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ABSTRACT 

The ser ious environmental c r i s i s  r e s u l t i n g  from the i n d u s t r i a l  discharge 
o f  wastes conta in ing  h igh  concentrat ions o f  mercury and o the r  t o x i c  metals 
has l a r g e l y  been abated by s t rong federa l  and s t a t e  regu la t i on .  The recovery 
o f  the p o l l u t e d  eco log i ca l  systems i s  t ak ing  longer.  The problem o f  chronic ,  
low concentrat ion discharges o f  t o x i c  metals i n  sewage e f f l u e n t  and sludge 
continues t o  be an envi ronn~enta l  problem t h a t  i s  poo r l y  defined, very  wide- 
spread and one f o r  which there  i s  no simple so lu t i on ,  s ince  sewage t reatment  
i s  a necessary p a r t  of our  way o f  l i f e .  I n  add i t ion ,  t he  n a t u r a l  accumula- 
t i o n  of th rea ten ing  l e v e l s  o f  mercury and cadmium i n  unpo l lu ted  marine food 
chains i s  an aspect of environmental concern t h a t  must be understood t o  
p r o t e c t  human heal th .  The r o l e  o f  sewage disposal and n a t u r a l  food chain 
processes i n  the  d i s t r i b u t i o n  o f  t o x i c  metals i n  marine ecosystems _was exam- 
i ned  i n  several  smal l  eastern North Carol ina es tua r ies  r e c e i v i n g  d i f f e r e n t  
inputs .  On the  bas is  o f  metal d i s t r i b u t i o n ,  es tua r ies  r e c e i v i n g  t r e a t e d  
sewage e f f l uen t  were c l e a r l y  d i s t i ngu i shab le  from those n o t  r e c e i v i n g  t h i s  
discharge. The magnitude and s p a t i a l  ex ten t  o f  the e levated t o x i c  metal  
d i s t r i b u t i o n s  was very l i m i t e d  i n  bo th  sediments and organisms. While some 
organisms d i d  have e levated metal concentrat ions,  the  economical ly impor tan t  
oysters d i d  no t ,  nor  d i d  the  marsh grass, S p a r t i  na a1 t e r n i  f l o r a .  The 1 arge 
and cons i s ten t  v a r i a t i o n  i n  the  amount o f  mercury and o the r  t r a c e  metals 
discharged t o  the surrounding es tua r ies  by var ious eastern Nor th  Caro l ina  
towns was t raced t o  v a r i a t i o n s  i n  the  metal content  o f  i n f l o w  t o  the  p l a n t  
and n o t  t o  opera t iona l  v a r i a t i o n s  between the  p lan ts .  I t  was n o t  poss ib le  
t o  account f o r  the  o r i g i n  o f  the  metal v a r i a t i o n s  i n  wastewaters o f  these 
small towns which have no known commercial a c t i v i t i e s  us ing  these metals.  
Experiments w i t h  f i s h  and shrimp f e d  n a t u r a l  foods conta in ing  wide v a r i a t i o n s  
i n  t o x i c  metal s t r o n g l y  s ~ ~ g g e s t  t h a t  i n g e s t i o n  i s  the  process respons ib le  
f o r  the observed species s p e c i f i c  v a r i a t i o n  i n  metal concentrat ions between 
organisms i n h a b i t i n g  the  same environment. 
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

Summary and Conclusions 

The small t i d a l  creeks in Morehead City and Wrightsville Beach t h a t  re- 
ceived t rea ted  e f f l uen t  had elevated concentrations of tox ic  metals, espe- 
c i a l  ly mercury, whose d i s t r ibu t iona l  pat tern  was c l ea r l y  re la ted  t o  the point 
source discharge of e f f luen t  from nearby municipal sewage treatment p lants .  
The spa t i a l  and long-term temporal pat tern  of quant i ta t ive  d i s t r ibu t ion  of 
metals within the Calico Creek system a t  Morehead City was complex but during 
every sampling period of our three-year study an associat ion between the  s i t e  
e f f luen t  discharge and elevated metal concentrations i n  the sediments was 
present. The element most strongly and consis tent ly  associated with the  e f -  
f luen t  discharge was mercury, the most ser ious  toxic  metal pol lu t ing marine 
ecosystems. For human health and economic considerations the major question 
i s ,  "How much of the elevated toxic  metals en te r  the marine food chain?" In 
Calico Creek the  spa t i a l  pattern of mercury d i s t r ibu t ion  i n  periwinkle s n a i l s  
l iv ing  throughout the creek ref lec ted the  outfall-determined pat tern  t h a t  was 
present i n  the sediment. In one t ransec t  the concentrations of mercury in 
sna i l s  were 0.61t0.07 ppm (wet weight) 30 m below the o u t f a l l ,  decreasing t o  
a value of about 0.09+0.03 ppm 900 m below the ou t f a l l .  On t h i s  t r ansec t  
(January 1976) mercury content in the s n a i l s  corre la ted w i t h  the  distance t o  
the ou t fa l l  with a coef f i c ien t  of 0.87 and the sediment mercury content cor- 
re la ted  with sna i l  mercury content w i t h  a coef f i c ien t  of 0.718. I t  seems 
c l ea r  t h a t  the mercury entering the estuary via sewage e f f l uen t  i s  enter ing 
the food chain. The mercury concentration observed i n  s n a i l s  on this t ransec t  
30 m from the o u t f a l l ,  0.61k0.07 ppm (wet weight) ,  exceeds the Food and Drug 
Administration l im i t  of 0.5 pprn (wet weight) s e t  f o r  human consumption. On 
the other  hand, the periwinkle i s  not consumed by man, a t  l e a s t  not in North 
Carolina. Therefore, this concentration of mercury, while exceeding s l i g h t l y  
the federal  guideline,  i s  not a t h r ea t  t o  human health.  

Oysters were not abundant along the Calico Creek t ransec t  and fewer 
analyses were possible,  b u t  the avai lable  information indicates  t h a t  oysters  
did not show a pattern of mercury enrichment re la ted  t o  the e f f l uen t  discharge 
and t h a t  mean mercury concentrations in oysters  i n  the creek with an ou t f a l l  
and i n  a "control" creek receiving no point source discharges were the same. 
The oyster ,  while growing on contaminated sediments, i s  i so la ted  from metal 
contamination by i t s  f i l t e r  feeding mode. The important es tua r ine  primary 
producer, Spartina a1 t e rn i f l o r a ,  which grows throughout the  creek,  i l l u s t r a t e s  
the biological complexity of pol lu tant  t r an s f e r  phenomena. The stems and 
leaves of Spartina growing in sediments with elevated mercury d i d  not show 
elevated mercury concentrations, b u t  the roots ref1 ected the sediment pat tern .  
The corre la t ion coef f i c ien t  of root  mercury concentration w i  t h  sediment mer- 
cury was 0.758 and the corre la t ion coef f i c ien t  of root  mercury concentration 
with distance t o  the ou t fa l l  was 0.855. While the pat tern  of e levat ion in 
Spartina roots was de f i n i t e ,  the magnitude of elevation was not great .  The 
mean mercury concentration i n  Spartina roots i n  Calico Creek was 0.14+0.09 ppm, 
while in the "control" estuary i t  was 0.13+0.08 ppm. 

Laboratory experiments in which organisms were he1 d i n  running seawater 



f o r  90 t o  150 days over t rays  of sludge sediment conta in ing  up t o  8 ppm (d ry  
weight)  of mercury confirmed the f i e l d  observat ions i n  considerable de ta i  1. 
Oysters exposed f o r  120 days t o  sludge sediment having mercury concentrat ions 
e levated approximately 100-fold r e l a t i v e  t o  the na tu ra l  con t ro l  sediment showed 
no increase i n  mercury content.  Exposure f o r  150 days t o  sludge r e s u l t e d  i n  
an increase i n  mercury concentrat ion i n  oysters b u t  the weight o f  the oys te r  
meat decreased i n  t h i s  experiment so t h a t  the t o t a l  body burden o f  mercury 
fo r  each oys ter  remained the same o r  dropped dur ing  f i v e  months o f  exposure 
t o  a  h i g h l y  contaminated sediment. A p a r a l l e l  90-day experiment w i t h  shrimp, 
scal lops and mud snai 1s prov ided f u r t h e r  conf i rmat ion  o f  the  p a t t e r n  o f  mer- 
cury p a r t i t i o n i n g  among the organisms which was observed i n  the es tuary  rece i v -  
i n g  sewage e f f l u e n t .  The concentrat ion o f  mercury i n  s n a i l s  increased two and 
one-hal f  t imes w h i l e  the  sca l l op  and shrimp concentrat ions d i d  n o t  change 
dur ing  the  three-month exposure t o  the  contaminated sediment. Our l a b  and 
f i e l d  observat ions i n d i c a t e  t h a t  phys ica l  exposure t o  contaminated water o r  
sediments does n o t  lead t o  increased mercury concentrat ions,  and t h a t  on l y  
d i r e c t  i nges t i on  o f  the contaminated ma te r ia l  w i  11 a1 t e r  the  organisms' metal 
content ,  This p rosa ic  observat ion i s  i n t e r e s t i n g  s ince the  cu r ren t  dogma i n  
metal uptake work i s  t h a t  mercury and o the r  t r a c e  metals e n t e r  marine organisms 
d i r e c t l y  from the water r a t h e r  than v i a  food. The uptake rou te  was examined 
i n  d e t a i l  by main ta in ing  f i s h  and shrimp i n  running seawater and feeding them 
d i e t s  t h a t  had w ide ly  vary ing,  b u t  na tu ra l ,  mercury content.  Blue m a r l i n  con- 
t a i n i n g  about 10 ppm (wet weight)  o f  mercury and b l u e f i s h  conta in ing  8 ppm o f  
mercury were used as food t h a t  was n a t u r a l l y  h igh  i n  mercury. These expe r i -  
ments c l e a r l y  i n d i c a t e d  t h a t  t h i s  food was the  major source o f  the  mercury 
found i n  the shrimp and f i s h  t i ssues .  

Studies o f  var ious sewage treatment p lan ts  i n  eastern North Carol ina 
having e f f l u e n t  mercury concentrat ions t h a t  d i f f e r  by a  f a c t o r  o f  e i g h t  i n d i -  
cated t h a t  the  d i f fe rences i n  concentrat ions were n o t  r e l a t e d  t o  the  opera- 
t i o n a l  p rac t i ces  o f  the var ious p lan ts .  A11 o f  the p l a n t s  examined reduced 
the mercury content  o f  the incoming wastewater by d i f f e r e n t i a l l y  p a r t i t i o n i n g  
the mercury i n t o  sludge; t he  e f f i c i e n c y  of p a r t i t i o n i n g  va r ied  s l i g h t l y  b u t  
n o t  enough t o  account f o r  the v a r i a t i o n s  i n  e f f l u e n t  mercury concentrat ions.  
The major cause f o r  h i  gher e f f l  uent concentrat ions was h igher  concentrat ions 
i n  the wastewater en te r i ng  the  t reatment  f a c i l i t y .  The reason why two towns 
as s i m i l a r  as Morehead City and Beaufor t  should have mercury concentrat ions 
i n  t h e i r  wastewaters t h a t  d i f f e r  by a f a c t o r  o f  e i g h t  remains an i n t e r e s t i n g  
mystery. 

On the basis  o f  t h i s  study we can c o n f i d e n t l y  conclude t h a t  any coasta l  
zone m u n i c i p a l i t y  d ischarging e f f l u e n t  i n t o  a  small t i d a l  es tuary  w i l l  pro- 
duce a  zone o f  e leva ted t o x i c  t race  metal concent ra t ion  i n  the sediment and 
i n  c e r t a i n  organisms. I t  seems c l e a r  t h a t  t h i s  environmental a l t e r a t i o n  
v i o l a t e s  the Federal Water P o l l u t i o n  Contro l  Act as amended i n  1972 (Pub l i c  
Law 92-500), bu t  there  seems t o  be a  "gentlemen's agreement" i n  the Uni ted 
States n o t  t o  s t r i c t l y  enforce Pub l i c  Law 92-500 i n  regard t o  munic ipal  
e f f l u e n t  a l t e r a t i o n s  o f  the environment. Only two s u i t s  have been f i l e d  i n  
federal cour ts  at tempt ing t o  fo rce  m u n i c i p a l i t i e s  t o  comply s t r i c t l y  w i t h  
Pub l ic  Law 92-500; the second l e g a l  a c t i o n  o f  t h i s  na ture  was taken aga ins t  
the town o f  W r i g h t s v i l l e  Beach and the data presented i n  t h i s  r e p o r t  were a  



portion of the evidence indicating that  the town was indeed violating federal 
s ta tutes .  As a resul t  of the mid-trial plea bargaining, the outcome of tha t  
court action s e t  no precedent, b u t  the town did admit t o  unwittingly violating 
Public Law 92-500. 

Recommendati ons 

I t  i s  c lear  that  discharging municipal eff luent  into small t idal  estuaries 
causes elevated accumulations of toxic metals, especially mercury, and that  
t h i s  envi ronmental a1 terat ion,  because of the extreme toxicity of mercury, i s  
a form of environmental degradation prohibited by federal s ta tu te .  B u t  the 
authors of th i s  report feel that  major modifications of our waste treatment 
practices are not just i f ied on the basis of the toxic metal a1 terations gen- 
erated by the current practices. The changes we observed are easi ly  detected 
b u t  do not pose a serious threat  to  human health, economic potential or eco- 
logical integri ty .  (We address here only the toxic metal consequences of 
effluent discharges ; the bacteri a1 contamination from these discharges cer- 
tainly levy a hugh economic t o l l  by causing large areas of the estuarine 
waters t o  be closed to  shel l f ishing.)  The impacted zones created by the 
outfal ls  are small in horizontal extent and the magnitude of the elevated 
concentrations in sediments and organisms i s  low relat ive to  the concentra- 
tions resulting from intentional industrial  disposal. Our value judgment i s  
that  the ecological consequences of current effluent practices are  acceptable 
i n  view of the social u t i l i t y  of these practices. Certainly, the elevated 
concentrations of mercury that  we observed would not jus t i fy  the expense of 
t e r t i a ry  treatment of the eff luent  for  mercury. 

The important recommendations from th i s  study deal with the future and 
the decisions to  be made regarding population growth and new waste treatment 
in i t i a t ives .  We strongly concur with the f i r s t  recommendation on sewage given 
in the current EPA Handbook of Water Qua1 i ty Cri ter ia  that  "Untreated or  
treated municipal sewage discharges should be recognized as a major source 
of toxic substances. Recommendations for  these constituents wi 11 1 imi t the 
amount of sewage eff luent  tha t  can be dispersed into estuar ies ."  

To implement th is  recommendation new waste treatment in i t i a t ives  will 
have to  consider the total  physical and biological character of the proposed 
receiving system i n  relation to  the magnitude of the discharge. While in 
the past design considerations involving toxic metals were associated only 
with industrial  discharges, i t  i s  now known that  municipal f a c i l i t i e s  are 
s ignif icant  sources of these dangerous elements. 

