n t o  t h r e e  i n t e r v a l s :  

0-30 y e a r s ,  based upon dep th  o f  p e n e t r a t i o n  of 239,24OPu, 3 

30-100 y e a r s ,  based upon dep th  o f  p e n e t r a t i o n  of excess  ' l0pb; 

100-250 y e a r s ,  based upon e x t r a p o l a t i o n  of t h e  s t e a d y - s t a t e  

accumulat ion + mixing model. 

We have assumed t h a t  t h e  100-250 y e a r  i n t e r v a l  i s  s u f f i c i e n t l y  we l l -de f ined  

on ly  f o r  c o r e  WORHl and t h a t  none of t h e  i n t e r v a l s  cou ld  be d i s t i n g u i s h e d  i n  

c o r e  N R H l  (where 2 3 9 ' 2 4 0 ~ u  and excess  *lOpb were n o t  s e p a r a t e d  i n  t h e  

sediment column). 

D e s p i t e  t h e  n o i s e  i n  t h e  14c-age p r o f i l e s  ( F i g s .  7,8) a  v e r y  s imple  

p i c t u r e  emerges from F i g u r e  11. A l l  o f  t h e  samples of d e p o s i t i o n  a g e  > 30 

14 
y e a r s  gave C a g e s  s i g n i f i c a n t l y  g r e a t e r  t h a n  d e p o s i t i o n  a g e .  Only f o r  

1 4  
d e p o s i t i o n  a g e s  i n  t h e  i n t e r v a l  0-30 y e a r s  was t h e  C age  a s  young a s  ( o r  

younger than)  t h e  d e p o s i t i o n  age ;  t h i s  w a s  t r u e  of abou t  h a l f  t h e  samples 

from t h e  i n t e r v a l  and w a s  c l e a r l y  due t o  t h e  i n f l u e n c e  of o r g a n i c  m a t t e r  

contaminated w i t h  bomb 14c. Probably  a l l  of  t h e  samples from t h e  0-30 y e a r  

depos i t ion-age  i n t e r v a l  c o n t a i n e d  b o t h  bomb 14c and aged carbon.  The l i k e l y  

14 
p resence  of bomb C ,  even where a n e g a t i v e  age  was n o t  o b t a i n e d ,  may be 

i n f e r r e d  from t h e  p resence  o f  f a l l o u t  p lutonium; t h e  p resence  of aged carbon 

i n  samples o f  n e g a t i v e  a g e  i s  i n f e r r e d  from t h e  f a c t  t h a t  p u r e  "modern" 

(post-1957) carbon would g i v e  s i g n i f i c a n t l y  more n e g a t i v e  ages  ( s e e ,  e . g . ,  



Nydal e t  a l ,  1979; B a r r e t t e  e t  a l ,  1980) .  

These r e s u l t s  conf i rm t h e  e x p e c t a t i o n  t h a t  t h e  o r g a n i c  m a t t e r  f l u x  t o  

t h e  sediments  i n  t h e  White Oak and Neuse r i v e r  e s t u a r i e s  i n c l u d e s  b o t h  

r e c e n t l y  produced and aged o r g a n i c  m a t t e r .  Our h y p o t h e s i s  was t h a t  t h e  

r e c e n t l y  produced o r g a n i c  m a t t e r  shou ld  undergo more r a p i d  decomposi t ion,  

l e a d i n g  t o  p r e f e r e n t i a l  p r e s e r v a t i o n  o f  t h e  aged,  p rocessed  m a t e r i a l .  To 

demonstra te  t h i s  we would need t o  show a  s y s t e m a t i c  i n c r e a s e  i n  14c age  

w i t h  dep th  i n  t h e  sediment  which i s  more r a p i d  t h a n  t h e  i n c r e a s e  i n  d e p o s i t i o n  

age .  No such  t r e n d  can be demonstra ted from t h e  p r e s e n t  d a t a .  Near t h e  c o r e  

t o p s ,  where r a p i d ,  mic rob ia l ly -media ted  changes i n  t h e  composi t ion o f  

o r g a n i c  m a t t e r  might have been expec ted ,  any r e s u l t i n g  s h i f t  i n  14c age  was 

