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Summary 

1. Three  Rhodamine B dye r e l e a s e s  were made i n  t h e  Pamlico R i v e r  d u r i n g  

t h e  summer of 1967. The movement and c o n c e n t r a t i o n  of t h e  dye was 

fo l lowed  i n  t h e  e s t u a r y  w i t h  f l u o r o m e t e r s  equipped w i t h  f low- th rough  

c u v e t t e s  and mounted on b o a t s .  I n h e r e n t  e r r o r s  i n  t h e  t e c h n i q u e s  

used and i n  t h e  c h o i c e  of f l u o r o m e t e r  f i l t e r s  reduced t h e  

r e l i a b i l i t y  of t h e  f l u o r o m e t e r  r e a d i n g s ,  p a r t i c u l a r l y  a t  low 

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

2 .  R e l i a b l e  e s t i m a t e s  of t h e  s i z e  and downstream movement of t h e  dye 

p a t c h  f o l l o w i n g  t h e  l a s t  dye i n s e r t i o n  was p o s s i b l e .  The a v e r a g e  n e t  

movement of t h e  dye p a t c h  was 915 m p e r  day downstream. C o n c e n t r a t i o n s  

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

E 

downstream, o u t s i d e  of t h e  dye p a t c h ,  were caused by background I 

I 
f l u o r e s c e n c e  and n o t  Rhodamine B .  ~ 

3 .  The movement of t h e  dye p a t c h  was compared t o  p r e d i c t e d  w a t e r  

movements d e r i v e d  from a  t i d a l  p r i sm model of e s t u a r i n e  f l u s h i n g .  

Under low f r e s h  w a t e r  i n f l o w  c o n d i t i o n s  e x i s t i n g  a t  t h e  t ime of t h e  

dye i n s e r t i o n ,  t h e  p r e d i c t e d  a v e r a g e  t r a n s p o r t  f o r  t h e  s e c t i o n  of t h e  

e s t u a r y  i n  which t h e  dye was r e l e a s e d  was 213 m p e r  d a y .  

4 ,  The t i d a l  p r i sm model was a l s o  a p p l i e d  u s i n g  f r e s h  w a t e r  volume d a t a  

r e p r e s e n t a t i v e  of average  C o n d i t i o n s .  The model p e r m i t s  t h e  

c a l c u l a t i o n  of f l u s h i n g  t imes and exchange r a t i o s  f o r  each  segment 

of t h e  e s t u a r y .  These v a l u e s  a r e  of c o n s i d e r a b l e  importance i n  

p r e d i c t i n g  t h e  f a t e  of an  in t roduced  con taminan t .  Although t h e  model 

r e s u l t s  do n o t  a c c u r a t e l y  p r e d i c t  t h e  a c t u a l  s a l i n i t y  s t r u c t u r e  o r  

t h e  n e t  down,stream movement of t h e  d y e ,  t h e  e s t i m a t e s  of exchange 









I n t r o d u c t i o n  

T h i s  r e p o r t  i s  in tended  t o  p r e s e n t  a  b r i e f  r e v i e w  of t h e  hydrography 

of t h e  Pamlico R i v e r  e s t u a r y ,  North C a r o l i n a  and t o  p r e s e n t  some r e s u l t s  

of a  dye t r a c e r  s t u d y  conducted d u r i n g  t h e  summer of 1966. 

The Pamlico R i v e r  e s t u a r y  ( F i g u r e  1) r u n s  i n  an  approximate  n o r t h -  

w e s t - s o u t h e a s t  d i r e c t i o n  from Washington, North C a r o l i n a  t o  t h e  

v i c i n i t y  of Pamlico P o i n t  where i t  e n t e r s  Pamlico Sound. The e s t u a r y  

t a p e r s  g r a d u a l l y  landward from a  wid th  of abou t  3 . 5  m i l e s  ( 5 . 6  km) a t  

t h e  mouth. Average t i d a l  ampl i tude  i s  approx imate ly  7 t o  9  i n c h e s  

( 1 8  t o  23 cm), presumably because  of t h e  damping a f f e c t  of Pamlico 

Sound. However, wide f l u c t u a t i o n s  i n  w a t e r  dep th  a r e  r e l a t e d  t o  changes  

Dye T r a c e r  S tudy  

i n  wind d i r e c t i o n  and v e l o c i t y .  The e s t u a r y  i s  s h a l l o w ,  a v e r a g i n g  7 . 5  