An additional recommendation i s  that  the mercury "budget" of small towns 
without metal-using industry and the budget of the i r  associated waste t rea t -  
ment f a c i l i t i e s  must be be t te r  known. I t  i s  impossible to  design and plan 
logical treatment f a c i l i t i e s  in total  ignorance of the sources of an impor- 
tan t  constituent of the waste being treated. A classi  ca1 biogeochemi cal 
flux analysis of a small town would solve th i s  problem. 



INTRODUCTION 

Background 

Considerable research e f f o r t  has been expended d u r i n g  t h e  p a s t  h a l f  de- 
cade t o  determine man's impact  on t h e  biogeochemical  c y c l i n g  of  t o x i c  t r a c e  
meta ls ,  e s p e c i a l l y  mercury and cadmium. The e a r l y  work was s t i m u l a t e d  by 
events  i n v o l v i n g  death and permanent impairment r e s u l t i n g  f rom t h e  human con- 
sumption o f  marine o r  a q u a t i c  organisms t h a t  were contaminated by  i n t e n t i o n a l  
i n d u s t r i a l  d ischarges ( L o f r o t h ,  1970 ; Goldwater, 1971 ) .  L o g i c a l l y ,  e a r l y  
research e f f o r t  focused on t he  t h r e a t  t o  man v i a  a q u a t i c  and marine f o o d  
chains contaminated by t he  d ischarge o f  i n d u s t r i a l  wastes c o n t a i n i n g  very  
h i g h  concent ra t ions  o f  t h e  t o x i c  metals,  e s p e c i a l l y  mercury and cadmium. By 
the  mid-1970's the  i n i t i a l  env i ronmenta l  c r i s i s  and h e a l t h  t h r e a t  had been 
cons iderab ly  abated by f a s t  a c t i o n  on t he  p a r t  o f  f e d e r a l  and s t a t e  agencies, 
ha1 t i n g  t he  d ischarge o f  these t o x i c  waste m a t e r i a l s  by s t r i c t  r e g u l a t i o n s  
and standards. Having d e a l t  w i t h  t h e  acute problem o f  t o x i c  metal  contamina- 
t i o n  o f  marine ecosystems, i t  was then  app rop r i a te  t o  t u r n  research e f f o r t  
towards t he  l e s s  se r i ous  problem o f  ch ron i c  d ischarge o f  mun ic ipa l  sewage o r  
sewage t rea tment  p roduc ts  c o n t a i n i n g  mercury and o t h e r  t o x i c  meta ls .  The 
impo r tan t  ques t i on  was, "What i s  the  impact o f  these widespread and c o n t i n u a l  
i n p u t s  o f  t r a c e  meta ls  v i a  sewage t rea tment  p r a c t i c e s  on t h e  s t r u c t u r e  and 
f unc t i on  o f  t he  r e c e i v i n g  marine ecosystems?" I t  has been e s t a b l i s h e d  t h a t  
the  n a t u r a l  g l oba l  f l u x  o f  mercury i s  l a r g e  and, i n  f a c t ,  q u a n t i t a t i v e l y  
overwhelms the  c u l t u r a l  i n p u t s  t o  the  w o r l d ' s  oceans (Weiss e t  a l . ,  1971). 
However, on the  l o c a l  e s t u a r i n e  sca le  the  ch ron i c  i n p u t  o f  sewage e f f l u e n t  
con ta in i ng  mercury and o t h e r  t o x i c  meta ls  appears t o  be capable of a l t e r i n g  
the  b i o t i c  community o f  the  r e c e i v i n g  system. S tud ies  f ocus ing  on t h e  l a r g e  
e f f l u e n t  and sludge d ischarges from the  New York m e t r o p o l i t a n  area and the  
southern Cal i f o r n i a  r e g i o n  have c l e a r l y  demonstrated t h a t  e f f l  uent  and s l  udge 
d isposa l  causes e l e v a t i o n  o f  t o x i c  meta l  con ten t  o f  sediments and organisms 
around t he  o u t f a l l  and i n  areas of s ludge dumping (NOAA, 1975; NAS, 1976). 
Furthermore, i t  i s  c l e a r  t h a t  t h e  presence o f  t o x i c  meta l  i ons  i n  t he  wate r  
and sediments i s  r espons ib l e  f o r  f u n c t i o n a l  d i so rde rs  i n  t he  form o f  diseases 
o r  n e c r o t i c  l e s i o n s  on f i s h  and i n v e r t e b r a t e s  (Young and Pearce, 1975; SCCWRP, 
1975, 1976). The l a r g e  magnitude discharges f rom the  two l a r g e s t  m e t r o p o l i t a n  
areas i n  t he  Un i t ed  S ta tes  are the  extremes o f  man's i n t e r v e n t i o n  i n  marine 
ecosystems and i t  i s  n o t  s u r p r i s i n g  t h a t  i n  bo th  cases t h e r e  has been cons id-  
e rab le  l o s s  o f  env i ronmenta l  q u a l i t y  and some t h r e a t  t o  human h e a l t h .  The 
ques t i on  t h i s  s tudy was designed t o  address i s  concep tua l l y  r e l a t e d  t o  t h e  
l a r g e  m e t r o p o l i t a n  discharges b u t  d i f f e r s  i n  sca le  i n  two ways. The concentra- 
t i o n  o f  t o x i c  meta ls  i n  t r e a t e d  e f f l u e n t  and sludge i s  much lower  than i n  
i n d u s t r i a l  wastes and the  magnitude o f  e f f l u e n t  d ischarge  i s  much l e s s  than 
t he  discharges by New York o r  Los Angeles so t he  f l u x  o f  meta ls  t o  a g iven  
area of t he  marine environment i s  many t imes lower  than  i n  t h e  p r e v i o u s l y  
mentioned s i t u a t i o n s .  On t he  o t h e r  hand, t he  d ischarges t o  t h e  e s t u a r i n e  
environment pervade t h e  e n t i  r e  coas ta l  reg ion ;  each m u n i c i p a l i t y  hav ing  an 
organized sewage system c rea tes  a p o i n t  source i n p u t  o f  t o x i c  meta ls .  I t  
seems app rop r i a te  t o  e s t a b l i s h  c l e a r l y  t he  e c o l o g i c a l  consequences o f  these 
i npu t s .  The p o t e n t i a l  importance of sewage de r i ved  t o x i c  meta ls  was recog- 
n i z e d  i n  t h e  c u r r e n t  EPA Handbook of  Water Q u a l i t y  C r i t e r i a  (NAS, 1973). The 



f i r s t  recommendation regarding sewage was : 

"1. Untreated or treated municipal sewage discharges should 
be recognized as a major source of toxic substances. 
Recommendations for  these constituents will l imit  the 
amount of sewage eff luent  that  can be dispersed into 
estuaries.  " 

Objectives 

The f i r s t  objective of this  study was t o  determine the extent and impor- 
tance of mercury and other toxic metal contamination on the eastern North 
Carolina estuarine environment by the routine discharge of treated sewage 
effluent and sludge. To achieve th is  objective, the distribution of metals 
was examined in a variety of small estuarine systems, some of which received 
point source eff luent  and sludge discharges from nearby towns and some of 
which did not. The spatial  pattern of metal distribution w i t h i n  the small 
estuarine creek was examined in relation to  the point of discharge and th i s  
pattern was compared with the distribution in comparable estuarine creeks 
without point source inputs of eff luent  or sludge. The metal concentration 
as a function of space and over a period of three years was analyzed in sedi- 
ments, in two common estuarine animals ( the periwinkle sna i l ,  Littorina 
i r rora ta ,  and the oyster, Crassostrea virginica) and i n  the marsh grass,  
Spartina a1 ternif lora .  

Pi lot  studies on the eff luent  from a number of small eastern North Caro- 
l ina towns indicated that there were s ignif icant  and consistent differences 
i n  the mercury content of eff luent  and sludge from different  towns; the sec- 
ond objective of th is  study evolved from th i s  observation and sought to  
determine the source of the variation in mercury concentrations tha t  existed 
in various sewage treatment systems. Understanding th i s  1 ocal variation 
would obviously be useful i n  predicting the ecological consequences of a 
particular sewage treatment p lan t ' s  discharges and i t  was hoped tha t  an 
understanding of th i s  variation would provide a basis for  helping sewage 
treatment plant operators to  improve the i r  operating procedures. The investi-  
gation of variations between sewage treatment plants led to  studies on the 
mercury budgets of various plants and on the temporal patterns of mercury 
f 1 ux  in municipal wastewaters. 

A third objective of the study focused on the character of the uptake 
mechanism involved in the flux of toxic trace metals into marine organisms. 
Pursuit of th i s  objective led to  exposure experiments where organi sms were 
maintained i n  proximity to sludge, and to  feeding experiments where a variety 
of foods containing naturally occurring mercury was provided. The feeding 
experiments, using foods having widely varying concentrations b u t  naturally 
occurring toxic metals, provided interesting insights on the dynamics of 
metals in marine ecosystems and received additional emphasis as the study 
progressed. 

Primary focus in terms of the metals analyzed was on mercury with sec- 
ondary emphasis on the analysis of cadmium, chromium, copper, iron, lead, 



manganese and z i nc .  Whi le t h e  s tudy was o r i g i n a l l y  designed t o  i n v e s t i g a t e  
mercury alone, i t  became apparent as technique progressed t h a t  cons iderab le  
e f f i c i e n c y  i n  terms o f  t he  i n f o r m a t i o n  ga ined f o r  each u n i t  o f  a n a l y t i c a l  
e f f o r t  cou ld  be achieved by expanding t he  sample p rocess ing  procedure t o  
i n c l u d e  t h e  o t h e r  meta ls .  An a d d i t i o n a l  50% i n  sample p rocess ing  e f f o r t  
p rov ided  i n f o r m a t i o n  on seven a d d i t i o n a l  elements i n c l u d i n g  env i r onmen ta l l y  
c r i t i c a l  elements, cadmi um, chromium and lead.  These meta ls  have been 
c l e a r l y  and unequ i voca l l y  imp1 i cated  i n  e c o l o g i c a l  degrada t ion  o r  i n  human 
h e a l t h  cons ide ra t i ons  (Nomiyama, 1975; Bascom, 1936) b u t  i t  i s  app rop r i a te  
t o  j u s t i f y  t h e  p r imary  emphasis on mercury by  c i t i n g  t h i s  e lement 's  i n v o l v e -  
ment i n  t he  l a r g e s t  human h e a l t h  event,  t h e  Minamata Bay d i s a s t e r  (Goldwater, 
1971) and i t s  s t a t u s  as t h e  "most c r i t i c a l "  element i n  mar ine p o l l u t i o n  
accord ing  t o  t he  Ketchum index  o f  c r i t i c a l i t y  (Ketchum -- e t  a1 . , 1975). 

S t ra tegy  

The b a s i c  s t r a t e g y  of  t h i s  s tudy  was t o  determine t h e  e f f e c t s  o f  t h e  
d ischarge o f  e f f l u e n t  on e s t u a r i n e  ecosystems by comparing d i f f e r e n t  areas 
t h a t  had d i f f e r e n t  r e l a t i o n s h i p s  t o  t h e  known p o i n t  sources. Most of t he  
a n a l y t i c a l  e f f o r t  was focused on two sma l l  t i d a l  embayments i n  C a r t e r e t  
County, Nor th  Caro l ina .  The two creeks a re  smal l  t r i b u t a r i e s  o f  l a r g e r  em- 
bayments. They a r e  sha l low w i t h  much of t he  area exposed a t  low t i d e .  
N e i t h e r  creek has s i g n i f i c a n t  f reshwater  i n p u t  and b o t h  a re  bounded by Spar- 
t i n a  and Juncus marsh. The creeks a re  about  t h r e e  m i l e s  from Beaufor t  I n l e t  
and a r e  very  s i m i l a r  i n  s i z e  and con f i gu ra t i on  (F igu re  1 ) .  C a l i c o  Creek, 
the  system r e c e i v i n g  t r e a t e d  e f f l  uent  f rom the  Morehead City sewage t rea tment  
p l a n t ,  empties i n t o  t he  Newport R i v e r  and i s  surrounded by r e s i d e n t i a l  dwe l l -  
i ngs  on the  n o r t h  shore, b o t h  above and below the  o u t f a l l  (F i gu re  2 ) .  A 
former s a n i t a r y  l a n d f i l l  i s  l o c a t e d  oppos i t e  t he  o u t f a l l  and t h e  20 th  S t r e e t  
b r i d g e  (800 m) t h a t  crosses C a l i c o  Creek i s  a  major  t r a f f i c  a r t e r y  i n  Morehead 
City. Rain r u n o f f  f rom t h e  s t r e e t  p l us  t h e  dumping o f  va r ious  m a t e r i a l s  such 
as aspha l t  a re  a d d i t i o n a l  sources o f  meta ls .  Other  ma jo r  s t r e e t  d r a i n s  e n t e r  
the  creek a t  1200 and 1500 m below the  o u t f a l l .  A l a r g e  a g r i c u l t u r a l  area 
has a  d i t c h  emptying i n t o  t h e  creek 550 m  above t he  o u t f a l l .  The average 
depth o f  C a l i c o  Creek a t  h i g h  t i d e  i s  one meter  and a t  low t i d e ,  o n l y  about  
15 cm. The average s a l i n i t y  i s  5  p p t  and 16-20 p p t  1800 m  below the  o u t f a l l .  
Two rep resen ta t i ve  areas o f  C a l i c o  Creek a re  shown i n  F igu re  3. 

Turner  Creek (F igu re  4 )  was s e l e c t e d  as a  comparison s tudy  area because 
i t  rece ives  no p o i n t  source d ischarges b u t  i s  s i m i l a r  i n  many aspects t o  
Ca l i co  Creek. Turner  Creek has fewer r e s i d e n t i a l  dwe l l i ngs  on i t s  shore. 
About f i f t y  percen t  o f  t h e  area i s  surrounded by a g r i c u l t u r a l  l a n d  ( c a t t l e  
and horse g raz ing )  and an area o f  about 400 m  o f  s h o r e l i n e  used t o  be the  
mun ic ipa l  l a n d f i l l  f o r  t h e  Town o f  Beaufo r t .  

The Morehead City sewage t rea tment  p l a n t  (F i gu re  5 )  i s  a  t r i c k l i n g  f i l t e r  
p l a n t  t h a t  handles an average f l o w  o f  1.04 m i l l i o n  g a l l o n s  p e r  day. The p l a n t  
empties i t s  e f f l u e n t  i n t o  a  sma l l  t i d a l  c reek about  0 .8  km upstream f rom the  
20 th  S t r e e t  b r i d g e  i n  Morehead City. Sludge f rom t h e  s ludge beds i s  t r ucked  
o f f  by area farmers o r  dumped a t  t he  l o c a l  s a n i t a r y  dump. A  t y p i c a l  summer 
i n f l u e n t  cons i s t s  of 1060 m g j l  t o t a l  s o l i d s  and 233 mg/l t o t a l  suspended 







Fig. 3. (A) The exposed mud f l a t s  o f  Ca l i co  Creek from 600 meters t o  800 
meters above the  o u t f a l l  a t  low t i d e  look ing  away from o u t f a l l .  
(B) The exposed mud f l a t s  and oys te r  beds from 1600 meters below 
the  o u t f a l l  l ook ing  towards the  o u t f a l l .  