14 
masked by bomb 1 4 C , ;  t h a t  i s ,  whi le  C age  showed a b r u p t  i n c r e a s e s  between 

some h o r i z o n s  ( F i g s .  7 , 8 ) ,  p a r t  o r  a l l  o f  t h e  observed i n c r e a s e s  cou ld  be 

a s c r i b e d  t o  f l u c t u a t i o n s  i n  t h e  i n p u t  of o r g a n i c  m a t t e r  contaminated w i t h  

bomb 1 4 C .  

I n  p r i n c i p l e ,  i t  might have been p o s s i b l e  t o  s e p a r a t e ,  by c a l c u l a t i o n ,  

t h e  c o n t r i b u t i o n  o f  bomb 14c t o  t h e  observed changes i n  14c age.  Such a  

s e p a r a t i o n  was n o t  f e a s i b l e  h e r e ,  f o r  two reasons .  F i r s t ,  'bomb 14c' cannot  

be c h a r a c t e r i z e d  by any unique r a t i o  of 14c/c. I n  n o r t h e r n  t empera te  

l a t i t u d e s ,  t r o p o s p h e r i c  and contemporary t e r r e s t r i a l  p l a n t  14c i n c r e a s e d  

from about  110 % Modern i n  1957 t o  about  200 % Modern i n  1963-1965, t h e n  

d e c l i n e d  s lowly  t o  abou t  140 % Modern by 1978 (Nydal e t  a l ,  1979; B a r r e t t e  

1 4  
e t  a l ,  1980; 'Modern' i n  t h i s  c o n t e x t  r e f e r s  t o  t h e  i n t e r n a t i o n a l  C zero-  

1 4  
age  r e f e r e n c e  a c t i v i t y ,  s p e c i f i e d  as of 1950 . ) .  I n c r e a s e s  i n  C i n  s u r f a c e  

ocean w a t e r s  l agged  t h e  t r o p o s p h e r i c  i n c r e a s e s  and l e v e l l e d  o f f  a t  abou t  



120 % Modern (Nydal e t  a l ,  1979) .  Thus 14c/c i n  o r g a n i c  m a t t e r  contaminated 

w i t h  bomb 14c would depend s t r o n g l y  on t h e  d a t e  and p l a c e  ( l a n d  - v s  ocean) of 

i t s  produc t ion .  A second compl ica t ion  was t h a t  t h e  o r g a n i c  m a t t e r  i n  t h e  

sediments  s t u d i e d  h e r e  r e p r e s e n t e d  i n p u t s  from a combinat ion of s o u r c e s ,  i n  

p r o p o r t i o n s  which v a r i e d  s i g n i f i c a n t l y  o v e r  t ime.  Th is  i s  shown by t h e  

o s c i l l a t i o n s  i n  14c age  which were found even below t h e  dep ths  of p lutonium 

14 
p e n e t r a t i o n :  C age  i n c r e a s e d  monotonical ly  w i t h  dep th  on ly  i n  c o r e  NRH1. 

I n  c o n t r a s t  w i t h  t h e  r e s u l t s  r e p o r t e d  by p r e v i o u s  i n v e s t i g a t o r s  (Er lenkeuser  

e t  a l ,  1974; Benoi t  e t  a l ,  1979; Bax te r  e t  a l ,  1980) ,  t h e r e  i s  e v i d e n t l y  no 

c o n s t a n t  " r e c e n t  age" of t h e  non-metabol izable  f r a c t i o n  of o r g a n i c  m a t t e r  

i n  t h e s e  sha l low e s t u a r i e s .  