Rhodamine 33 h a s  been shorn by P r i t c h a r d  and C a r p e n t e r  (1960)  t o  be 

f e e t  ( 2 . 3  m) i n  t h e  upper p o r t i o n ,  10.5 f e e t  (3 .2  m) i n  t h e  c e n t r a l  

one of t h e  most s e n s i t i v e  and l e a s t  e x p e n s i v e  t a g s  f o r  measur ing  w a t e r  

r e g i o n  

mass movements. It i s  a  f l u o r e s c e n t  pigment which i s  r e l a t i v e l y  

and 13 f e e t  ( 4 . 0  m) i n  t h e  lower r e g i o n .  

r e s i s t a n t  t o  photochemical  decay .  Maximum absorbancy  of Rhodamine B 

o c c u r s  a t  550 m i l l i m i c r o n s  w h i l e  maximum f l u o r e s c e n c e  o c c u r s  a t  580 

m i l l i m i c r o n s .  C h l o r o p h y l l  and i t s  d e r i v a t i v e s  a r e  l i k e l y  t o  be t h e  

p r i n c i p l e  component of t h e  f l u o r e s c e n c e  background i n  t r a c e r  s t u d i e s .  

However, t h i s  e r r o r  can be e l i m i n a t e d  by u s i n g  f i l t e r s  w i t h  narrow 

absorbancy peaks .  S i n c e  f l u o r e s c e n c e  d e c r e a s e s  2 . 3  p e r c e n t  p e r  d e g r e e  

c e n t r i g r a d e  t e m p e r a t u r e  shou ld  be moni tored c o n t i n u o u s l y  w h i l e  sampl ing ,  





Figure 1. Pamlico River estuary between Washington, N. C, and ~aml'ico 

Light Station locations are shown and referred to in text, 









Two major  s o u r c e s  of e r r o r  must be c o n s i d e r e d  i n  e v a l u a t i n g  t h e  

Rhodamine B dye c o n c e n t r a t i o n s  measured d u r i n g  t h i s  s t u d y .  F i r s t  dye 

c o n c e n t r a t i o n s  were n o t  c o r r e c t e d  f o r  changes i n  t e m p e r a t u r e .  Second, t h e  

pr imary and secondary  f i l t e r s  used were n o t  s u i t a b l e  f o r  i s o l a t i n g  t h e  

Rhodamine B dye f o r  f l u o r e s c e n c e  s p e c t r a .  D r .  Woods measured t h e  , 
I 

absorbancy s p e c t r a  f o r  t h e  f i l t e r s  used and e s ~ a b l i s h e d  t h a t  bo th  t h e  

p r imary  and secondary f i l t e r s  were o n l y  m a r g i n a l l y  e f f e c t i v e .  There  was 

no t r a n s m i s s i o n  through t h e  l a t t e r  u n t i l  520 m i l l i m i c r o n s  and a  p l a t e a u  

was recorded  s t a r t i n g  a t  630 m i l l i m i c r o n s .  Pr imary f i l t e r  t r a n s m i s s i o n  

peaks were recorded  a t  418 m i l l i m i c r o n s  and 550 m i l l i m i c r o n s .  Rhodamine 

B f l u o r e s c e s  (maximum) a t  580 m i l l i m i c r o n s  when t h e  secondary  f i l t e r  was 

t r a n s m i t t i n g  o n l y  approx imate ly  25 p e r c e n t .  A s  h a s  been n o t e d ,  maximum ~ 
c h l o r o p h y l l  f l u o r e s c e n c e  o c c u r s  a t  650-675 m i l l i m i c r o n s ,  w e l l  w i t h i n  t h e  

range  t r a n s m i t t e d  by t h e  f i l t e r  u s e d .  Moreover,  c h l o r o p h y l l  i s  e x c i t e d  

maximally a t  abou t  440 m i l l i m i c r o n s  which i s  c l o s e  t o  one of t h e  peaks  

of t h e  pr imary f i l t e r s .  It i s  assumed t h a t  t h e  h i g h  backgrounds which 

o c c u r r e d  d u r i n g  f i e l d  s a v p l i n g  were caused by f a u l t y  f i l t e r  s e l e c t i o n .  