Fig. 5 .  Plan of the Morehead City Sewage Treatment Plant .  Raw sewage 
enters  the primary c l a r i f i e r  where so l ids  and 1 iquids are separated. 
Sol ids are  then passed t o  the digester  and f i na l l y  t o  sludge beds 
t o  dry. Liquid wastes are t ransferred from primary t o  secondary 
c l a r i f i e r s  a f t e r  which they may move in to  the primary c l a r i f i e r  
again or  go d i rec t ly  t o  the t r i ck l i ng  f i l t e r .  From the t r i ck l i ng  
f i l t e r ,  l iquids  move in to  the chlorine contact chamber and then i n to  
Calico Creek a t  the ou t fa l l .  Samples were collected from the sludge 
drying beds, the primary c l a r i f i e r  and the chlorine contact  chambers. 
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so l ids ;  a f t e r  a retention time of about four hours i n  the plant  the e f f l uen t  
i s  discharged containing 1090 mg/l t o t a l  sol ids and 32 mg/l t o t a l  suspended 
so l ids .  When t h i s  study was begun i n  1972 the plant had problems w i t h  i n f i l -  
t r a t i on  from the storm sewers, i n f i l t r a t i o n  a t  high t i d e  from Calico Creek, 
and major breakdowns. Since 1972 the plant  has been upgraded considerably 
and appears t o  be doing an adequate job of t rea t ing  the sewage i t  receives 
before the e f f l uen t  i s  discharged into  Calico Creek. 

Beaufort sewage treatment plant  i s  a complete mix act ivated sludge design 
t ha t  handles an average summer flow of 0.75 million gallons per day. A typi-  
cal inf luent  consists  of 3 . 9  ml/l s e t t l e d  so l ids  with only a t race  remaining 
in the  e f f luen t .  This e f f l uen t  i s  dumped in to  Taylor's Creek which has a much 
greater  flushing action than Calico Creek. The sludge i s  dumped a t  a sani tary  
l and f i l l  well removed from the  "control" creek. The Newport sewage plant  i s  
a contact s t ab i l i z a t i on  activated sludge plant  handling an average of 0.11 
million gallons per day. A typical in f luen t  has 516 mg/l of t o t a l  so l ids  and 
150 mg/l t o t a l  suspended so l ids .  The e f f luen t  has 39 mg/l of t o t a l  so l ids  and 
9 mg/l t o t a l  suspended sol ids  and i s  discharged into  the Newport River, a  
medi um-sized coastal plain r i ve r  w i t h  considerable freshwater flow. 



METHODS 

Mercury 

To ta l  mercury was determined by the  Hatch and O t t  (1968) procedure w i t h  
the  de ta i  l e d  mod i f i ca t ions  suggested by the  Environmental P r o t e c t i o n  Agency 
(1972). A d e t a i l e d  study of t he  mercury procedure p e r  se i s  repo r ted  i n  
Eganhouse (1975). The f o l l o w i n g  format  was used t o  determine t o t a l  mercury. 

Reagents 
1. Concentrated s u l f u r i c  a c i d  
2. Concentrated n i t r i c  a c i d  
3. Potassium permanganate 
4. Potassium p e r s u l f a t e  (10% W/V s o l u t i o n )  
5. Hydroxyl amine hydrochl o r i  de 
6. Stannous c h l o r i d e  (100 g/18 m l  H2SO4 brought  t o  o n e - l i  t e r  volume) 

Procedure 
1. Weigh sample and p lace  i n  300 m1 BOD 
2. Add 5 m l  o f  HNO3 and 8 m l  o f  H2S04 
3. Heat t o  90°C f o r  minimum o f  18 h r  
4. D i l u t e  sample t o  100 m l  w i t h  deionized Hz0 
5. Add KMn04 u n t i l  purp le  c o l o r  p e r s i s t s  
6. Add one m l  of K2S208 and a1 low t o  o x i d i z e  f o r  24 h r  a t  80°C 
7. Add hydroxy l  amine hydroch lo r ide  u n t i  1 s o l  u t i  on i s  c l e a r  
8. Add 5 m1 of stannous c h l o r i d e  and immediately a t t ach  t o  bubbler  

sys tem 
9. Using a Coleman MAS-50 mercury analyzer  reco rd  peak h e i g h t  w i t h  

memory on and f i n d  the amount (pg of Hg) on c a l i b r a t i o n  curve 

Various a l i q u o t s  o f  Coleman 1000 ppm Mercury Standard were added t o  
100 m l  o f  de ionized water  and were run b l i n d l y  w i t h  the  samples t o  determine 
a c a l i b r a t i o n  curve. Only t he  l i n e a r  p o r t i o n  o f  the sca le  was used. I f  a 
sample d i d  n o t  fa11 on t h e  l i n e a r  p o r t i o n  o f  the  scale, a d i l u t i o n  o f  the  
sample was rerun.  

I n v e s t i g a t o r s  have po in ted  ou t  t h a t  50% stannous c h l o r i d e  s o l u t i o n  which 
i s  severa l  days 01 d does n o t  e f f e c t i v e l y  vapor ize ~ g + +  (Eganhouse, 1975). 
We found t h a t  a f t e r  two days the  stannous c h l o r i d e  s o l u t i o n  i s  i n e f f e c t i v e  and, 
there fo re ,  f r e s h  stannous c h l o r i d e  s o l u t i o n  was made up d a i l y .  The EPA proce- 
dure (EPA, 1972) suggested t h a t  hyd roch lo r i c  a c i d  be used t o  prevent  the  stan- 
nous c h l o r i d e  from being cloudy; we found t h i s  change decreased r e s o l u t i o n  
considerably .  The b lank  values f o r  hyd roch lo r i c  a c i d  stannous c h l o r i d e  so? u- 
t i o n  were tw ice  as g rea t  as f o r  stannous c h l o r i d e  d i sso l ved  i n  n i t r i c  ac id.  
To prevent cloudiness the  dispenser b o t t l e  was p laced on a magnetic s t i r r e r  
w i t h  a Teflon magnetic b a r  added t o  the s o l u t i o n .  I f  the  stannous c h l o r i d e  
d i d  n o t  r a p i d l y  d i sso l ve  w i t h  the a d d i t i o n  o f  the  concentrated n i t r i c  ac id ,  
i t  was heated over  a Bunsen burner  f o r  2 min. The absorbent, magnesium per-  
ch lo ra te ,  was changed ever  20-30 min (about every 15 samples) o r ,  i f  mois tu re  i cou ld  be seen i n  t h e  absor en t  c e l l ,  t he  magnesium pe rch lo ra te  was changed. 
The b igges t  a n a l y t i c a l  problem which was encountered was c loud ing  o f  the  



quartz windows in the absorption cell  of the Coleman MAS-50. The clouding 
usually occurred on the end of the cel l  next to  the lamp and away from the 
stannous chloride. Unti 1 June 1975 the only commercially avail able windows 
were thin and lasted only a few weeks. After June 1975 thicker windows 
became available and  a single s e t  has lasted for  the remainder of the project.  
bfindows that  looked clean could s t i l l  cause a considerable amount of detection 
variation. I f  two windows, a new and a used, are held side by s ide,  the opera- 
to r  should be able to  read detailed pr int  clearly through both of them; when 
even a s l igh t  haze develops the windows must be changed. Volume flow of the 
sweep pump was monitored regularly. This i s  often overlooked by investigators,  
although personal communication with the Coleman service people indicated th i s  
i s  usually the f i r s t  thing that  must be corrected when a machine needs repair. 
A s ize  #12 Gilmont flowmeter was used to  ensure a uniform one l i t e r  per minute 
flow. 

Other Metals 

A dry ash technique described by Henderick (1968) was used to analyze for  
cadmium, chromium, copper, iron, lead, manganese and zinc. To determine these 
metals subsamples were combusted, reweighed, dissolved in acid, and analyzed 
using a Varian Flame Atomic Absorption Spectrophotometer Model AA6. 

Reagents 
1.  Concentrated n i t r i c  acid 

Procedure 
1. Weiqh 5 q of sarn~le and   lace in 125 ml Erlenmeyer flask 

3 .  Reweigh 
4. Add 5 ml of acid and heat to  near dryness 
5. F i l t e r  with glass f ibe r  f i l t e r  and 0.45 pm Millipore f i l t e r  and bring 

f i l t r a t e  t o  volume 
6. Aspirate sample into AA6 and record the absorption 

To estimate the amount of metal tha t  was biologically available to  organ- 
isms (as  opposed to the total  metal content) a preferential leaching technique 
described by Smith and Windom (1972) was used. 

Reagents 
1. Acetic acid 35% ( v / v )  solution 
2. Hydroxyl amine hydrochloride 25% (v/v) solution 
3. Mixed aci d-reducing reagent (150 ml of 25% hydroxyl amine hydrochloride 

mixed with 350 ml of 35% acet ic  acid) 
4. Concentrated n i t r i c  acid 

Procedure 
1. Place 5 g of powdered, dried sediment in a 150 ml Erlenmeyer flask 

with f i t t e d  ground glass stopper 
2 .  Add 10 ml of the mixed reagent and stopper the flask 
3. Shake the flask on a mechanical shaker for  4 hr 
4. F i l t e r  the solution through a glass f iber  f i l t e r  paper 



5. Add 5 m1 of concentrated HNO3 t o  t h e  f i l t r a t e  and hea t  t o  near  dryness 
6. B r i n g  f i l t r a t e  t o  volume 
7. Asp i ra te  sample i n t o  AA6 and reco rd  t h e  abso rp t i on  

Table 1 g ives  t he  wavelengths (nm), s p e c t r a l  band pass (nm) , and lamp 
c u r r e n t  (ma) s p e c i f i e d  by Var ian f o r  Model AA6. De tec t i on  1 i m i  t s  (ppm) a re  
f o r  t h e  s o l u t i o n  a s p i r a t e d  i n t o  t he  atomizer  and a re  d e f i n e d  as the  concentra- 
t i o n  o f  an element i n  s o l u t i o n  which g i ves  a s i g n a l  equal t o  t w i c e  t he  s tan-  
dard  d e v i a t i o n  of a s e r i e s  o f  measurements near  b lank  l e v e l .  Standards were 
made up d a i l y  f rom t h e  1000 ppm s tocks  and b lanks  were r u n  wi t h  t he  app rop r i a te  
amounts o f  ac ids  added. A11 g1 assware was washed w i t h  concentrated n i t r i c  
ac id ,  and r i n s e d  f i v e  t imes w i t h  t ap  wate r  and once w i t h  de ion ized  water .  

Table 1. A n a l y t i c a l  c o n d i t i o n s  and d e t e c t i o n  l i m i t s  o f  t he  atomic abso rp t i on  
spectrophotometer used i n  t h i s  s tudy  

Wave Spec t ra l  Lamp De tec t i on  
Length Band Pass Cur ren t  L i m i t  

Meta l  .A!!!& (nm> (ma) (ppm> 

Mercury 253.7 x x ,0005 

Chromi um 357.9 .2 5 .05 

Copper 324.7 
327.4 

I r o n  

Lead 217.0 1 .O 

Manganese 279.5 
403.1 

Z inc  213.9 .5 

Sediment Organic Content 

Percent  l o s s  on i g n i t i o n  was used t o  determine t h e  q u a n t i t y  o f  o rgan i c  
ma t te r  p resen t  i n  sediments. The sediment i s  ashed a t  500°C. Values ob ta i ned  
f rom anhydrous weigh ing before and a f t e r  combustion were used t o  c a l c u l a t e  
t h e  percentage o f  we igh t  l o s t .  One problem w i t h  t h i s  method i s  t h a t  carbonate 
begins t o  decompose a t  500°C; t h i s  problem had t o  be balanced aga ins t  t h e  need 
t o  combust a t  a temperature h i g h  enough t o  ensure complete o x i d a t i o n  of t h e  
o rgan i c  mat te r .  



In tercal ibra t ion 

Several U.S. and in ternat ional  agencies provide in te rca l  ib ra t ion  standards 
f o r  comparison of procedures, t e s t ing  methods and monitoring consistency. This 
study was in tercal  i brated with 1 ) U.S. Environmental Protection Agency, Athens, 
Georgia; 2 )  International  Atomic Energy Agency, Vienna, Austria; 3 )  National 
Oceanographic and Atmospheric Administration Labs - Great Lakes Fishery Lab, 
Ann Arbor, Michigan; 4 )  National Marine Fisheries Service, Beaufort, North 
Carolina; and 5)  National Bureau of Standards, Washington, D. @. 

Environmental Protection Agency. In ea r ly  1973 the U.S. Environmental 
Protection Agency (EPA) carr ied  out a dry, homogenized f i s h  i n t e r ca l i b r a t i on  
in which Duke University Marine Lab par t ic ipated.  A1 1 concentrations (using 
0.5 g samples) were f a i r l y  high and our f i r s t  determinations were low because 
the values f e l l  on the plateau portion of the concentration vs absorption 
curve. W i t h  recal ibra t ion of the mercury analyzer and a much smaller sample 
the values reported i n  Table 2 were determined. 

Table 2 .  EPA mercury i n  f i sh  i n t e r ca l i  brat ion.  (Means f o r  a l l  
l abs ,  a l l  methods and t h i s  study. ) (ppm dry weight) 

Mean a11 Labs This Study 
A11 Methods DUML 

2.06 + .84 2 . 3 0 5  .10 
5.75 + 1.62 3 - 4 7 ?  .38 
7.23 t 2.02 6.55 -+ 1.00 

The number of rep l i ca tes  per sample f o r  this study was twelve. The 
mean values f o r  t h i s  study a re  i n  good agreement w i t h  sample numbers 72C1222 
and 72C1224 but f a l l  low of the mean f o r  a l l  methods w i t h  sample 72C1223. In 
1972 €PA dis t r ibu ted  dry sediment samples as an in te rca l ib ra t ion  and the  
resul t s  a re  reported in Table 3. 

Table 3. EPA mercury in sediments in te rca l ib ra t ion .  (Means f o r  a l l  
labs ,  a l l  methods and t h i s  s tudy.)  (ppm dry weight) 

Sample 
Number 

Mean a l l  Labs This Study 
All Methods DUML 

The number of rep l i ca tes  f o r  samples 72C5644 and 72C5645 was f i f t e e n  and 
the sample s i z e s  were 0.05 g and 1.0 g respectively.  There was good agreement 
of t h i s  study w i t h  the values reported f o r  a l l  labs and a l l  methods. EPA 
provided us w i t h  three water sample concentrates t h a t  had c e r t i f i e d  values 



fo r  ten metals of which only mercury, chromium, copper, lead and zinc were 
analyzed i n  t h i s  study. The data given i n  Table 4 report our resul ts .  