A range o f  " r e c e n t  ages" can be c a l c u l a t e d  from t h o s e  samples f o r  which 

d e p o s i t i o n  ages  cou ld  be  e s t i m a t e d  by s imply computing t h e  excesses  of 14c 

a g e s  o v e r  d e p o s i t i o n  a g e s .  Th i s  i s  most s t r a i g h t f o r w a r d  f o r  samples which 

c o n t a i n e d  no plutonium and presumably, t h e r e f o r e ,  no bomb 14c. I n  c o r e  

WORH1, f o r  example, samples from 16-18 cm and 28-30 cm c o n t a i n e d  no plutonium 

14 
and had d e p o s i t i o n  a g e s  < % 100 y e a r s ;  t h e i r  C a g e s  were,  r e s p e c t i v e l y ,  - 
1120 + 70 y e a r s  and 640 t 80 y e a r s .  A sample from 40-42 cm i n  c o r e  WORHl 

14 
had a  C age  of 1340 + 80 y e a r s  and a  p robab le  d e p o s i t i o n  age  o f  < 250 

1 4  
y e a r s .  The a v e r a g e  e x c e s s  C age  f o r  t h e s e  samples w a s  t h u s  abou t  

880 + 300 y e a r s .  S i m i l a r  c a l c u l a t i o n s  f o r  c o r e  NRC1,  where a l l  d e p o s i t i o n  

1 4  
a g e s  were < 100 y e a r s ,  y i e l d  a n  e x c e s s  C age  of 1015 5 135 y e a r s  (two 

samples ) ,  and f o r  c o r e  WORFl a  s i n g l e  sample (28-30 cm) y i e l d s  a n  e x c e s s  

14c age  of abou t  120 y e a r s .  A d d i t i o n a l  minimum " r e c e n t  ages" can be  

s i m i l a r l y  c a l c u l a t e d  f o r  t h o s e  samples which had f i n i t e  14c age  d e s p i t e  t h e  



14 
probab le  p resence  of bomb C contaminat ion.  Excess a g e s ,  r e l a t i v e  t o  a  

30-year d e p o s i t i o n  age ,  f o r  such  samples a r e  sometimes as l a r g e  a s ,  o r  

l a r g e r  t h a n ,  t h o s e  c a l c u l a t e d  above (420 y e a r s  f o r  WORF1, 18-20 cm; 1020 

y e a r s  f o r  WORH1, 8-10 cm; 970 y e a r s  f o r  N R C 1 ,  8-12 cm); presumably t h i s  

14 i s  due t o  temporal  f l u c t u a t i o n s  i n  t h e  average  C age  of t h e  o rgan ic -  

m a t t e r  i n p u t .  

I n  sediments  of t h e  White Oak and Neuse r i v e r  e s t u a r i e s ,  t h e r e f o r e ,  

t h e  average  pre-bomb " r e c e n t  age" of o r g a n i c  m a t t e r  which h a s  escaped 

decomposit ion d u r i n g  b u r i a l  t o  a  dep th  of t e n s  of c e n t i m e t e r s  h a s  been i n  

t h e  range of one hundred t o  about  one thousand y e a r s .  Aged o r g a n i c  m a t t e r  

h a s  c e r t a i n l y  p e r s i s t e d  i n  t h e  sed iments .  To l e a r n  whether i t  h a s  p e r s i s t e d  

p r e f e r e n t i a l l y ,  r e l a t i v e  t o  r e c e n t l y  produced o r g a n i c  m a t t e r ,  we would need 

t o  know t h e  average  pre-bomb 14c age  o f  t h e  t o t a l  o r g a n i c  m a t t e r  f l u x ;  t h i s  

i n f o r m a t i o n  i s  n o t  a v a i l a b l e  e i t h e r  from t h e  sediments  o r  from a n a l y s i s  of 

modern s o u r c e s ,  which a r e  c l e a r l y  contaminated w i t h  bomb 14c. 