Although t h e  background f l u o r e s c e n c e  u s u a l l y  d i d  n o t  v a r y  more t h a n  4 

t o  6  f  luoromete r  u n i t s  (+ 0 . 6  x 10 -5 m g / ~ ) ,  o c c a s i o n a l l y  i t  d i d  go 

much h i g h e r .  For example,  r e a d i n g s  on one f  luoromete r  reached  10 

f l u o r o m e t e r  u n i t s  above background i n  Durhani's Creek,  a  s m a l l  t r i b u t a r y .  

U s u a l l y ,  background r e a d i n g s  i n c r e a s e d  when proceed ing  from mouth t o  

head w a t e r s  of t r i b u t a r i e s .  A more s u i t a b l e  f i l t e r  combinat ion would 

p robab ly  have reduced t h e  h igh  background and i n c r e a s e d  t h e  r e l i a b i l i t y  

a t  low c o n c e n t r a t i o n s  ( D r .  James H .  C a r p e n t e r ,  p e r s o n a l  communication).  





7 

Movement of t h e  dye was d e t e c t e d  i n  t h e  f i e l d  w i t h  a  Turner  Model 111 

Fluoromete r  equipped w i t h  a  f l o w  through c u v e t t e .  One f l u o r o m e t e r  was 

mounted on each of two v e s s e l s .  Power r e q u i r e m e n t s  were met s a t i s f a c t o r i l y  

w i t h  a  DC t o  AC power i n v e r t e r  connected t o  a  12 v o l t  s t o r a g e  b a t t e r y .  

Water was pumped t o  t h e  c u v e t t e  through p o l y e t h y l e n e  t u b i n g  th readed  
I 

th rough  a  1 - inch  ( 2 . 5  cm) p i p e  t o  which was a t t a c h e d  a  s m a l l  submers ib le  
I 

pump. The pump cou ld  be lowered t o  t h e  d e s i r e d  dep th  and w a t e r  pumped 

c o n t i n u o u s l y  w h i l e  t h e  b o a t  was qnderway a t  a  speed of 8  t o  LO k n o t s .  

There  was a  30 second l a g  between t h e  pump and t h e  t ime t h e  w a t e r  

reached  t h e  c u v e t t e .  A t i m e - l a g  c o r r e c t i o n  was made when t h e  dye 

c o n c e n t r a t i o n s  were p l o t t e d .  

Three  dye i n s e r t i o n s  were made. The f i r s t  was a  s m a l l  dye r e l e a s e  

( 4 . 1  pounds,  1 .86 kg) i n  South Creek,  a  t r i b u t a r y  of Pamlico R i v e r .  

I 
Thib r e l e a s e  (May 12-16, 1966) was made t o  t e s t  methods,  and t o  deve lop  

ways t o  f i x  b o a t  p o s i t i o n ,  Dry Rhodamine B powder was mixed w i t h  w a t e r  

f rom t h e  s i t e  of i n s e r t i o n  ( 2 %  by w e i g h t )  and s iphoned i n t o  t h e  r i v e r  

f rom a  19 L ca rboy  suppor ted  by a  Coast  Guard channe l  marker .  The 

ca rboy  was r e f i l l e d  a t  r e g u l a r  i n t e r v a l s  and i t  was assumed t h a t  t h e  

r a t e  of dye r e l e a s e  was approx imate ly  0.8 pounds ( 0 . 3 6  kg) p e r / 2 4  h o u r s  

f o r  t h e  5 day p e r i o d .  

The second dye r e l e a s e  was made a t  a  channe l  marker n o r t h  of I n d i a n  

I s l a n d  ( F i g u r e  1 ) .  T h i s  r e l e a s e  was made over  a  7 day p e r i o d  from 3une 

28 through J u l y  4 ,  1966. Dye was mixed w i t h  w a t e r  from t h e  s i t e  of 

i n s e r t i o n  and pumped i n t o  t h e  r i v e r  f rom a 190 L drum f i x e d  t o  t h e  
, 

n a v i g a t i o n  marker .  The pump used was an  e l e c t r i c  f u e l  pump powered by 

a  12 v o l t  s t o r a g e  b a t t e r y .  The r a t e  of dye i n s e r t i o n  i s  assumed t o  have 

been 24 l b s ,  (10.9  kg) /24  h o u r s .  A t o t a l  of 150 pounds ( 6 8  kg) of 





Rhodamine B  was r e  l e a s e d  . 
The t h i r d  dye r e l e a s e  was made a t  S t a t i o n  5 ( F i g u r e  1) s t a r t i n g  1335 

August 3 ,  1966 and end ing  1200 August 5 ,  1966. The dye s o l u t i o n  

( 2 . 7  kg pounds1170 L of water12 hours )  was pumped i n t o  t h e  r i v e r  from 

t h e  deck of a  v e s s e l  anchored n e a r  t h e  Mauls P o i n t  n a v i g a t i o n  beacon.  