Table 4. Trace metal intercalibration in EPA water reference samples (ppb  
wet weight) 

1 2 3 
- DUML 

- 
EPA EPA DUML EP A DUML 

Mercury .42 .48+. 05 2.4 2.9k.1 7.0 11.1k.l 
Chromi um 9 9 83 70 73 72 
Copper 9 6 67 66 314 >lo0 
Lead 2 8 2 3 92 84 350 >I00 
Zinc 10 11 76 73 367 350 

National Bureau of Standards. O u r  resul ts  on the NBS standards (Table 5) - 
agreed very well with the NBS cer t i f ied  values. NBS reference powdered coal 
dust standard analyzed i n  t h i s  study did not have a matrix similar to  the 
matrix encountered in th i s  study b u t  did provide a check on the methods used. 

Table 6 l i s t s  the resul ts  of twenty analyses of a NBS gold s tabi l ized 
mercury-in-water reference sample. This standard was used i n  the procedure 
fo r  the analysis of eff luent  samples. Spikes of the reference sample were 
added to effluent samples and the i r  recovery was 100%- 

Table 6.  National Bureau of Standards gold s tabi l ized reference 
sample intercalibration 

Mercury (ppm) 
NBS DUML - - 

- 
N 2 0 
Mean 1.5 1.8 
St.Dev. .1 .2 
Co.Var. 7 11 

National Marine Fisheries Service. In 1974 a s e t  of eleven digested 
and processed blue marlin, Makaira nigricans, axial muscle samples previously 
analyzed a t  Duke were analyzed by the Beaufort Lab of the National Marine 
Fisheries Service (Table 7 ) .  A Perkin-Elmer atomic absorption system was 
used with the parameters described by Cross e t  a l .  (1973) .  The means and 
standard deviations for  the four metals analyzerby the two labs agree well. 



Table 5. Nat ional  Bureau o f  Standards reference samples (bovine l i v e r ,  orchard leaves, powdered coal dust) 
( c e r t i f i e d  values and t h i s  s tudy 's  values) (ppm d r y  weight) 

Bovine L i v e r  

- 
N 

Mean 

S t .  Dev. 

Co. Var. 

- 
d 

cn N 

Mean 

St.Dev. 

Co. Var . 

- 
N 

Mean 

St. Dev. 

Co. Var. 

H g 
NBS DUML 

12 

-02 .02 

.005 -005 

25 25 

12 

.16 -12 

.02 .01 

13 8 

12 

.12 -07 

.02 -005 

17 7 

Cd 
NBS DUML 

6 

.27 .32 

-04 .04 

15 12 

4 

.ll .ll 

.02 .04 

18 36 

4 

.19 .22 

.03 .04 

16 21 

C r  C u Fe 
NBS DUML NBS DUML NBS DUML 

Orchard Leaves 

6 7 6 

1 . 7 ~  1.6 12 13 300 220 

x .5 1 2  20 52 

x 30 8 15 7 24 

Powdered Coal Dust 

6 4 5 

20 10 18 10 8 . ~ ~  3.6b 

Pb 
NBS DUML 

Mn Zn 
NBS DUML NBS DUML 

a n o t  a c e r t i f i e d  number 
b p a r t s  pe r  thousand 
x n o t  a v a i l a b l e  



Table 7. Duke U n i v e r s i t y  Marine Labora to ry  and NMFS Beau fo r t  Lab b l u e  
m a r l i n  Makaira n i g r i c a n s  muscle sample i n t e r c a l  i b r a t i o n  (ppm 
wet w e i r  

Mean .17 .16 2.6 2.5 .05 .07 3.4 3.1 
St.Dev. .07 .10 1.2 1.0 .03 .04 1.5 1.5 
Co. Var. 42 59 47 41 69 53 45 49 

The r e s u l t s  o f  t h e  mercury i n t e r c a l i b r a t i o n  exper iments between Duke 
U n i v e r s i t y  Marine Labora to ry  and t he  Na t i ona l  Marine F i s h e r i e s  Serv ice  (Table 
8) i n d i c a t e  good agreement between the  two s e t s  of data.  

Table 8. Duke U n i v e r s i t y  Marine Labora to ry  and 
NMFS i n t e r c a l i b r a t i o n  o f  mercury i n  b l u e  
hake, Ant imora r o s t r a t a ,  a x i a l  muscle 

Mercury (ppm) 

DUML - 
.34 + .02 
.63 + .03 
.76 + .02 
.63 .06 
.64 + .06 
.42 +_ .04 
.52 + .12 
.51 + .04 
.55 + .05 
.55 + .05 
.73 + .05 
.80 + . I 7  
.91 + .05 

Mean .61 
St.Dev. .16 
Co.Var. 26 

NMFS - 
.45 + -02 
.71 + .09 
.74 + .02 
. 5 3  + .07 
.61 + .09 
.49 c -04  
.56 + -08  
.59 + .05 
.66 + .12 
.68 + .13 
-82 + .05 
.81 + .05 



Great Lakes Fishery Lab. The Great Lakes Fishery Lab provided us w i t h  
frozen whole homogenized f i sh  t i s sue  samples which they use i n  every mercury 
analysis .  The concentration ranges were ideal f o r  qua l i ty  control of our 
study; the f i s h  had one low (0.1 ppm), two medium (0.4 and 0.7 pprn) , and one 
high concentration (2.6 ppm). Considering our small sample s i z e  of 4 t o  12 
analyses and a large  sample s i z e  of 65-290 analyses f o r  the  Great Lakes 
Fishery Lab, there  i s  good agreement with the means f o r  a l l  four  f i s h  (Table 9 ) .  

Table 9. Duke University Marine Laboratory and Northern 
S t a t e s  Fisheries Laboratory in te rca l  i b ra t i  on of 
mercury i n  t o t a l  f i sh .  Mercury shown i n  ppm 
(wet weight) . 

#1 Lake Michigan Coho Salmon 

DUML N 7 Range .066 - .202 Mean .12 + .05 
NSFL N 290 Range .056 - .I41 Mean .09 + .O1 

#I1  Lake S t ,  C la i r  White Bass 

DUML N 12 Range 1.87 - 3.27 Mean 2.6 + .71 
NSFL N 243 Range 2.24 - 3.20 Mean 2.8 + .20 

#IV Ludingston Lake Trout 

DUML N 12 Range .282 - .510 Mean .36 + .06 
NSFL N 76 Range .310 - .567 Mean .40 + .05 

#VI Lake Erie White Bass 

DUML N 4 Range .650 - .844 Mean .74 t .10 
NSFL N 65 Range .596 - 1.09 Mean .77 + .07 

Ir 

International  Atomic Energy Agency. In Table 10 a comparison i s  made 
between data from our laboratory and data supplied by the International  Atomic 
Energy Agency f o r  metal concentrations in reference samples of f i s h  solubles ,  
calcinated animal bone and oysters .  In general there  was good agreement 
between the two s e t s  of data. 

Sampling i n  Calico Creek 

Influent .  Influent  samples were taken from a catwalk (from 1974-76) 
over the middle of the primary f i l t e r  of the  sewage treatment p lant .  T h i s  
material i s  f a i r l y  consis tent  because a t  t h i s  point  the l i qu id  i s  bubbling 
u p  from the  bottom of the tank and i t  i s  very well mixed. A t  a l l  o the r  points  
within the tank s e t t l i n g  is taking place. Inf luent  samples taken i n  1973-74 
were taken i n  the f i na l  pump s t a t i on  south of Calico Creek. Because of the 
d i f f i c u l t y  of obtaining samples this  way, the practice was abandoned. Samples 



Table 10. International Atomic Energy Agency heavy metals reference samples ( f i s h  s o l  ubles, ca lc ina ted 

- 
N 
Me an 
S t .  Dev. 
Co. Var. 

- 
N 
Mean 
S t .  Dev. - Co. Var. 

a 

- 
N 
Mean 
St. Dev. 
Co. Var. 

animal bone and oysters)  (ppm) i n t e r c a l  i b r a t i o n  

F ish  Solubles 

H9 Cd 
IAEA DUML IAEA DUML 

a Mot a c e r t i f i e d  number 
b Parts pe r  thousand 

C r Cu Fe 
IAEA DUML IAEA DUML IAEA DUML 

Calc inated Animal Bone 

I AEA 

X 

7 
1 

14 

2.7 
-5 
19 

DUML 

4 
- 5  
.1 
20 

3  
4 
2 

50 

5 
1 . 3  

- 3  
3 3  

I AEA 

5 
1 

20 

32 
5 

16 

70 
2 
3  

DUML 

5 
4 
1 

15 

4 
22 

5 
2 2 

5 5 
5 

13 

Zn 
IAEA DUML 

5 
19 17 
3 3 



were taken 20 cm from the surface with a 300 ml BOD bot t le .  The r e s t  of the 
process i s  the same as with an eff luent  sample. 

Effluent. Effluent water samples were taken from 7972-74 a t  the end 
of the conduit pipe that  dumped the eff luent  into Calico Creek. Since the 
pipe was submerged a t  high t ide ,  only low t ide  samples could be taken. From 
1974 a l l  eff luent  samples were taken inside the sewage treatment plant i n  
the mouth of the conduit pipe connected to  the chlorine contact chamber. 
A 300 ml BOD bot t le  was submerged to the depth of about 20 cm and allowed 
to f i l l .  Upon return to  the lab, within an hour, three 100 ml samples were 
subdivided from each sample and 5 m l  of HN03 and 5 ml of concentrated H2SQ4 
were added to  each BOD bottle.  The bottles were then placed in the water 
bath, oxidized and vaporized as previously described. The X5 scale on the 
Coleman MAS-50 was used because of the low quantit ies of mercury present. 

Sludge. Samples of the sludge "cake" were taken 0.5 m from the edge of 
the cement retaining wall holding the sludge. The samples were taken about 
20 cm below the dry hard crust formed on the surface. This material was 
always spongy. The sun-dried crust  was always avoided because of the possi- 
b i l i t y  of losing mercury due to  volat i l izat ion.  Samples were transported in 
p las t ic ,  dried a t  70°C and analyzed as previously s tated For sediments. 

Sediment. Sediment samples were collected from the top 3 cm of exposed 
mud a t  low t ide (unless otherwise s ta ted)  from the various study areas. The 
sediment samples were scraped up  and held i n  glass petri dishes and immediately 
returned t o  the lab for  processing. The samples were then dried a t  65"C, 
ground with mortar and pestle,  redried a t  65OC and weighed. Three 0.5 g and 
one 5 g subsamples were weighed fo r  mercury and the other metals respectively. 
The samples were then analyzed as described above. 

Organisms. Periwinkles, Li t tor ina i r rorata ,  were collected from the base 
of the s talks  of marsh grass, Spartina a l te rn i f lora .  This was done to  ensure 
the smallest amount of sediment beinq taken into the apex of the shell  when 
the animal closed i t s  operculum a f t e r  removal from the s ta lk .  Animals were 
transported back to  the lab i n  p las t ic  bags and frozen or  immediately analyzed. 
Shells and operculums were washed and l ight ly  scrubbed to remove any sediment 
or algal growth adhering to  the shel l .  The shel ls  of the animal were broken 
using p l ie rs ,  and the ent i re  animal with the operculum was carefully removed. 
The operculum was l e f t  attached to  avoid rupturing the t issues.  Prior to  
weighing, the animals were placed on paper towels and blotted dry. After 
weighing, one whole animal was placed in a 300 ml BOD bot t le .  Three replicate 
samples were analyzed for  mercury. The resul ts  reported are the means and 
standard deviation of three animals collected within 0.5 square meter of each 
other. Other metals were determined using f ive individuals taken from the 
same 0.5 square meter. Each value for  metals other than mercury represents 
one determination for  the f ive  combined animals from a single s ta t ion.  Animals 
were dried t o  constant weight a t  90°C for  a t  leas t  48 hr pr ior  to  ashing a t  
500°C. The addition of 5 ml of concentrated HN03, heating, f i l t e r i n g  and 
storage of samples prior to analysis was the same as the method described 
fo r  sediment. 



Oysters, Crassostrea virginica, were collected and analyzed i n  the same 
manner as described fo r  Littorina i r rora ta .  The so f t  t issues of oysters were 
removed from the i r  shel ls  and analyzed. Values reported for  mercury are the 
means of the analyses of three replicates.  Concentrations of the other metals 
are based on a single analysis of five oysters from an individual sample 
station. 

Marsh grass, Spartina a1 te rn i f l  ora, was collected w i t h i n  the study area 
i n  June 1976. Plants were washed w i t h  deionized water to  remove external 
material, separated into two sections (stems and roots) and ground i n  a 
Wiley Mill. Five grams of stems and two grams of roots were weighed, combusted, 
digested and analyzed as previously described. 



RESULTS AND DISCUSSION 

Calico Creek 

Surface sediment samples and organisms were collected from 1972 t o  1976 
in Calico Creek t o  determine the quantity and dis t r ibut ion of metals. In 
May 1972 e ight  s t a t i ons  above the outfa l l  and seven s t a t i ons  below the ou t f a l l  
were sampled f o r  t o t a l  mercury. Results a re  reported i n  Table 11 and Figure 6. 
In May 7974 a more extensive sampling took place. Analyses were carr ied out 
f o r  cadmium, chromium, copper, i ron,  lead,  manganese and z inc  i n  addition t o  
mercury; the  r e su l t s  are  presented i n  Tables 12 and 13 and Figures 7 through 13. 
In July 1975 surface sediments and organisms were analyzed from seven s t a t i ons  
above the  ou t fa l l  and e ight  s ta t ions  below the ou t fa l l  (Tables 14-16 and 
Figures 14 through 22). The f i na l  surface sediment and animal samples were 
taken i n  January 1976. Eleven s ta t ions  were sampled above the  ou t f a l l  and 
twelve below the ou t f a l l .  The r e su l t s  of these analyses a r e  given i n  Tables 
17 and 18 and Figures 23 through 31. 