Sources  of o r g a n i c  m a t t e r .  The combined carbon i s o t o p i c  d a t a  a r e  

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

p r e s e r v e d  i n  t h e  sed iments  of t h e  White Oak and Neuse r i v e r  e s t u a r i e s .  I n  

F i g u r e s  12 and 1 3  t h e  carbon i s o t o p e  d a t a  a r e  p l o t t e d  t o g e t h e r  w i t h  f i e l d s  

r e p r e s e n t i n g  t h e  carbon i s o t o p i c  composi t ion of p o t e n t i a l  s o u r c e  m a t e r i a l s  

(d iagram modi f ied  from Turekian and Benoi t ,  1981) .  For t h e s e  f i g u r e s  14c 

has  been expressed  as t h e  a c t i v i t y  r a t i o  A/A where A is t h e  p r e s e n t  14c 
0 ' 

a c t i v i t y  and A i s  t h e  i n t e r n a t i o n a l  r ad iocarbon-da t ing  r e f e r e n c e  a c t i v i t y  
0 

14 
(Ao i s  a  c o n s t r u c t ,  roughly t h e  C s p e c i f i c  a c t i v i t y  i n  pre-bomb, p re -  

i n d u s t r i a l  wood produced i n  1950) .  The v a l u e  A/Ao = 1 t h u s  cor responds  







approximately  t o  zero-age carbon a s  o f  1950; a c t u a l  zero-age carbon i n  

1950 had A/A s l i g h t l y  l e s s  t h a n  1 . 0 ,  due t o  t h e  Suess  e f f e c t  (Damon e t  a l ,  
0 

1978) ,  b u t  t h e  d i f f e r e n c e  i s  on ly  a  few p e r  c e n t  and s o  does n o t  a f f e c t  t h e  

arguments h e r e .  

D e f i n i t i o n  o f  t h e  source -mate r ia l  f i e l d s  i n  F i g u r e s  12 and 1 3  was 

s t r a i g h t f o r w a r d ;  t h e  boundar ies  were f o r  t h e  most p a r t  d e r i v e d  from r e f e r e n c e s  

c i t e d  above.  Modern v e g e t a t i o n  which withdraws i t s  carbon from t h e  atmos- 

p h e r i c  CO r e s e r v o i r  h a s  shown t h e  bomb e f f e c t  (A/A > 1 .0)  more s t r o n g l y  
2  0 

t h a n  h a s  marine  p lank ton  because  bomb 14c h a s  e n t e r e d  t h e  oceans  s lowly 

and h a s  been d i l u t e d  by t h e  l a r g e  poo l  of b i c a r b o n a t e  i n  s u r f a c e  wa te r s  

1 3  
(Nydal e t  a l ,  1979; S t u i v e r ,  1980) .  The 6  C boundar ies  f o r  sa l t -marsh  

sediment a r e  based upon t h e  d a t a  of Haines (1976) and r e f l e c t  c o n t r i b u t i o n s  

from bo th  C and C4  p l a n t s .  An aged p lank ton  component would c l e a r l y  f a l l  
3 

i n  t h i s  same f i e l d .  The c u t o f f s  f o r  aged s o u r c e  r e s e r v o i r s ,  

0 .8  - < A/A < 0.95,  a r e  t o  some e x t e n t  a r b i t r a r y ;  t h e  cor responding  14c age  
0 - 

(5,730-year h a l f - l i f e )  l i m i t s  a r e  424 - < 14c age  - < 1845 y e a r s .  

Nsne o f  o u r  sediment  i s o t o p i c  eomposi t ions  f e l l  i n t o  t h e  p lank ton ,  

sa l t -marsh  sediment ,  o r  C - p l a n t  s o u r c e  f i e l d s ,  and t h e  o r g a n i c  m a t t e r  i n  4  

most o f  o u r  samples cou ld  be viewed as s imple  mix tures  o f  t h e  C - p l a n t  
3  

(+ sewage),  s o i l ,  and c o a l  + o i l  s o u r c e s .  S i n c e  t h e  s t a b l e  carbon i s o t o p e s  

were c o n s i s t e n t l y  h e a v i e r  i n  t h e  c o r e s  from t h e  downriver l o c a t i o n s  (WORH, 

NRH), however, i t  i s  probab le  t h a t  t h e  o r g a n i c  m a t t e r  from c o r e s  WORHl 

and N R H l  c o n t a i n e d  some c o n t r i b u t i o n  from p l a n k t o n  a n d / o r  C p l a n t s .  We 
4  

can approximate  t h i s  c o n t r i b u t i o n  by assuming t h a t  t h e  d i f f e r e n c e  i n  

average  613c between u p r i v e r  and downriver l o c a t i o n s  has  r e s u l t e d  from 