A t o t a l  of 144 pounds ( 6 5 . 3  kg) of t h e  dye was r e l e a s e d  a t  a  r a t e  of 

72 pounds (32 .7  kg) /24 h o u r s .  

Mechanical  d i f f i c u l t i e s  encounte red  d u r i n g  t h e  f i r s t  two dye i n s e r t i o n s  

p reven ted  a  c o n t i n u o u s  dye i n s e r t i o n .  T h i s  u n c e r t a i n t y  makes i m p o s s i b l e  

t h e  assumption of even dye d i s t r i b u t i o n .  Because of t h i s  o n l y  d a t a  

accumulated d u r i n g  t h e  p e r i o d  of t r a c i n g  of t h e  l a s t  dye i n s e r t i o n  w i l l  

be t r e a t e d  . I 





R e s u l t s  

R e l i a b l e  e s t i m a t e s  of t h e  s i z e  and l o c a t i o n  of t h e  dye p a t c h  was 

p o s s i b l e  f o r  t h e  f i r s t  f o u r  days a f t e r  i n s e r t i o n .  T r a n s e c t s  were r u n  a c r o s s  

and  th rough  t h e  p a t c h  s t a r t i n g  on t h e  l a s t  day of i n s e r t i o n ,  August 5 ,  1965. 

By August 9 ,  t h e  c o n c e n t r a t i o n s  measured d i d  n o t  exceed 5  x  mg/ l  

anywhere i n  t h e  r i v e r  from a  l o c a t i o n  8 km ups t ream from t h e  s i t e  of i n -  
, 

s e r t i o n  t o  27 km downstream. On August 9  t h e r e  was a p a t c h  o f  dye a t  Core 

P o i n t  on t h e  South s h o r e  of t h e  e s t u a r y ,  7 km below t h e  p o i n t  o f  i n s e r t i o n .  

A l s o ,  on August 9 ,  11 and 1 2 ,  a  l a r g e  volume of wa te r  a l o n g  t h e  North  s h o r e  

o f  t h e  r i v e r ,  n i n e  t o  s e v e n t e e n  m i l e s  below t h e  p o i n t  of dye r e l e a s e  gave 

a r e a d i n g  of up t o  38 f l u o r o m e t e r  u n i t s  above background. A t r a c e r  s t u d y  

d u r i n g  a  dye r e l e a s e  one month e a r l i e r  showed v e r y  h i g h  background r e a d i n g s  

i n  t h e  same g e n e r a l  a r e a .  F luorescence  i n c r e a s e d  c o n t i n u o u s l y  from che 
I 

mouth o f  t h e  Pungo River  (F igure  1 )  toward i t s  head .  

The boundar ies  of t h e  dye p a t c h  a r e  shown i n  F i g u r e  2 .  The average  

n e t  movement of t h e  p a t c h  was about  915 m/day (2 t i d a l  c y c l e s )  downscream. 

Assuming a decay of 5  p e r c e n t  p e r  day ,  t h e  average  c o n c e n t r a t i o n  of t h e  

dye p a t c h  shou ld  have been about  9 . 6  x l o m 5  mg/L on August 8 .  The p a t c h  

c o n c e n t r a t i o n s  averaged 4 x  l o m 5  mg/L, Apparen t ly  t h e  l a r g e  a r e a s  o f  

a p p a r e n t  dye f a r  downstream was i n  f a c t  background f l u o r e s c e n c e  and n o t  

i n t r o d u c e d  Rhodamine B. 
( i 

T i d a l  P r i sm Model 

A t i d a l  p r i sm model was used t o  e s t i m a t e  exchange r a t e s  and p r e d i c t  

t h e  h a l f - l i f e  o f  i n t r o d u c e d  contaminants  and t o  compare t h e s e  w i t h  s a l i n i t y  

d a t a  and Rhodamine B dye c o n c e n t r a t i o n s .  The model developed by Ketchum 





(1951) was employed. More r e a l i s t i c  models have been developed by Arons 

and S t o m e l  (1951) ,  P r i t c h a r d  (1954) and KenC (1958) which t a k e  t u r b u l e n t  

d i f f u s i o n  p r o c e s s e s  i n t o  a c c o u n t .  N e v e r t h e l e s s ,  t h e  s i m p l e r  model was con- 

s i d e r e d  a p p r o p r i a t e  t o  make p r e l i m i n a r y  corpparisons w i t h  t h e  r a t h e r  meager 

amount of d a t a  a v a i l a b l e .  