The concentrations of mercury i n  the top 3 cm of sediment i n  the 1972 
s t a t i ons  i n  Calico Creek are  l i s t e d  in Table 11. The hi hes t  concentrations 
of mercury occurred 25 m above (1.4 ppm) and 25 m below 9 1.7 ppm) the  ou t f a l l .  
There was a good corre la t ion between mercury concentration and distance above 
(r=-0.953) and below (r=-0.868) the ou t fa l l  , establ ishing t h a t  the e f f l uen t  
discharge is the  most probable source of the  "excess" mercury i n  the sediments. 
The mean value of 0.89 ppm fo r  the s t a t i ons  above the ou t f a l l  i s  higher than 
the mean value of 0.71 f o r  the s ta t ions  below the o u t f a l l ,  r e f lec t ing  the  
t i da l  influences. The common periwinkle snai l  , L i  t t o r i na  i r ro ra ta ,  had a 
maximum mercury concentration of 0.56 pprn wet weight 25 m above and 0.62 ppm 
10 m below the ou t fa l l  (Table 11).  These s t a t i ons  a l so  had elevated mercury 
i n  the sediments. The corre la t ions  of mercury in  L. i r r o r a t a  w i t h  distance 
above and below the ou t fa l l  (r=-0.726 and r=-0.926, respectively) were s imi la r  
t o  the  sediment vs distance corre la t ion.  There was a corre la t ion between k. 
i r r o r a t a  mercury and sediment mercury of r=0.718 above and r=0.979 below the 
ou t f a l l .  L. i r r o r a t a  was the  only organism tha t  was consistently common i n  
the study a rea .  L .  i r r o r a t a  was collected from the  stems of Spart ina a1 t e rn i -  
f l o r a  to  e l iminate  the poss ib i l i ty  of mercury-rich mud being trapped i n  the 
digestive t r a c t  of the gastropod. Investigation showed t h i s  not t o  be a 
problem; twelve L .  i r r o r a t a  feeding on the exposed mud had a mean mercury 
concentration of-0.24+0.07 ppm, not d i f fe r ing  from twelve L. i r r o r a t a  collected 
from the  stems of S. a l t e rn i f l o r a  having a mean of 0.22+0.$4 ppm. 

Mercury concentrations i n  oysters ,  Crassostrea virgini  ca, col lected i n  
7972 below the ou t fa l l  had a strong corre la t ion with distance from the ou t fa l l  
(r=-0.917) (Table 11 ); however, the highest concentration (0.l3+O.O5 pprn a t  
10 m) i s  only 20% of the highest value i n  the periwinkle< &. virginica  mer- 
cury concentrations were strongly corre la ted with mercury content i n  the sedi-  
ment (r=0.912). 

The organic content of the sediment increased with distance ( r=0.  674) 
above the ou t fa l l  i n  the 1974 sampling (Table 12 and Figure 7 ) .  A11 metals 
decreased w i t h  distance above the ou t f a l l .  Heavy metal pat terns  below the 



Table 11. Mercury concen t ra t ions  found i n  t he  t o p  3 cm o f  su r f ace  sediment 
(ppm d r y  we igh t ) ,  i n  t he  s n a i l  L i t t o r i n a  i r r o r a t a  (ppm wet we igh t )  
and i n  t he  o y s t e r  Crassostrea v i r g i n i c a  (ppm wet we igh t )  f rom 
s t a t i o n s  rang ing  f rom 900 meters above t h e  o u t f a l l  t o  1450 meters 
below the  o u t f a l l  i n  C a l i c o  Creek - May 1972. Each sediment va lue 
i s  t he  mean o f  t h r e e  rep1 i c a t e s .  

Meters above 
t h e  o u t f a l l  

Mean 
S t .  Dev. 
Co. Var. 
r ( d i  s tance)  

Sediment L i  t t o r i n a  

r ( s e d  vs L i t )  .718 - 

Meters be1 ow 
the  o u t f a l l  

Mean 
S t .  Dev. 
Co. Var. 
r ( d i s t a n c e )  

Crassostrea 

.71 .32 .08 

.63 .20 
89 

.04 
6 1 -. 868 -. 926 -.917 46 

r ( s e d  vs L i t )  .979 r ( s e d  vs Crass) .912 - 





Table 12. Heavy metal concentrations (ppm dry weight) and percent loss  on igni t ion values (an estimate 
of organic matter) in the top 3 cm of surface sediment from s t a t i ons  above and below the 
ou t fa l l  i n  Calico Creek - May 1974. 

Meters 
above % Loss on Fe 
Outfall Ignition H g C d C r Cu (XlOOO) Pb Mn Zn 

Me an . 20 
St.  Dev. 5 
Co. Var. 25 
r (di  s tance) .674 
r ( %  Loss v s  metal) 



Table 12. (continued) 

Meters 
be 1 ow 
Outfall 

% Loss on 
Ignit ion H!3 

2 0 .55 2 .06 
19 .50 + .03 
15 x 

x .31 + .09 
14 .34 c .O1 
14 .51 c -10 
14 -31 2 -08 
14 .35 t .04 
13 .18 c .01 
12 -14 + -03 
14 .16 2 .02 
14 x 
8 .40 + .08 

17 -27 + -06 
12 -15 c .02 
13 -21 ~t .02 
14 .31 + .04 
12 -08 + -02 
10 .20 2 -04 
11 -23 2 -09 
9 . l o  + .05 
9 .07 c -03 
1 .03 _+ -01 

Mean 13 -26 
S t .  Dev. 4 -15 
Co. Var. 31 58 
r (d i s tance)  - -828 -. 822 
r(% Loss vs metal) -692 



Table 13. Heavy meta l  concen t ra t ions  i n  t h e  s n a i l  L i t t o r i n a  i r r o r a t a  (ppm wet 
we igh t )  a t  i n d i v i d u a l  s t a t i o n s  above and below t h e  o u t f a l l  i n  C a l i c o  
Creek - May 1974 

Meters 
above Cd - Pb - Z n  - 

Mean .6 .41 1.1 
St.Dev. .1 .ll 1.3 
Co. Var. 12 28 1 18 
r ( d i s t a n c e )  - ,924 - .500 
r(meta1 vs - L i  t t o r i n a )  .427 ,671 

Meters 
be1 ow 

Mean . 5  
S t .  Dev. .1 
Co. Var. 15 
r ( d i  s tance)  
r(meta1 vs L i  t t o r i n a )  

















Table 14. Heavy metal concentrat ions (ppm dry weight) and percent  lo s s  on i g n i t i o n  values 
(an es t imate  of the  organic mat ter )  i n  the top 3 cm of sur face  sediment from 
individual  s t a t i o n s  above and below the  o u t f a l l  i n  Calico Creek - July  1975 

Meters % Loss 
above on H g Cd C r Cu Fe P b Mn Zn 
Outfal l  Igni t ion  - - - - Xl 000 - - - 

Mean 18 .42 -9 17 3 0 5 .7  16 67 142 
St.Dev. 4 .09 .1 6 10 1.9 6 28 2 0 
Co. Var. 22 2 0 12 38 33 3 4 38 42 14 
r(Di s t ance )  .253 . I48 -.445 .538 .536 .go6 .461 .746 .288 
r (% l o s s  vs metal)  -.696 -.481 -.599 .011 -654 -.527 ,495 -.219 

Meters 
be1 ow 
Outfal l  

Mean 17 .22 .7  9 18 6 .5  7 49 I00 
S t .  Dev. 6 .07 . 3  5 5 4.2 4 2 6 2 7 
Co. Var. 35 33 3 6 56 2 7 6 5 6 5 5 4 2 7 
r (d i s t ance )  -. 136 -. 951 -. 582 .469 - .402 .284 .I31 .561 - ,664 
r ( %  loss  vs metal)  .I01 .035 - . I17 . I09  - . I59  .573 .349 .081 



Table 15. Heavy metal concentrat ions i n  t h e  s n a i l  L i t t o r i n a  i r r o r a t a  (ppm wet weight) 
a t  ind iv idual  s t a t i o n s  above and below t h e  o u t f a l l  i n  Cal ico Creek - J u l y  1975 

Meters 
Above 

Outfal l  
Ave 
W t - 

Me an 1.2 .20 1 .3  .9  111 274 2.0 9 40 
St.Dev. .2  .05 2 .6  5 2 95 2.1 3 16 
Co.Var. 17 26 172 64 47 3 5 106 32 40 
r ( d i  s tance)  -. 532 .350 .681 .061 .431 .437 -.531 .I11 
r (sed  vs - L.  i r r o r a t a )  -. 565 -.483 .I01 .011 .591 .401 -.305 -.267 

Meters 
Below 

Outfal l  

Mean .9  
St .Dev.  . I  
Co. Var. 15 
r ( d i s t a n c e )  
r ( sed  vs I_. -- i r r o r a t a )  



Table 16. Heavy metal concentrat ions (ppm wet weight)  i n  the  oys te r  Crassostrea 
v i r g i n i c a  a t  i n d i v i d u a l  s t a t i o n s  above and below the  o u t f a l l  i n  Ca l i co  
Creek - J u l y  1975 

10 m above X 
150m below .02 t .01 
650m be 1 ow c.0005 + <.0005 
870m be 1 ow .01 + .O1 

1050m below .O1 + .01 
1 320m be 1 ow .O1 t .O1 

Mean .01 
S t .  Dev. .01 
Co. Var. 100 
r ( d i s t a n c e )  -. 623 
r(meta1 vs Crass)-. 586 





















Table 17. 

Meters 
Above 

O u t f a l l  

10 
70 

120 
300 
350 
42 5  
475 
525 
540 
590 
605 

Me an 
S t .  Dev. 
Co. Var. 

Heavy metal concentrat ions (ppm d r y  weight)  and percent  l o s s  on 
i g n i t i o n  values (an est imate o f  the organ ic  ma t te r )  i n  the top  3  
cm o f  sur face sediment from i n d i v i d u a l  s t a t i o n s  above and below 
the  o u t f a l l  i n  Ca l i co  Creek - January 1976 

%Loss on 
I s n i  t i o n  

17 
17 
18 
19 
20 
18 
18 
16 
8  
6  

16 

16 
4  

29 
r (D is tance)  - .489 
r(%Loss vs meta l )  

Meters 
Below 

O u t f a l l  

20 
30 

200 
340 . 
600 
845 
900 

1050 
1100 
1200 
1320 
1400 

Me an 
S t .  Dev. 
Co. Var. 
r (D is tance)  - .885 
r(%Loss vs meta l )  x 



Table 18. Heavy metals concentrations i n  the sna i l  Li t tor ina  i r r o r a t a  (ppm wet weight) a t  individual 
s t a t i ons  above and below the ou t fa l l  i n  Calico Creek - January 1976 

Meters 
above Av W t  
Outfall 9  Hg Cd Cr C u Fe Pb Mn Z n 

Me an .9 .24 
St .  Dev. - 1  . l l  
Co. Var. 12 45 
r (dis tance)  - .830 
r(sed vs L i  t t o r i n a )  -063 

Meters 
be1 ow 
Outfall 

Mean .7  .26 
St .  Dev. - 1  -21 
Co. Var. 19 80 
r (dis tance)  -. 847 
r (sed vs L i t to r ina)  .718 





















out fa l l  in Calico Creek were s imilar  t o  those above the ou t fa l l  i n  the 1974 
surface sediment sampling (Table 12).  All metal concentrations decreased 
with distance from the ou t f a l l .  The percent loss  on igni t ion decreased s ig -  
n i f i can t ly  below the ou t f a l l .  From Figure 7 i t  can be seen t ha t  the ou t f a l l  
had l i t t l e  o r  no influence upon the organic content of the sediment. The 
c loser  t o  the  mouth of the creek, the lower the concentration of organic 
matter in the sediments. In contrast  t o  organic content, the concentrations 
in sediments f o r  a l l  the metals analyzed f e l l  off more o r  l e s s  symmetrically 
above and below the ou t fa l l  w i t h  increasing distance,  re f lec t ing  the strong 
t ida l  influence on point source discharge. 

In 1975 the concentration of mercury in the surface sediments (Table 14 
and Figure 14) had decreased t o  0.3 ppm a t  10 m above the ou t f a l l .  The mean 
concentration in 1975 fo r  the Calico Creek sediments above the ou t fa l l  was 
0.42k0.09 compared t o  0.89k0.40 in 1972 and 0.4620.24 i n  1974. The only 
other metal concentration t ha t  was lower i n  1975 was lead,  a t  16+6 pprn, corn- 
pared t o  42517 pprn i n  1974. In 1975 the previously strong negative corre la t ion 
of mercury concentration w i t h  distance above the ou t fa l l  had disappeared. 
Chromium, copper, i ron,  lead, manganese, and zinc a l l  increased s l i g h t l y  w i t h  
distance above the o u t f a l l ,  exactly reversing the trend of the  previous year  
when concentration decreased s l i gh t l y  with distance above the ou t f a l l .  Cad- 
m i u m  was the only metal t h a t  continued i t s  1974 pattern.  

Lead was the only metal i n  which the mean sediment concentration below 
the  ou t fa l l  varied great ly  from 1974 (24512 ppm) t o  1975 (7+4 ppm). The mean 
concentration f o r  a l l  other metals (Table 14) was within the standard devia- 
t ions f o r  the two years. The highest concentrations of mercury (0.35t0.06 
ppm) and zinc (150 ppm) were a t  30 m below the ou t f a l l ;  a l l  o ther  metals had 
maximum concentrations a t  a distance of 900 m below. Mercury, cadmium, 
copper and zinc decreased w i t h  distance below the ou t fa l l  in 1975 as did the  
samples taken in 1974. Chromium, lead and manganese increased s l i g h t l y  with 
distance below the ou t fa l l  in contras t  t o  the data from 1974. These d i f f e r -  
ences are s imilar  t o  those found above the ou t fa l l  in 1975. The percent loss  
on igni t ion fo r  both  years was the  same. 

In 1975 mercury and manganese concentrations i n  L. i r r o r a t a  decreased 
w i t h  distance above the ou t fa l l  (Table 15 and Figures 15 through 22), while 
cadmi um, chromium, copper, iron , 1 ead and zinc a1 1 increased s l i g h t l y  with 
distance above the ou t f a l l .  Table 15 emphasizes t ha t  the metal content of 
Li t tor ina  i s  re la t ive ly  independent of the sediment concentration of metals. 
The concentrations of mercury, cadmium, i ron,  manganese and zinc in I. i r r o r a t a  
decreased with distance below the ou t f a l l .  The remaining metals, chromium, 
copper and lead,  increased s l i gh t l y  w i t h  distance. All metal concentrations 
i n  C. virginica  (Table 16) decreased with distance from the ou t f a l l .  

The mean concentrations in January 1976 surface sediments (Table 17 and 
Figures 24 through 31 ) decreased fo r  cadmium, manganese and zinc from 1975 
means, while the remaining metals did not d i f f e r .  Mercury was the  only metal 
found t o  be highest near the ou t fa l l  (0.58k0.09 pprn a t  70 m). Mercury, 
chromium, copper, i ron,  manganese and zinc decreased with distance above the 
ou t fa l l  while cadmium and lead increased. Below the ou t fa l l  mercury, cadmium, 



copper, i r on ,  lead, and z i n c  decreased w i t h  distance, w h i l e  chromium and 
manganese increased. Mercury, copper and z i n c  above the  o u t f a l l ,  and mercury 
and copper below the o u t f a l l  were p o s i t i v e l y  co r re la ted  w i t h  the  organic 
content  o f  t he  sediments. Below the o u t f a l l  z i n c  was nega t i ve l y  co r re la ted  
w i t h  organic content.  