1 3  
a d d i t i o n ,  a t  t h e  downriver s i t e s ,  of a  p lank ton  component (6 C = -20 0100) 

which i s  miss ing  u p r i v e r .  Taking t h e  average  613c i n  c o r e s  WORFl and N R C l  

a s  a  p u r e l y  t e r r e s t r i a l ,  C - p l a n t  s i g n a l ,  t h e n ,  t h e  c o n t r i b u t i o n  of carbon 
3  

from t h e  h y p o t h e t i c a l  p lank ton  s o u r c e  is  about  30 % i n  c o r e  WORHl and about  

40 % i n  c o r e  NRH1. L e s s e r  amounts of C - p l a n t  carbon would be r e q u i r e d  t o  
4  

produce t h e  same i s o t o p i c  s h i f t s  between t h e  u p r i v e r  and downriver c o r e s .  

Given t h e  s c a t t e r  i n  t h e  s t a b l e  i s o t o p i c  composi t ions ,  both  i n  o u r  sediments  

and i n  s o u r c e  m a t e r i a l s ,  any such  c a l c u l a t e d  p r o p o r t i o n s  a r e  n e c e s s a r i l y  

h i g h l y  u n c e r t a i n  (+  50-100 %).  

Mixing a l o n g  t h e  14c axes  of F i g u r e s  12 and 1 3  i s  l i k e w i s e  n o t  unambig- 

uously  r e s o l v e d .  None of t h e  measured A/A 's  was s i g n i f i c a n t l y  < 0.8 ,  s o  
0 

t h a t  t h e  aged carbon i n  o u r  samples might a l l  have come from r e s e r v o i r s ,  

l i k e  s o i l s  and sa l t -marsh  sed iments ,  of r e l a t i v e l y  young 14c age .  A t  t h e  

same t ime  t h e  p resence  of small amounts of c o a l  a n d / o r  pet roleum (A/A = 0)  
0 

cannot  be excluded;  indeed ,  macroscopic c o a l  f ragments  were found i n  c o r e  

N R C l  (Table  l ) ,  a l b e i t  o n l y  from a  h o r i z o n  deeper  t h a n  any i n  which 14c was 

determined.  The c o n t r a s t  between t h e  Neuse and White Oak a f f o r d s  a  b a s i s  

f o r  t h e  e s t i m a t i o n  of t h e  e f f e c t  of c o a l  and petroleum,  i n  t h a t  t h e  White 

14 
Oak i s  c e r t a i n  t o  be less a f f e c t e d .  For a  f a i r  comparison of C Concen- 

t r a t i o n s ,  i t  would be necessa ry  t o  compare samples of t h e  same d e p o s i t i o n  

age.  Th is  is  n o t  p o s s i b l e  because  of t h e  u n c e r t a i n t i e s  i n  t h e  sediment 

c h r o n o l o g i e s .  However, t h e  d i f f e r e n c e s  i n  14c A / A  between deep samples 
0 

(below plutonium) from c o r e s  NRHl and WORHl and from N R C l  and WORFl a r e  

compat ible  w i t h  t h e  a d d i t i o n  of a t  most a  few p e r  c e n t  (< 5 % of  t o t a l  

carbon i n  a l l  c a s e s )  c o a l  o r  pet roleum carbon t o  t h e  Neuse River  e s t u a r y  



samples.  