I n  Ketchum's model,  t h e  e s t u a r y  i s  d i v i d e d  i n t o  a  number of volume 

segments ,  e a c h  d e f i n e d  by an  e f f e c t i v e  mixing l e n g t h  which i s  e q u a l  t o  t h e  

mean d i s t a n c e  covered by t h e  f l o o d i n g  t i d e .  The model assumes t h a t  mixing 

i s  complete v e r t i c a l l y ,  t h a t  s t e a d y  s t a t e  c o n d i t i o n s  e x i s t  d u r i n g  t h e  t ime 

p e r i o d  t h a t  t h e  model i s  a p p l i e d  ( n o n v a r i a b l e  r i v e r  f l o w  on t i d a l  p r i sm)  

and  t h a t  t h e r e  a r e  no l a r g e  l a t e r a l  d i f f e r e n c e s  i n  s a l i n i t y .  Incomplete  

v e r t i c a l  mixing can be accounted f o r  i n  t h e  model by a  c o r r e c t i o n  teFm 

d e r i v e d  from s a l i n i t y  s t r a t i f i c a t i o n .  When s t r a t i f i c a t i o n  does  e x i s t ,  

t h e  model assumes t h a t  mixing i s  l i m i t e d  t o  t h e  upper  l a y e r s  o n l y  and t h e  

volumes a r e  computed o n l y  t o  t h e  mixed d e p t h .  , 
I 

S c h u l t z  and Simmons (1957) observed t h a t  when t h e  f l o w  r a t i o  o f  a  

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

t i d a l  c y c l e  t o  t h e  t i d a l  p r i sm)  i s  l e s s  t h a n  0 . 1 ,  t h e  e s t u a r y  i s  normal ly  

a  w e l l  mixed type  i n  which v e r t i c a l  s a l i n i t y  d i f f e r e n c e s  may be un- 

d e t e c t a b l e .  During t h e  month p r e c e d i n g  t h e  dye i n s e r t i o n  i n  Pamlico 

River  e s t u a r y  ( J u l y  1966) ,  t h e  f r e s h  water i n f l o w  averaged 4 .2  x  1 0 - ~ 1 n ~ /  

3  t i d a l  c y c l e  (9 .9  m I s e c ) .  Assuming an average  t i d a l  h e i g h t  of 1 7 . 7  cm 

(a four-month a v e r a g e ) ,  t h e  f l o w  r a t i o  was approx imate ly  0 .007 ,  and,  i n  

f a c t ,  t h e  v e r t i c a l  s a l i n i t y  d i f f e r e n c e s  were r e l a t i v e l y  s m a l l .  Using a  

s t r a t i f i c a t i o n  paramete r  s/s,, where S  i s  t h e  t o p  t o  bot tom s a l i n i t y  d i f -  

f e r e n c e  and So i s  t h e  s e c t i o n a l  mean s a l i n i t y ,  t h e  r a t i o  ranged  from .004 
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t o  .08 throughout t he  l eng th  of t h e  e s t u a r y  on August 1, 1966. Therefore ,  

dur ing  t h i s  pe r iod  it was assumed t h a t  v e r t i c a l  mixing was complete.  

Table 1 compares t h e  s a l i n i t y  va lues  p red i c t ed  by the  model t o  t h e  

observed s a l i n i t i e s  a t  f o u r  l o c a t i o n s  i n  Pamlico River  (see F igure  1 ) .  

The source  s a l i n i t y  was assumed t o  be 18 o/oo based on d a t a  c o l l e c t e d  on 

August 1 by D r .  William J .  Woods. The c a l c u l a t e d  s a l i n i t i e s  averaged 

between 12 and 26 pe rcen t  h igher  than observed f o r  most of  t h e  e s t u a r y  

which i s  reasonably good correspondence. The average f r e s h  water  i n p u t  

5 3  3  was approximately 42 x 10 m / t i d a l  cyc l e  (99 .1  m / s e c ) ,  a  va lue  t e n  times 

h ighe r  than t h e  very  low runoff  dur ing  J u l y  1966. The re fo re ,  a  con- 

s i d e r a b l e  p a r t  of t h e  s a l i n i t y  discrepancy between t h e  observed and c a l -  

c u l a t e d  r e s u l t s  was l i k e l y  due t o  accumulated f r e s h  water dur ing  pe r iods  

of high f r e s h  water in f low.  