The marsh grass, Spar t ina  a l t e r n i f l o r a ,  was analyzed above and below the  
o u t f a l l  (F igure 32). As shown by the data i n  Table 19, mercur.y and z inc  were 
the  on l y  metals i n  the stems and- leaves of - S. a1 t e r n i f l o r a  t h a t  s i g n i f i c a n t l y  
decreased w i t h  d is tance from the o u t f a l l .  I n  3 a r t i n a  roo ts  cadmium, chromium, 
copper, i r o n ,  lead, manganese and z i n c  a l l  s i g n i f i c a n t l y  decreased w i t h  d i s -  
tance above the o u t f a l l .  Mercury i n  roo ts ,  however, increased s i g n i f i c a n t l y  
w i t h  d is tance from the o u t f a l l  i n  the s t a t i o n s  above the o u t f a l l .  This  may 
be r e l a t e d  t o  the  increase i n  organic content  w i t h  d is tance from the  o u t f a l l .  
Metals i n  the  roo ts  o f  S. a1 t e r n i f l o r a  c o r r e l a t e d  w i t h  the  increase i n  sediment 
metal concentrat ions i n s  t a t i o n s  above the  o u t f a l l  (Table 19). Mercury, chro- 
mium, i r o n ,  l ead  and z i n c  decreased w i t h  d is tance below the  o u t f a l l  (Table 19) 
on Ca l ico  Creek i n  the  roo ts  o f  S. a l t e r n i f l o r a  i n d i c a t i n g  t h a t  the p l a n t s  
were tak ing  up these metals near-the o u t f a l l .  

To determine the p r e c i s i o n  o f  the metal determinat ion used i n  t h i s  study, 
e i g h t  samples 0.5 m apar t  a t  a s i n g l e  s t a t i o n  were taken i n  1975 (Table 20) 
and 1976 (Table 21). The c o e f f i c i e n t  of var iance ranged from 1% f o r  cadmium 
t o  34% f o r  lead i n  1975. The c o e f f i c i e n t  o f  var iance was h igher  i n  1976 sub- 
samples w i t h  14% f o r  mercury and 66% f o r  chromium. The mean concentrat ion 
o f  mercury, cadmium, manganese and z i n c  d i d  n o t  change s i g n i f i c a n t l y  from 
1975 t o  1976. Chromium, copper, i r o n ,  and l ead  showed a s i g n i f i c a n t  decrease. 
A s t a t i o n  10 m above the o u t f a l l  was a l s o  sampled s i x  t imes 0.5 m apar t  i n  
1976 (Table 22). The c o e f f i c i e n t  o f  var iance (19%-71%) was very h igh  a t  t h i s  
s t a t i o n  f o r  a l l  metals; i f  we assume t h a t  the data i n  Tables 20 and 21 estab- 
l i s h  the p rec i s ion  o f  t he  analyses, then the  variance i n  Table 22 can be 
assigned t o  small scale s p a t i a l  heterogenei ty  associated w i t h  t h e  p r o x i m i t y  
o f  the o u t f a l l .  

Sediments were a l so  analyzed us ing a p r e f e r e n t i a l  leach ing  technique 
w i t h  hydroxyl amine hydroch lor ide  and a c e t i c  a c i d  t o  de tern ine  the  concentra- 
t i o n  o f  metals r e a d i l y  a v a i l a b l e  f o r  uptake by organisms. There i s  a decrease 
i n  leachable metal concentrat ions w i t h  d is tance above the  o u t f a l l  (Table 23) 
w i t h  the  except ion o f  manganese; wh i l e  below the o u t f a l l  cadmium, copper, 
lead and z inc  decreased w i t h  d is tance from the  o u t f a l l .  Leachable metals 
had a h igher  c o e f f i c i e n t  o f  var iance i n  the e i g h t  0.5 m apa r t  samples (Table 
24) than d i d  the  t o t a l  metals. 

Mercury was the on l y  metal t h a t  was c o n s i s t e n t l y  and s i g n i f i c a n t l y  
e leva ted near the  Morehead City sewage treatment p l a n t  o u t f a l l  on Ca l ico  
Creek. Ranges o f  t o t a l  mercury near the o u t f a l l  were 1.2 ppm dry  weight t o  
0.1 ppm d ry  weight f o r  the  s t a t i o n s  1000 m away from the o u t f a l l .  A l l  o the r  
metal concentrat ions va r ied  randomly i n  r e l a t i o n  t o  the  l o c a t i o n  o f  the  out-  
f a l l .  With the except ion o f  lead, a l l  the metal concentrat ions i n  the  sedi -  
ment have decreased i n  Ca l ico  Creek dur ing  the  pe r iod  1973 t o  1976. There 
remained throughout the study p e r i o d  a c o r r e l a t i o n  between metal and the 





Table 19. Heavy metals (ppm d r y  we igh t )  i n  t h e  stems, leaves, and r o o t s  of t h e  
marsh grass Spar t ina  a1 t e r n i f l o r a  compared t o  t o t a l  and leached 
metal data f o r  s t a t i o n s  above and below the  o u t f a l l  i n  Ca l i co  Creek 

Distance 
Above O u t f a l l  Fe 

(m) % Loss !%l - Cd - C r  Cu X l O O O  - Pb - Mn - Zn - 

605 S t  & Lea .07+ .05 .2 2 6 . 8  5 11 2 4 
Root .22+ .06 .4 11 4 5 .6  16 23 113 
Tota l  Sed 21 .39t  .09 .8 19 32 5.5 10 84 149 
Leach Sed x .7 2 6 1 .6 39 9 116 

540 S t  & Lea . l o +  .04 .1 4 6 1.2 2 16 2 5 
Root .20+ .08 .3 8 19 .6 15 2 0 6 3 
To ta l  Sed 20 .36+ .08 .8 16 36 8.2 19 77 117 
Leach Sed x .7 2 4 1.4 36 10 101 

475 S t  & Lea .03+ .02 . I  3 10 .9 4 13 2 4 
Root .19a .O1 .4 6 24 6.0 13 2 1 65 
Tota l  Sed 20 .38+ . I 0  1.0 12 31 6.5 19 58 152 
Leach Sed x .6 1 5 1.5 3 5 7 97 

10 S t  & Lea .16+<.005 .1 3 8 .8 3 15 2 8 
Root .18+ .O1 .9 > 75 55 8.1 2 0 27 119 
To ta l  Sed 18 .31+ .02 1.0 6 16 2.9 7 13 115 
Leach Sed x .6 2 4 1 .O 33 7 85 

S t  & Lea mean+StDev .09+.05  1 3 t . 8  822 .9+.2 4 t 1  14+2 25+2 
Root mean+StDev .20+ .02 .5+.3 9*2 36+17 3.8k3.8 16+3 2323 90530 
To ta l  Sed mean+StDev .36+ .04  .9+.1 13+6 2929 6+2 14+6 58+32 133+20 
Leach Sed mean+StDev x .7+.1 1.8k.5 551 1.42.3 36+3 8+2 100+13 

r ( S t  & Lea vs To ta l  Sed) -.906 -.577 -.218 -.328 .828 -.313 -.340 -.787 
r (Root  vs To ta l  Sed) .768 .640 -.048 ,809 .694 .879 .799 . I 09  
r ( S t  & Lea vs Leach Sed) x ,577 ,000 -.091 . I 51  .579 ,125 -.795 
r (Root  vs Leach Sed) x -.640 .816 -138 -.003 -.408 -.556 -.016 
r ( S t  & Lea vs Dis tance)  -. 777 .487 -.098 -.338 .389 ,315 -.441 -.950 
r (Root  vs Distance) .811 -.966 .I87 -.638 -.845 -.806 -.846 -.501 



Tab1 e 19. (continued) 

Distance 
Be1 ow Outfa l l  Fe 

( m )  % Loss !!!J - C d - C r - Cu XlOOO - Pb - Mn Zn - 
100 S t  & Lea .08+ .02 .1 3 7 1.2 2 x 20 

Root .25+ .03 .6 9 25 7.5 14 24 110 
Total Sed 19 . 5 0 + . 0 3  1 .4  14 40 20.0 30 55 291 
Leach Sed x .6 6 13  2.8 42 19 106 

200 S t  & Lea .15+ .04 .1 3 8 1 .6  5 22 25 
Root .23+ .03 x x x x x x x 
Total Sed 17 .25+ .O1 1 .3  7 14 5.9 4 16 104 
Leach Sed x .4 1 3 1.1 2 1 13  5 6 

650 S t  & Lea .07+ .03 .1 2 7 .8 3 12 2 1 
Root .18+ .08 .5  30 2 9 8 .3  15 3 2 95 
Total Sed 13 .23+ .02 .6 12 19 11.5 1 3  4 8 80 
Leach Sed x .4  2 3 1.1 19 10 50 

810 S t  & Lea .18+<.005 .1 3 10 1.2 3 14 2 2 
Root .08+ .02 .5 10 24 5 .8  17 2 1 9 0 
Total Sed 29 .18+ .01 .6 7 16 5.0 13 78 8 0 
Leach Sed x .4  1 4 1.5 2 1 24 5 8 

870 S t  & Lea ,152 .04 .1 3 5 1.5,  5 18 18 
Root .07+ .01 .3  14 19 5 .3  13  28 6 5 
Total Sed 13 .17+ .03 .6  13 16 x 4 8 9 7 0 
Leach Sed x . 3  1 2 1.2 20 10 50 

1050 S t  & Lea .15+ .03 c.05 2 5 .8 2 14 18  
Root ,175 .01 .9  9 24 4.8 13 30 107 
Total Sed 10 .15+ .03 .5  5 10 2.7 3 2 7 49 
Leach Sed x . 3  1 2 .9 18 11 46 

1320 S t  & Lea .01+<.005 .2 2 3 . 4  2 15 19 
Root .01+<.005 .4  6 2 5 2.1 5 16 63 
Total Sed 8 . lo+  .01 . 3  18  9 9 .8  11 83 49 
Leach Sed x .2 1 1 1.1 10 17 2 3 

S t  & Lea mean+StDev .11+ .06 .1+.04 2.55.5 6+2 1.15.4 3+1 1654 2023 
Root mean2StDev .14+ .09 .5+.2 13+9 24+3 5.652.1 13+4 2526 88220 
Total Sed mean+StDev .23+ .13 .8+.4 11+5 18+10 9.2k6.2 1159 57528 103285 
Leach Sed mean5StDev x .4+.1 2+2 4+4 1.45.6 22510 15+5 56225 

r ( S t & L e a v s T o t a l S e d )  -.070 -.290 - . I62 ,312 -.014 -.516 -.276 ,128 
r(Root  vs Total Sed) .758 . I89 .021 .I51 .438 .I62 - ,608 .532 
r ( S t  & Lea vs Leach Sed) x -.401 .263 .337 .221 - . I21 - . I50  ,171 
r(Root vs Leach Sed) x . I90 -.034 . I50 .442 .479 -.738 ,661 
r ( S t  & Lea vs Distance) -.211 .369 -.622 -.599 -.668 -.294 -.569 -.610 
r(Root  vs ~ i s t a n c e )  -.855 -.085 -.242 - . I94 -.837 -.603 -.291 -.629 



Table 20. Heavy metal  concentrat ions (ppm d ry  we igh t )  i n  e i g h t  surface 
sediment samples taken 0.5 m a p a r t  800 m below the  o u t f a l l  
i n  Ca l i co  Creek i n  J u l y  1975 

Fe 
% Loss EL Cd C r  Cu X l O O O  Pb Mn Zn - - - -  - 

Mean 11 .17 . 7  22 17 10.2 21 83 90 

St.  Dev. . 3  .04 .1 7 2 1.9 7 18 10 

Co. Var. 3 24 14 30 13 19 34 21 11 

Table 21. Heavy metal  concentrat ions (ppm d ry  we igh t )  i n  e i g h t  surface 
sediment samples taken 0.5 m apa r t  800 m below the  o u t f a l l  
i n  Ca l i co  Creek i n  January 1976 

Fe 
% Loss k'! Cd & Q X l O O O  Pb Mn Zn - - 

Me an 11 .13 .5 6 8 3.9 2.3 50 69 

S t .  Dev. .6 .02 .3 4 3 . 8  .8  25 11 

Co. Var. 6 14 56 66 40 20 36 50 16 



Table 2 2 .  Heavy metal concentrat ions (ppm dry weight) i n  s i x  sur face 
sediment samples taken 112 m apar t  a t  t he  same s t a t i o n  
10 m above the o u t f a l l  i n  Ca l ico  Creek 

% Loss 
on Fe 

I g n i t i o n  &I - C d & - -  Cu X l O O O  & 5 - Zn 

A 

B 

C 

D 

E 

F 

Me an 

S t .  Dev. 

Co. Var. 



Table 23. Acet ic  a c i d  hydroxyl  amine hydroch lor ide  leachable heavy metals 
(ppm d ry  weight)  i n  the top 3 cm o f  sur face sediment a t  i n d i v i d u a l  
s t a t i o n s  above and below the o u t f a l l  i n  Ca l i co  Creek 

ABOVE 
OUTFALL 

Mean 

S t .  Dev. 

Co. Var. 

r (d i s tance  vs metal )  

BELOW 
OUTFALL 

Mean 

S t .  Dev. 

Co. Var. 

r ( d i  s  tance vs metal ) 



Table 24. 

Mean 

S t .  Dev. 

Co. Var. 

Heavy metal concentrations i n  e i g h t  a c e t i c  ac id  hydroxyl amine hydrochloride 
leached sediment samples taken 112 meter a p a r t  800 meters below the  o u t f a l l  
i n  Calico Creek in 1975 

( ) % of t o t a l  metal t h a t  i s  avai lable  



amount of organic matter (percent loss on ignition) in the surface sediment. 
The resul ts  of Calico Creek sediment samples are similar to  other studies 
(Klein and Goldberg, 1970; Applequist -- e t  a1 . , 1972) in that  the elevated 
mercury concentrations were found nearest to  the sewage out fa l l ,  

Sediment samples were collected from a ser ies  of transects across Calico 
Creek and analyzed for  heavy metals (Table 25 and Figure 33). The results 
of those analyses show that  there i s  a predictable decrease in organicmatter 
in sediments from high inter t idal  t o  subtidal b u t  that  the concentrations of 
heavy metals followed no predictable pattern. The concentration of mercury 
was relatively constant across the transect;  however, samples with low con- 
centrations of organic matter had low concentrations of mercury. 

Turner Creek 

Surface sediment samples were taken in Turner Creek a t  ten s tat ions in 
May 1972 (Table 26 and Figure 34), twenty stations i n  May 1974 (Table 27 and 
Figures 35 through 40),  and twenty s tat ions i n  July 1975 (Table 28 and Figures 
41 through 50). As with the Calico Creek samples, each value reported i s  the 
mean of three replicates of a single sample. 

The mercury concentrations throughout the length of Turner Creek in 1972 
(Table 26 and Figure 34) were lower than values in Calico Creek. The mean 
concentration of 0.14 ppm in Turner Creek corresponds with a mean concentra- 
tion of 0.80 ppm in Calico Creek. The pattern was repeated in 1974 and 1975; 
the mean mercury was 0.09 ppm in Turner Creek (1974) compared to  a mean of 
0.36 ppm for  Calico Creek and in 1975 the value in Turner Creek was 0.09 pprn 
compared to  0.32 ppm in Calico Creek. The mean concentrations for  metals 
other than mercury in sediments l i s t ed  below are averaqes of 1974 and 1975 
determinations. Lead was the only metal with even a s l i g h t l y  higher mean 
concentration in Turner Creek. 