Summary I m p l i c a t i o n s  f o r  Water Q u a l i t y  -- 

Sediment c h r o n o l o g i c a l  s t u d i e s  i n  combination w i t h  carbon i s o t o p e  

a n a l y s e s  on t h e  o r g a n i c  f r a c t i o n  from sediment c o r e s  from t h e  White Oak and 

Neuse r i v e r - e s t u a r y  sys tems have r e v e a l e d  two s imple  p a t t e r n s :  

( i )  s t a b l e  i s o t o p e  a n a l y s e s  s u g g e s t  t h a t  marine (p lank ton ,  s a l t  marsh) 

s o u r c e s  o f  o r g a n i c  m a t t e r  i n c r e a s e  i n  importance i n  t h e  downriver d i r e c t i o n  

b u t  t h a t  t e r r e s t r i a l  (C - p l a n t )  s o u r c e s  may predominate throughout  t h e  3 

e s t u a r i e s ;  

( i i )  14c a n a l y s e s  show t h a t  t h e  f l u x  of o r g a n i c  m a t t e r  t o  t h e  sediments  

i n c l u d e s  b o t h  r e c e n t l y  produced and aged m a t e r i a l  and t h a t ,  a t  dep ths  below 

14 
t h e  i n f l u e n c e  of bomb 14c, t h e  C age  of o r g a n i c  m a t t e r  is g r e a t e r  t h a n  

t h e  d e p o s i t i o n  age of t h e  sediment .  

We have n o t  been a b l e  t o  demonstra te  d i r e c t l y  t h a t  m i c r o b i a l  d e g r a d a t i o n  

h a s  p r e f e r e n t i a l l y  removed t h e  r e c e n t l y  produced f r a c t i o n  of t h e  o rgan ic -  

m a t t e r  i n f l u x .  The p r e d i c t e d  consequence of t h i s  p r o c e s s  was t h a t  t h e  

p r o p o r t i o n  of aged m a t e r i a l  i n  t h e  t o t a l  o r g a n i c  m a t t e r  would i n c r e a s e  and 

t h a t ,  t h e r e f o r e ,  t h e  14c age  of t h e  o r g a n i c  m a t t e r  would i n c r e a s e  more 

r a p i d l y  t h a n  sediment  d e p o s i t i o n  a g e .  S i n c e  t h e  i n t e n s i t y  of m i c r o b i a l  

a c t i v i t y  i s  g r e a t e s t  n e a r  t h e  sediment-water i n t e r f a c e ,  t h i s  model must be 

t e s t e d  by c a r e f u l  measurements n e a r  c o r e  t o p s .  I n  t h e  c a s e  of o u r  sediment 

c o r e s  t h e  expec ted  e f f e c t ,  i f  p r e s e n t ,  was masked by bomb 14c. 

Prev ious  s t u d i e s  (Er lenkeuser  e t  a l ,  1974; Benoi t  e t  a l ,  1979; Baxter  

e t  a l ,  1980) have demonstra ted t h e  e x i s t e n c e  of a  non-metabol izable ,  aged 



o r g a n i c  m a t t e r  i n p u t  t o  c o a s t a l  sediments  by e x t r a p o l a t i n g  14c a g e  measurements 

from p r e - i n d u s t r i a l  and pre-bomb hor izons  i n  sediment c o r e s  t o  t h e  sediment- 

wa te r  i n t e r f a c e :  t h e  f i n i t e  (850-3000 y e a r s )  " r e c e n t  age" o b t a i n e d  i n  t h i s  

way w a s  i n t e r p r e t e d  a s  t h e  14c a g e ,  a t  d e p o s i t i o n ,  o f  o r g a n i c  m a t t e r  which 

w a s  n o t  subsequen t ly  re -minera l i zed  w i t h i n  t h e  sed iments .  I n  c o r e s  from t h e  

Neuse and White Oak 14c ages  on samples from d e p t h s  below t h e  h o r i z o n s  

contaminated by bomb 14c g e n e r a l l y  d i d  n o t  i n c r e a s e  monotonical ly  w i t h  dep th ,  

probably  because t h e  s o u r c e s  of o r g a n i c  m a t t e r  t o  t h e s e  l o c a t i o n s  have 

v a r i e s .  I n  t h r e e  of f o u r  c o r e s ,  however, t h e  average  14c a g e s  on t h e s e  

pre-bomb samples ,  when c o r r e c t e d  f o r  d e p o s i t i o n  a g e ,  ranged between 100 and 

1000 y e a r s .  Based upon t h i s  we know t h a t  aged o r g a n i c  m a t t e r  i s  prese rved  

i n  sediments  o f  t h e  Neuse and White Oak r i v e r  e s t u a r i e s .  Consider ing l i k e l y  

s o u r c e s  of o r g a n i c  m a t t e r ,  we b e l i e v e ,  a l t h o u g h  we have n o t  proved, t h a t  

t h e  aged o r g a n i c  m a t t e r  i s  p r e f e r e n t i a l l y  p rese rved .  