The p red i c t ed  f l u s h i n g  t ime,  def ined  a s  t h e  average l eng th  of rime 

f o r  t h e  r i v e r  water t o  move through a l l  61  volume segments of t h e  e s t u a r y ,  

i s  587 days under t he se  low f r e s h  water f low c o n d i t i o n s .  Average exchange 

r a t i o s  and h a l f - l i f e  va lues  f o r  f r e s h  water i n  t h e  volume segments i n  four  

r eg ions  of t h e  e s t u a r y  a r e  given i n  Table  2 .  The exchange r a t i o  i s  t he  

p ropor t i on  of t h e  r i v e r  water (or  i t s  cont inued p o l l u t i o n )  w i th in  a  volume 

segment, t h a t  i s  l o s t  t o  t h e  ad j acen t  seaward segment on t h e  ebbing t i d e .  

The h a l f - l i f e  i s  t h e  t ime where h a l f  of t h e  r i v e r  water in t roduced  t o  a  

volume segment dur ing  a  t i d a l  cyc le  has  been removed. The p r e d i c t e d  

f l u s h i n g  time f o r  t he  s e c t i o n  of t h e  e s t u a r y  i n  which t h e  dye was r e l e a s e d  

corresponds t o  an average t r a n s p o r t  of 213 m pe r  day. The a c t u a l  n e t  dye 

movement was about 915 m pe r  day. Therefore  t h e  a c t u a l  f l u s h i n g  time 





Table  1. Observed s a l i n i t i e s  i n  o/oo i n  Pamlico River  e s t u a r y  on August 1, 
1966; and s a l i n i t i e s  c a l c u l a t e d  from f h e  model. F r e s h  wate r  
i n f l o w  was 4 .2  x l o5  m3/ t i d a l  c y c l e  ( 9 . 9  m3/ s e c ) .  

Eocat  i o n  Dis tance  from 
Mouth (km) 

Observed 
S a l i n i t y  

C a l c u l a t e d  
S a l i n i t y  

Core P o i n t  

Rumley Marsh 3 2 . 5  9 . 7  11 .7  , 
I n d i a n  I s l a n d  

Pamlico P o i n t  





Table 2 .  Average exchange r a t i o s  and h a l f - l i f e  va lues  es t imated  f o r  volume 
segments wi th in  s e c t i o n s  of t he  Pamlico River e s t u a r y .  Fresh 

5 3 water in f low was 4 . 2  x 10 m / t i d a l  cyc l e  (9 .9  m$/sec).  

Sec t ion  Length of Number of Aver age H a l f - l i f e /  
Sec t  ion  Volume Exchange Segment 

(km ) Segments Ra t io  ( t i d e s )  

Washington t o  
Core Po in t  2 2 . 7  

Core Poin t  t o  
Hickory Poin t  16.1 

Hickory Poin t  
t o  Wades Poin t  

Wades Poin t  t o  
Pamlico Poin t  16.4 





dur ing  t h e  pe r iod  of time may have been cons iderab ly  less than  t h e  p red i c t ed  

va lue .  This  seemingly l a r g e  discrepancy i s  unders tandable  when one cons ide r s  

t h a t  t h e  f r e s h  water in f low may have been underest imated (only an average 

va lue  f o r  t h e  month preceding  t h e  dye i n s e r t i o n  was used i n  t h e  c a l c u l a t i o n ) ,  

and v e r t i c a l  mixing was assumed t o  be complete.  More impor tan t ly ,  most of 

t h e  n e t  seaward movement may have been a t  t h e  s u r f a c e  i n  s p i t e  of t h e  smal l  

amount of s t r a t i f i c a t i o n  observed. Hansen and R a t t r a y  (1966) p o i n t  ou t  t h a t  

t h e  advec t ive  ( g r a v i t a t i o n a l )  component of  s a l t  f l u x  i s  no t  n e c e s s a r i l y  

p r o p o r t i o n a l  t o  s a l i n i t y  s t r a t i f i c a t i o n .  