Turner Creek 
Cal i co Creek 

The sediment organic content in Turner Creek (Figures 35 and 42) ranged 
from 1%-27% with a mean of 9% for  the two-year period compared with a range 
of 1%-33% with a mean of 17% for  Calico Creek 1974-75. Mercury, cadmium and 
chromium in Turner Creek in 1974 (Table 27)  were correlated with the organic 
content of the sediment. Copper, iron, 'lead, manganese and zinc showed l i t t l e  
or no correlation with organic matter. In 1975 (Table 28) cadmium, mercury 
and zinc were correlated with organic matter. 

Mercury concentration in L. i r rora ta  remained relat ively constant in 
Turner Creek (Tables 26 and 29and Figure 36). The values were lower than 
the values reported for  - L. i r rora ta  from Calico Creek (Tables 11, 13, 15 and 



Table 25. Heavy metal concent ra t ions  (ppm dry weight)  of sediments i n  t r a n s e c t s  ac ros s  Cal ico Creek 

Distance % Loss 
Apart on Fe 

Sediment Location (meters)  I g n i t i o n  lig_ - - - - - -  Cd Cr Cu XlOOO Pb Mn - Zn 

1-A - J. roemerians 0 31 . 2 4 +  - 0 4  1.2 44 19 6.3 49 106 70 
B S. a l t e r n i f l o r a  4 24 . 3 4 +  .09 - 9  34 1 8  15.4 25 102 84 

cn B/C J u s t  Belowz.  a l t e r n i f l o r a  7 1 8  -31 + -04  -8  4 18  3.7 16 13 109 
00 C Be1 ow Oys te r  Zone 10 1 4  . 3 4 + < . 0 0 5  1.1 6 17 18.6 17 37 105 

D Exposed Mud 12 14 . 2 3 &  .01 .7  1 15 23.0 12 150 105 
D Exposed Mud 14 14 -41  + .16 . 7  17 20 9.5 30 22 100 
E Subt ida l  3 5 .05 2 .01 - 1  6 1 4.5 2 11 14 

2-A - J. roemerians 
B 5. a l t e r n i f l o r a  

3-A 5. a l t e r n i f l o r a  
C Exposed Mud 
D Exposed Mud 
E Subt ida l  



Fig. 33. Locations o f  sediment samples on t r a n s e c t s  from high marsh t o  
s u b t i d a l .  ( A )  Juncus roemerianus ; a r t i n a  a1 t e r n i f l o r a ;  
( C )  Exposed mud j u s t  below o y s t e r  mud; ( E )  
Sub t ida l .  The d a t a  i n  Tables 25, 33 and 39 were c o l l e c t e d  
according t o  t h i s  plan.  



Table 26. Mercury concentrations found in the top 3 cm of surface 
sediment (ppm dry weight), i n  the snai 1 L i  t t o r i na  i r ro ra ta  
(pprn wet weight) and i n  the  oyster  Crassostrea vi rginica  
(ppm wet weight) from s ta t ions  i n  Turner Creek May 1972 

Mean 
St.Dev. 
Co. Var. 

Sediment L i  t t o r i  na Crassostrea 



May 1972 
Mercury in urface Sedimen 7 m dry weight) l PP 

65 meters w 

T U R N E R  C R E E K  



T a b l e  27. Heavy m e t a l  c o n c e n t r a t i o n s  (ppm d r y  w e i g h t )  and p e r c e n t  
l o s s  on i g n i t i o n  v a l u e s  ( e s t i m a t e  o f  o r g a n i c  m a t t e r )  i n  
t h e  t o p  3 cm o f  s u r f a c e  sed iment  f r o m  s t a t i o n s  i n  T u r n e r  
Creek - May 1974 

%Loss on Fe 
I g n i t i o n  H  g  Cd . C r  cu XI000 Pb Mn Z n  

Mean 8 
S t .  Dev. 5 
Co. Var.  7 0  
r ( % L o s s  vs m e t a l )  



May 1974 
% Loss on Ignition 

TURNER CREEK 

Fig .  35. Percent weight  l o s t  on i g n i t i o n  o f  sediments i n  
Turner Creek 1974 



May 1974 

Mercury in Surface Sediment R: <.-- 
\ \ (ppm dry weight), 

TURNER CREEK 

Mercury in Littorha irrorata 
(ppm wet weight) / / 

TURNER CREEK 

Fig. 36. Total mercury f o u n d  i n  T u r n e r  Creek 1974 

74 



1974 
Cadmium in Surface Sedirnen 

L 4 6  <I3 .7 \(ppm dry weight: 

TURNER CREEK 

Chromium in Surface Sedimen 
k - F: \ ( P P ~  dry weight) 

\ 

T U R N E R  C R E E K  



TURNER CREEK 

Fig.  38. Copper and iron found in Turner Creek 1974 

76 



T U R N E R  C R E E K  

L.- '8 
Manganese in Surface Sedimenq 

j7 (ppm dry weight), ' \ 

T U R N E R  C R E E K  



I T U R N E R  C R E E K  

I 
Fig .  40. Zinc found  i n  T u r n e r  Creek d u r i n g  1974 



Table 28. Heavy metal concentrat ions (ppm d ry  weight)  and percent  
l oss  on i g n i t i o n  values (an est imate of the  organic mat te r )  
i n  the  top  3 cm o f  surface sediment from i n d i v i d u a l  s t a t i o n s  
i n  Turner Creek - J u l y  1975 

%Loss on Fe 
I g n i t i o n  Hg Cd C r  C u X l O O O  Pb Mn Zn 

18 
15 
19 
16 
5 

12 
3 
4 
3 
2 
3 
2 
1 

* 4 
1 
3 

Mean 9 
St.  Dev. 8 
Co. Var. 85 
r(%Loss vs metal )  



I 
Fig. 41. Heavy metal s t a t i o n s  f o r  o y s t e r s  i n  Turner  

Creek during 1975 



T U R N E R  C R E E K  

Fig .  42. Percent weight lost  on ignition of sediments in 
Turner Creek 1975 



Mercury in Surface Sedimen4 
\(ppm dry weight) ', /' 

I' 

T U R N E R  C R E E K  

Mercury in Littorha irrorata 
(ppm wet weight) ', 7' / 

F i g .  43. T o t a l  m e r c u r y  f o u n d  i n  T u r n e r  C r e e k  d u r i n g  1 9 7 5  

8 2 



Cadmium in Surface Sedirnenl 
\(ppm dry weight), 

T U R N E R  C R E E K  

F ig .  44. Cadmium found i n  Turner Creek du r ing  1975 

8 3 



65  m e l e l r  - 
T U R N E R  CREEK 

4 Chro mium in Littorha irrorata 
(ppm wet weight) / /- /' 

65 m e l r r r  - 
T U R N E R  CREEK 

F i g .  45. Chromium f o u n d  i n  T u r n e r  C r e e k  d u r i n g  1975 

84 



T U R N E R  C R E E K  

Fig. 46. Copper found i n  Turner Creek du r i ng  1975 



I T U R N E R  CREEK 

T U R N E R  C R E E K  

Fig. 47. I r o n  f o u n d  i n  T u r n e r  C r e e k  d u r i n g  1975 



d in Sclvface Sedimen 
\ (ppm dry weight) 

+ 

T U R N E R  C R E E K  

Lead in Littorina irrorata 
(ppm wet weight) \ /'- /" 

T U R N E R  C R E E K  "'\ 

Fig.  48. Lead found i n  T u r n e r  Creek d u r i n g  1975 

87 



T U R N E R  C R E E K  

65 m c t c r ,  - \ 

T U R N E R  C R E E K  

Fig .  49. Manganese found i n  Turner Creek du r i ng  1975 



July 1975 
Zinc in Surface Sedirnet 

\(ppm dry welghl 

T U R N E R  C R E E K  \ 
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Table 29. Heavy metal concentrat ions i n  the  s n a i l  L i t t o r i n a  i r r o r a t a  (ppm wet weight) a t  individual  
s t a t i o n s  in  Turner Creek - Ju ly  1975 

S t a t i o n  Av W t  
Location 9 

U3 
Me an .9 .19 .4  - 4  37 184 - 6  12 2 2 0 

St.Dev. .1 .07 .1 .1 17 6 9 - 2  6 7 

Co. Var . 2 5 18 46 38 35 50 32 17 36 
r(Meta1 vs ~i t t o r i n a )  -.252 .216 - . I08  .363 .480 - .037 -.517 -.349 



Table 30. Heavy metal  concentrat ions (ppm wet we igh t )  i n  t h e  
oys te r  Crassostrea v i  r g i n i c a  a t  s t a t i o n s  i n  Turner 
Creek - J u l y  1975 

S ta t i ons  !!9 - Cd - C r  - Cu - Fe - Pb - Mn 

Mean .01 .3 X 20 51 <.5 2.4 
St.Dev. .O1 -0% X 7 22 X .7 
Co.Var. 39 2 7 X 38 44 X 31 



18).  There was no s ign i f i can t  corre la t ion between increasing mercury in C. 
i r r o r a t a  and increasing mercury i n  sediment. Also, no metal i n  C. i r r o r a t a  
s ign i f i can t ly  increased with increased sediment concentrations of the same 
metal. Manganese concentration i n  C. i r r o r a t a  was the  only metal t h a t  s igni-  
f i can t ly  decreased w i t h  increasing metal i n  sediment. Mean values f o r  metal 
concentrations i n  C. i r r o r a t a  from Calico Creek in 1975 were higher than the  
para1 l e l  concentrations reported in Turner Creek. 

The oyster  C .  v i rg inica  in Turner Creek i n  1972 (Table 26) had a mercury 
concentration of-0.05+.03 ppm and the oysters in Calico Creek (Table 11) had 
a s imi lar  concentration (0.08k.04 ppm). The mercury concentration in  Turner 
Creek oysters decreased in 1975 (Table 30 and Figure 41) t o  0.01+0.01 pprn; 
during the same period mercury concentrations i n  Calico Creek oysters  decreased 
t o  the same value of 0.01+0.01 pprn (Table 16) .  

A Turner Creek s t a t i on  t h a t  was sampled every 0.5 m was located i n  an 
exposed f l a t  a t  low t i de ;  the r e l a t i ve ly  sandy condition a t  t h i s  s i t e  i s  
evident i n  the low percent loss  on igni t ion of 8.5% compared t o  17% f o r  the  
Calico Creek subsampled s i t e  (Table 31).  

Table 31. Heavy metal concentrations (pprn dry weight) in e i gh t  surface sedi-  
ment samples taken 0.5 m apar t  in Turner Creek 

Mean 8.5 .7 12 12 7.2 8 40 6 7 
S t .  Dev. .5 . 3  3 6 3.8 5 11 17 
Co. Var . 6 4 0 2 5 5 1 5 4 5 9 2 7 2 5 

No accumulation of mercury occurred in the 2. a1 t e rn i f l o r a  stems, leaves 
and roots in Turner Creek. There was, however, a s i gn i f i c an t  (r=0.686) cor- 
r e la t ion  of mercury in stems and leaves w i t h  increasing mercury concentrations 
in sediments. Roots had only a s l i g h t  corre la t ion (r=0.399) with increasing 
mercury i n  sediment. There i s  a s l i g h t  decrease i n  mercury in the stems, 
leaves and roots downstream in Turner Creek (Table 32 and Figure 51).  Copper 
i s  concentrated i n  roots of 2. a l t e r n i f l o r a  while the  stems and leaves did 
not s ign i f i can t ly  d i f f e r  from the sediment. Copper concentration in  stems 
and leaves i s  corre la ted (r=O. 962) with increased concentration in the sediment. 

Table 33 presents data on concentrations of heavy metal in sediments from 
t ransec t s  across the i n t e r t i da l  zone in Turner Creek. There was no pat tern  



o f  heavy metal  d i s t r i b u t i o n  which r e l a t e d  t o  t he  i n t e r t i d a l  p o s i t i o n  o f  the  
sediment samples. P i s t o n  cores were taken TO, 400, and 1400 m f rom the  ou t -  
f a 1  1  i n  Ca l i co  Creek and a t  two s t a t i o n s  i n  Turner Creek t o  determine t h e  
v e r t i c a l  d i s t r i b u t i o n  o f  meta ls .  The cores were ex t ruded  on to  p a r a f i l m ,  
s p l i t  down t h e  cen te r ,  subsampled a t  5  and 10 cm i n t e r v a l s  t o  50 cm, then 
analyzed as p r e v i o u s l y  descr ibed. The t o p  20 cm i n  t he  10-meter s t a t i o n  i n  
C a l i c o  Creek i s  a  very  f i n e  sediment t h a t  i s  compressed somewhat i n  t he  c o r i n g  
opera t ion ;  t he re fo re ,  values r e p o r t e d  i n  panel "a" o f  F i gu re  52 have some 
negat i ve  v e r t i c a l  d i s t o r t i o n  near  t he  top .  Mercury concen t ra t ions  i n  the  
su r f ace  sediments (Table 34 and F igure  52) i n  Ca l i co  Creek were 1.16 ppm, 
0.68 ppm, 0.24 pprn f o r  10 m upstream, 400 m upstream, and 1400 m downstream, 
r e s p e c t i v e l y .  The sediment i n  Turner Creek i s  much sand ie r  and t h e r e  was no 
compaction i n  t he  sur face  sediment. A l l  cores had s i m i l a r  mercury concentra- 
t i o n s  of l e s s  than 0.1 pprn a t  a  depth o f  10 cm and deeper. I n  Turner  Creek 
t he re  was o n l y  0.16 pprn and 0.34 pprn o f  t o t a l  mercury i n  the  su r f ace  sediment 
and then the  concen t ra t i on  became undetectab le  (<0.005) a t  10 cm depth and 
deeper. The o n l y  core t h a t  had mercury enr ichment i n  o t h e r  than t he  su r f ace  
was t he  10-m upstream s t a t i o n  i n  Ca l i co  Creek. Th is  i s  p o s s i b l y  t h e  r e s u l t  
of  years  of mercury r i c h  p a r t i c u l a t e  m a t t e r  d ischarged f rom the  sewage t r e a t -  
ment p l a n t .  

The sur face  l a y e r  o f  a l l  t h e  cores has more mercury than the  lower  
l a y e r s  o f  the  cores, suggest ing t h a t  t h e  mercury i n  bo th  creeks has come 
from human a c t i v i t i e s .  

Other No r th  Ca ro l i na  Es tua r i es  

W r i g h t s v i l l e  Beach. The concent ra t ions  of meta ls  i n  t he  sediments below 
the  o u t f a l l  o f  the  W r i g h t s v i l l e  Beach sewage t rea tment  p l a n t  (Table 35 and 
F igure  53) decreased w i t h  i n c r e a s i n g  d i s tance  f rom t h e  o u t f a l l .  W i t h i n  30 m 
o f  t he  o u t f a l l  metal  concen t ra t ions  a re  a t  n a t u r a l  l e v e l s .  The i s o l a t e d  
inc rease  i n  a l l  meta ls  a t  60 m i s  unexplained; however, i t  occur red  i n  a l l  
t he  analyses and i s  p robab ly  a  r e a l  phenomenon. Wi th  t he  excep t ion  o f  man- 
ganese a1 1 meta ls  have a  ve ry  h i g h  c o r r e l a t i o n  w i t h  pe rcen t  o rgan i c  m a t t e r  i n  
the  sediment. 