We cou ld  n o t  un ique ly  determine t h e  s o u r c e s  of aged o r g a n i c  matter t o  

t h e  Neuse and White Oak. A s i g n i f i c a n t  i n p u t  of o r g a n i c  m a t t e r  of i n f i n i t e  

14 
C a g e  ( c o a l ,  pet roleum,  e t c )  t o  t h e  White Oak i s  improbable,  however, 

because t h e  wa te r shed  i s  s p a r s e l y  popula ted  and l i t t l e  developed. G r e a t e r  

development i n  t h e  Neuse b a s i n  makes c o a l  and o i l  p o l l u t i o n  more p l a u s i b l e ,  

and,  r e l a t i v e  t o  White Oak samples,  t h e  Neuse samples may have c o n t a i n e d  a  

0-5 % component o f  i n f i n i t e - a g e  carbon i n  t o t a l  sedimentary  o r g a n i c  carbon.  

For b o t h  r i v e r - e s t u a r y  systems i t  is  probab le  t h a t  most of t h e  aged o r g a n i c  

m a t t e r  was d e r i v e d  from r e s e r v o i r s  having 14c ages  of hundreds t o  a  few 

thousands  o f  y e a r s  ( s o i l s ,  s a l t  marshes,  p r e - e x i s t i n g  sed iments ) .  

I f  r e c e n t l y  produced o r g a n i c  m a t t e r  i s  p r e f e r e n t i a l l y  decomposed i n  



e s t u a r i n e  sed iments ,  a s  we have a rgued ,  t h e  i m p l i c a t i o n s  f o r  w a t e r  q u a l i t y  

a r e  c l e a r .  I n c r e a s e d  l o a d i n g s  of aged,  r e f r a c t o r y  o r g a n i c  m a t t e r ,  w h i l e  

p o s s i b l y  o b j e c t i o n a b l e  on o t h e r  grounds,  would c a r r y  a  r e l a t i v e l y  s m a l l  

p e n a l t y  i n  w a t e r - q u a l i t y  d e t e r i o r a t i o n  due t o  i n c r e a s e d  primary p r o d u c t i v i t y  

o r  oxygen d e p l e t i o n ;  a  l a r g e  f r a c t i o n  of t h e  aged o r g a n i c  m a t t e r  would 

u l t i m a t e l y  be b u r i e d  i n  t h e  sediment column. I n  c o n t r a s t  a l a r g e  f r a c t i o n  

of r e c e n t l y  produced o r g a n i c  m a t t e r  would undergo decomposit ion i n  s u r f a c e  

sediments ,  consuming oxygen and r e t u r n i n g  n u t r i e n t s  t o  t h e  wa te r  column. 

I n c r e a s e d  l o a d i n g s  of t h i s  m a t e r i a l  would i n t e n s i f y  t h e s e  p r o c e s s e s  and 

i n c r e a s e  t h e  f requency o f  oxygen-deple t ion e v e n t s .  The f r a c t i o n  of r e c e n t l y  

produced o r g a n i c  m a t t e r  t h a t  would u l t i m a t e l y  be b u r i e d  would probably  vary  

w i t h  s o u r c e .  Given t h e  low-moderate r a t e s  of sediment accumulat ion which 

we have found, however, b u r i a l  i s  n o t  an  e f f i c i e n t  means of removing 

sedimented o r g a n i c  m a t t e r  from t h e  n e a r - i n t e r f a c e  zone of i n t e n s e  m i c r o b i a l  

a c t i v i t y .  
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