The volume segment model was app l i ed  t o  cond i t i ons  of normal r i v e r  f low 

3  42 x  105m3/ t i d a l  c y c l e ,  (99 .1  m / s e c ) .  These cond i t i ons  r e f l e c t  t h e  average 

f r e s h  water in f low f o r  t h e  y e a r ,  b u t ,  of course ,  do no t  imply s t eady  s t a t e  

c o n d i t i o n s .  However, average r i v e r  f low d a t a  f o r  t h e  month of June 1965 

d i d  y i e l d  t h i s  v a l u e .  S a l i n i t i e s  measured on June 28-29, 1965 a r e  g iven  i n  

Table 3 f o r  t h e  s t a t i o n s  i n d i c a t e d  i n  Figure 1. A cons ide rab l e  degree of 
I 

s t r a t i f i c a t i o n  e x i s t s  dur ing  normal t o  h igh  water i n f low c o n d i t i o n s .  These 

va lues  a r e  f o r  a  p a r t i c u l a r  t ime and a r e  no t  time-mean va lues  over a  t i d a l  

c y c l e .  A smooth l i n e  was drawn through t h e  h a l o c l i n e  a t  t h e  f i v e  s t a t i o n s ,  

and t h e  volume-segment model was a p p l i e d ,  assuming complete mixing of t h e  

water column above t h e  e s t ima ted  h a l o c l i n e .  The p r e d i c t e d  s a l i n i t i e s  a r e  

given i n  TabJe 3 .  I n  t h i s  case  t h e  p r e d i c t e d  s a l i n i t i e s  a r e  22 t o  35 

pe rcen t .  lower than  those  observed. The model does no t  account f o r  two o t h e r  

t r a n s p o r t  mechanisms t h a t  a r e  of cons iderab le  importance; wind and d i f f u s i o n .  

Wind has  been observed t o  b r i n g  about cons ide rab l e  change i n  water l e v e l  

i n  t h e  e s t u a r y ,  and t h e r e f o r e ,  i t  must be important  i n  s a l t  t r a n s p o r t  and 





Table  3 ,  Observed "mixed depth" s a l i n i t i e s  i n  o/oo i n  Pamlico River  e s t u a r y  
on J u l y  28-29, 1965, and s a l i n i t i e s  c a l c u l a t e d  from t h e  model.  

3 F r e s h  wate r  i n f l o w  was 42 x 105 m3 / t i d a l  c y c l e  (99.  l m  / s e c ) .  

S t a t i o n  
L o c a t i o n  

D i s t a n c e  from 
Mouth (km) 

Observed 
S a l i n i t y  

C a l c u l a t e d  
S a l i n i t y  





f l u s h i n g  mechanisms. There a r e  no independent  c r i t e r i a  a s  y e t  t o  assess t h e  

r e l a t i v e  importance of wind s t r e s s .  

The r e l a t i v e  importance of d i f f u s i o n  i n  ups t ream s a l t  f l u x  h a s  been 

determined f o r  s e v e r a l  e s t u a r i e s  by Hansen and R a t t r a y  (1966) .  These 

a u t h o r s  have c l a s s i f i e d  e s t u a r i e s  by two independent  pa ramete rs  when wind 

s t r e s s  i s  n o t  impor tan t :  a s t r a t i f i c a t i o n  p a r a m e t e r ,  S/So ( d e f i n e d  e a r l i e r ) ,  

and a  c i r c u l a t i o n  p a r a m e t e r ,  Us/Uf, where Us i s  t h e  l o n g i t u d i n a l  time-mean 

v e l o c i t y  a t  t h e  s u r f a c e  and Uf i s  t h e  i n t e g r a l  v e l o c i t y  (R f c r o s s  s e c t i o n a l  

a r e a  of t h e  e s t u a r y ) .  

A p p l i c a t i o n  of t h e s e  pa ramete rs  t o  t h e  b e s t  a v a i l a b l e  i n f o r m a t i o n  i n d i -  

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

c o n t r i b u t e  i m p o r t a n t l y  t o  upst ream s a l t  f l u x .  The d a t a  s u g g e s t  t h a t  t h e  

d i f f u s i o n  f r a c t i o n  o f  t h e  upst ream s a l t  t r a n s f e r  i s  between 0 . 1  and 0 . 5  f o r  
I 

h y d r o g r a p h i c a l  c o n d i t i o n s  d u r i n g  J u l y ,  1965. T h e r e f o r e ,  t h e  d i s c r e p a n c y  

between t h e  observed  and c a l c u l a t e d  v a l u e s  i n  t h e  volume segment model 

a p p l i c a t i o n  may be due t o  t h e  d i f f u s i v e  s a l t  f l u x .  

The exchange r a t i o s  and p r e d i c t e d  h a l f - l i f e  v a l u e s  f o r  t h e  h i g h e r  

f r e s h  wate r  i n f l o w  c o n d i t i o n s  a r e  g i v e n  i n  Tab le  4 .  Under t h e s e  c o n d i t i o n s  

o f  g r e a t e r  f l o w  and v e r t i c a l  s t r a t i f i c a t i o n  t h e  number of volume segments 

i s  reduced ,  and t h e  f l u s h i n g  t i m e  i s  e s t i m a t e d  t o  be  65 days f o r  t h e  e n t i r e  

l e n g t h  o f  t h e  e s t u a r y .  S e v e r a l  s e t s  o f  wa te r  c u r r e n t  measurements i n  t h e  

e s t u a r y  t a k e n  o v e r  a  t i d a l  c y c l e  c l e a r l y  demonstra ted t h e  e x i s t e n c e  of a  

two l a y e r  t r a n s p o r t  sys tem.  Moreover, t h e  mean c u r r e n t  v e l o c i t i e s  a t  t h e  

bot tom cor responded  t o  t h e  l e n g t h  of t h e  volume segments p r e d i c t e d  from t h e  

model. 





Table 4 .  Average exchange r a t i o s  and h a l f - l i f e  va lues  es t imated  f o r  volume 
segments w i th in  s e c t i o n s  of t h e  Pamlico River  e s t u a r y .  Fresh 

5 3 water  in f low was 42 x 10 m / t i d a l  cyc l e  (99 .l m3/sec).  

Sec t ion  Length of Number of Average H a l f - l i f e /  
, Sec t ion  Volume Exchange Segment 

Segments Ra t io  ( t i d e s )  

Washington t o  
Bayview 

Bayview t o  
Hickory Poin t  

Hickory Po in t  
to 'Paml ico  Poin t  25'. 4 5 ,073 9 . 1  





F i g u r e  2 .  Rhodamine B dye l o c a t i o n  i n  t h e  Pamlico River  e s t u a r y  on t h e  
f i r s t  f o u r  days  a f t e r  i n s e r t i o n ,  1966. 









Conclusions 

C lea r ly ,  t h e  volume segment model of t i d a l  f l u s h i n g  does not  accu ra t e ly  

f i t  t he  hydrographic c h a r a c t e r i s t i c s  of the Pamlico River e s t u a r y .  Poss ib l e  

reasons f o r  t he  d i sc repanc ie s  between observed and p red ic t ed  va lues  have been 

c i t e d .  Be t t e r  correspondence was shown f o r  model e s t i m a t e s  and observed d a t a  

during h igher  f r e s h  water in f low cond i t i ons .  The e s t i m a t e s  of exchange 

r a t i o s ,  f l u s h i n g  t imes and h a l f - l i f e  va lues  f o r  the  volume segments of t he  

e s t u a r y  a r e  be l i eved  t o  be r e p r e s e n t a t i v e  f o r  average f r e s h  water  in f low 

cond i t i ons .  The at tempt  t o  f i t  t h e  model t o  t h e  known parameters  o i  f r e s h  

water in f low,  bas in  topography and t i d a l  amplitude gave i n s i g h t  i n t o  t h e  

r e l a t i v e  importance of o t h e r  important parameters .  

Exchange r a t i o s  between volume segments of t h e  e s t u a r y  may be e s t i -  
I 

mated and compared wi th  a c t u a l  t r a c e r  subs tances  (dye, f r e s h  water o r  i n -  

d u s t r i a l  was tes ) .  This  in format ion  can be used t o  h e l p  p r e d i c t  t h e  f a t e  

of an introduced p o l l u t a n t  dur ing  va r ious  f r e s h  water i n f low and t i d e  con- 

d i t i o n s .  With more complete d a t a ,  t he  r e l a t i v e  importance of d i f f u s i o n  and 

wind t r a n s p o r t  may be assessed  and t h e i r  r o l e  i n  t h e  dynamics of Pamlico 

River  e s t u a r y  e s t ima ted .  
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