Newport R iver .  A s e r i e s  o f  samples t o  determine t h e  concent ra t ions  o f  
meta ls  i n  sediments was c o l l e c t e d  i n  t h e  v i c i n i t y  o f  t h e  Newport sewage t r e a t -  
ment p l a n t  i n  January 1976 (Table 36 and F igure  54).  Samples were taken bo th  
above and below t h e  o u t f a l l .  U n l i k e  t he  W r i g h t s v i l l e  Beach t r a n s e c t ,  t h e r e  
was no r e g u l a r  decrease i n  concen t ra t i on  o f  meta ls  w i t h  d i s t ance  above o r  
below the  o u t f a l l .  The low mercury values found i n  t he  sediment near  t h i s  
o u t f a l l  (0.07 and 0.05 ppm) agree w e l l  w i t h  t he  low mercury va lues i n  t he  
e f f l u e n t  (0.1 ppm) f rom t h i s  p l a n t .  

West C a r t e r e t  High School, Morehead City. Three samples of  sediment 
were c o l l e c t e d  below the  o u t f a l l  a t  West C a r t e r e t  Hiqh School i n  May 1975 
and analyzed f o r  t h e  concen t ra t i on  o f  meta ls  (Table 37).  The sediments 
around t h i s  o u t f a l l  were very  sandy ( 2 %  organ ic  m a t t e r )  and had no v i s i b l e  
dark o rgan i c  m a t t e r  p resen t .  



Table 32. Heavy metal concentrat ions (ppm dry weight) i n  t h e  stems, l eaves ,  and 
roots  of t he  marsh g ras s  Spar t ina  a l t e r n i f l o r a  compared t o  t o t a l  and 
leached metal da t a  f o r  s t a t i o n s  i n  Turner Creek 

Distance 
downstream Fe 

( d  % Loss - H g - Cd - Cr - Cu XlOOO - Pb - Mn - Z n 

0 S t  & Lea .16+ .02 .2 1 5 .1 1 6 30 
Root .16+ .04 1.5 3 22 1 . 3  5 8 89 
Total Sed 18 .21+ .03 .6  19 9 4.2 35 47 118 
Leach Sed x . 3  . 6  1 1.0 32 7 6 0 

130 S t  & Lea .07+ .O1 .2 2 9 1.1 3 12 15 
Root .21+ .O1 .4  4 16 1 .5  12 11 5 6 
Total Sed 16 .09+ .02 .9 17 11 11.8 19 67 128 
Leach Sed x .6  2 1 1.7 28 9 84 

290 S t  & Lea .05+ .01 .2 4 3 1 . O  3 86 19 
Root .02+<.005 .8 13 14 1 . 3  7 2 3 8 8 
Total Sed 3 .02+ .01 . 3  11 5 4.4 10 2 0 2 7 
Leach Sed x .2 .6  2 .6 6 3 24 

425 S t  & Lea .05+ .02 .1 2 3 .5 1 12 15 
Root .16 i  .04 .2 2 8 1 . O  1 11 5 6 
Total Sed 4 .03+ .01 .2 11 5 6.2 10 3 5 3 5 
Leach Sed x . I  .7  1 I . I  10 8 23 

650 S t  & Lea .13+ .05 .2  1 2 . I  1 20 2 1 
Root .I85 .02 . 8  12 5 6 5.0 5 4 1 139 
Total Sed 2 .02+ .01 .1 12 4 4.9 5 28 15 
Leach Sed x .1 .4  .4  .6  4 5 9 

975 S t  & Lea .07+ .05 . I  1 2 .2  1 14 13  
Root .056 .03 .6 3 10 1 . 6  4 2 5 6 4 
Total Sed 1 .02+ .01 .4 14 4 2.2 4 16 7 
Leach Sed x .6 . I  .2 .1 1 2 2 

S t  & Lea mean6StDev . 0 8 + . 0 5  .25.1 2+1 4+3 .5+.5 2+1 25t30 1 9 ~ 1 6  
Root mean+StDev . 1 3 + . 0 8  .7+.4 665 21i18 2.051.5 664 20t12 72+38 
Total Sed mean+StDev .07+ .08 .4+.3 14+3 653 5.653.3 14612 36+19 55554 
Leach Sed meaniStDev x .3+.2 .7+.7 .8+.7 .9+.5 14+13 623 34532 

r ( S t  & Lea vs Total  Sed) ,686 -.046 - . I65  ,962 .669 ,044 -.459 .414 
r(Root vs Total Sed) .399 .279 -.224 - . I90 - . I05  ,251 -.606 .297 
r ( S t  & Lea vs Leach Sed) x - . I11 ,217 .214 .787 .206 -.514 .275 
r(Root  vs Leach Sed) x -.099 - . I87  -.343 -.256 .468 -.612 -.346 
r ( S t & L e a v s ~ i s t a n c e )  -.252 -.625 -.303 -.691 -.408 -.437 -.065 -.573 
r(Root vs Distance)  -. 397 -. 369 .072 . I20  .368 -. 432 .664 . I20 



( Spartina olterniflora Heavy Metal Sto tions 

Fig.  51. S p a r t i n a  a1 t e r n i f l o r a  heavy meta l  s t a t i o n s  i n  
Turner  Creek 



Table 33. Heavy metal concent ra t ions  (ppm dry weight)  of sediments i n  t r a n s e c t s  ac ros s  Turner Creek 

Sediment Location 

1 -A/B 2. a1 t e r n i  f l  o r a l l .  roemeri ans 
Exposed Mud 
~ x p o s e d  Mud 
Subt i  dal  

Exposed Mud 
Exposed Mud 
Subt ida l  

S. a l t e r n i f l o r a  - 
E x ~ o s e d  Mud 
~ x p o s e d  Mud 
Exposed Mud 

S. a l t e r n i f l o r a  - 
Exposed Mud 

S. a l t e r n i f l o r a  - 
Exposed Mud 

Distance 
Apart  

(meters )  

0 
1 
3 
5 

0 
1 

.5 

5 
0 
-5 

1 

2 
0 

0 
2 

% Loss 
on 

I g n i t i o n  E.9 - Cd Cr - Pb - Mn - Zn 



Mercury in Subsurface Sediments (ppm dry weight) 

Calico Creek 
I 

Turner 
I 

Creek 

Fig. 52. A comparison of mercury concentrations i n  sediment cores from 
Calico Creek (a ,b ,c )  and Turner Creek ( d , e ) .  The locations of 
the cores are:  ( a )  10 meters above ou t fa l l  ; ( b )  400 meters above 
ou t fa l l  ; ( c )  1400 meters below ou t fa l l  ; ( d )  

points are given i n  Table 34: 

9 7 

and ( e )  120 meters below or igin .  The numeri 
660 meters below or igin  
cal values f o r  the 



Table 34. 

Depth 

Surface 

5 

10 

20 

30 

40 

5 0 

Comparison o f  mercury concentrations i n  sediment cores from Cal i c o  Creek 
and Turner Creek. These data are presented graphica l ly  i n  the same 
format i n  Figure 52. 

Cal ico Creek Turner Creek 

(a)  (b ( 4  
10m above 400m above 1400m below 660m below 120m below 
o u t f a l l  o u t f a l l  ou t f  a1 1 o r i g i n  o r i g i n  



Table 35. Heavy metal concentrations (ppm dry weight) and percent loss  on igni t ion values (estimate 
of organic matter) i n  the top 3 cm of surface sediment from s ta t ions  t o  155 meters below 
the Wri ghtsvi 1 l e  Beach sewage treatment pl ant  

Mete r s  
f rom 

Effluent 

10 
15 
20 
2 5 
30 
40 
5 5 
60 
63 
65 
6 8 
70 
75 

100 
110 
150 
155 

% Loss 
on 

Ignition 

2 3 
71 

15 
13 

1 
3 

1 

1 
1 
1 
1 
1 
2 

r (dis tance vs con) -.6701 -.590 - .576 

r(% Loss vs Metal) x .979 -81 3 

'extremely sandy sediment - this s t a t i on  was located in  the turbulence created by the e f f luen t .  
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Fig. 53. Metal concentrations in sediment located below the Wrightsvil le  
Beach sewage treatment p lant  



Table 36. 

~ ' t a t i  on 
Nos. 

1 
2 
3 
4 
5 

A 6 
2 7 

8 

Heavy metal concentrations (ppm dry weight) and percent loss  on igni t ion values (estimate 
of organic matter) i n  the top 3 cm of surface sediment from s ta t ions  t o  300 meters below 
the Newport sewage treatment plant .  These numeri cal val ues are  graphi cal l y  represented 
i n  Figure 54. 

Meters 
from 

Outfall 

10 
15 
25 
50 
70 

200 
2 35 
300 

% Loss 
on 

Ignition 

10 
11 
36 
3 7 
3 7 
37 
25 
33 

r (dis tance vs con) -345 .I29 

r(% loss vs metal) -742 





Table 37. Heavy meta l  concen t ra t ions  (ppm d r y  we igh t )  and percen t  
l o s s  on i g n i t i o n  values (es t imate  o f  o rgan i c  ma t te r )  i n  
the  t op  3  cm o f  su r face  sediment f rom s t a t i o n s  t o  15 rn 
below the  West C a r t e r e t  High School sewage t rea tment  p l a n t  

Meters % Loss 
Be 1  ow on Fe 

O u t f a l l  I g n i t i o n  %l Cd C r  Cu X l O O O  Pb Mn Zn - - - - - -  - 

South R iver .  The South R i v e r  i s  a  t r i b u t a r y  o f  the  Neuse River ,  l o c a t e d  
i n  C a r t e r e t  County, which rece ives  no p o i n t  source i n p u t  o f  m e t a l - r i c h  wastes. 
Samples were c o l l e c t e d  and analyzed t o  determine a  base l i ne  o f  va lues f o r  
t h i s  es tuary .  Table 38 and F igure  55 p resen t  the  da ta  obtained. 

Table 38. Heavy meta l  concen t ra t ions  (ppm d r y  we igh t )  and percen t  
l o s s  on i g n i t i o n  i n  the  top  3  cm o f  su r f ace  sediments i n  
South R i ve r  

% Loss 
on Fe 

I g n i t i o n  4. Cd & & XI000 Pb & Zn - - 

Newport R i ve r  Estuary .  A s i t e  3.5 km f rom the Morehead C i t y  o u t f a l l  i n  
t h e  midd le  o f  t h e  Newport R i v e r  es tua ry  was sampled as be ing  r e p r e s e n t a t i v e  
of an area t h a t  r ece i ves  no p o i n t  source i n p u t  of meta ls  (Tab le  39).  The 
values a re  very  s i m i l a r  t o  those found 1400 m below t h e  o u t f a l l  i n  C a l i c o  
Creek suggest ing t h a t  a t  t h a t  l o c a t i o n  the C a l i c o  Creek meta l  concen t ra t ions  
are una f f ec ted  by t he  Morehead City sewage t rea tment  p l a n t .  

Sewage Treatment P I  an ts  

The range o f  mercury concen t ra t ions  e n t e r i n g  sewage t rea tment  p l a n t s  
va r i es  temporal l y  w i t h i n  i n d i v i d u a l  p l a n t s  and v a r i e s  s p a t i a l  l y  between 
p l a n t s .  Morehead C i t y  (Table 40) had a  3.3 ppb mercury con ten t  i n  the  i n -  
f l u e n t  a t  the  beg inn ing  o f  t h i s  s tudy and i n  A p r i l  1976 an 11.0 ppb mercury 
load.  Th i s  must be t he  r e s u l t  o f  a  new mercury source us ing  t h e  system o r  
a  general  inc rease  i n  mercury d isposa l  i n  t he  Morehead City area; bo th  explana 
t i o n s  seem u n l i k e l y  when i t  i s  no ted  t h a t  no p a r a l l e l  i nc rease  occur red  i n  



I 
Fig .  5 5 .  Map of South R i v e r  showing sampl ing s t a t i o n s  f o r  heavy meta ls  
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, or  Newport in the same time period. The source of these inputs 
a mystery; the "suspected" broken thermometers, fungicides, s l  imicides, 
ut icals  and cosmetics are simply guesses. 

Table 40. Temporal variation of mercury in the influent of sewage t rea t -  
ment plants ( p p b  wet weight) 

Morehead City Beaufort New Bern Newport 

Samples of sewage were taken a t  both the Morehead City and New Bern sew- 
age plants throughout the treatment process. Table 41 indicates that  a con- 
siderable amount of mercury i s  removed in the secondary c l a r i f i e r  and t r ickl ing 
f i l t e r .  

Table 41. Mercury concentrations (ppb) a t  the various stages of treatment 
throughout the Morehead City and New Bern sewage treatment 
plants. Two se ts  of data were obtained for  each plant. 

Morehead City New Bern 

3.3 2.5 1.4 2.5 influent 
2.8 2 . 4  x 2.4  a f t e r  primary treatment 
2 . 2  1.9 .9 1.8 a f t e r  secondary c l a r i f i e r  
1.6 .9 .4 , 9  a f t e r  t r ickl ing f i l t e r  

.6 .5  .4 .4 a f t e r  chlorine contact chamber (eff luent)  

I t  has been suggested that  a possible source of mercury i n  sewage t rea t -  
ment plants per se could be faulty mercury seals i n  the trick1 ing f i l t e r  stage 
of the sewage treatment. North Carolina passed a law making th i s  kind of 
seal i l legal  a f t e r  July 30, 1972,'and the Morehead City sewage plant complied 
with the law in August of 1972 by removing the seal .  Mercury concentrations 
in the eff luent  a f t e r  removal (Table 42) were the same as the values before 
the seals were removed. 



Table 42. Temporal v a r i a t i o n  o f  mercury concen t ra t ions  i n  Morehead City 
sewage t rea tment  p l a n t  e f f l u e n t  (ppb) be fo re  and a f t e r  removal 
o f  t he  mercury seal  

2/72 . 5 +  . 2  1/73 .5 + <.05 5/74 . 5 +  .2 
3/72 . 4 + < . 0 5  6/73 . 7 +  <.05 7/74 . 5 a < . 0 5  
4/72 .4  + .2 7/73 . 4 +  .I 1/75 .4 + .1 
5/72 . 9 +  .4  12/73 .2 + <.05 6/75 . 3 +  c.05 
Seal Removed 3/74 .5 + .1 8/75 . 7 +  .1 
8/72 .5 + .2 4/74 . 5 + < . 0 5  1/76 .6 +_ .2 

11/72 .4 + .2 4/74 .3  + .I 4/76 .5 + <.05 
12/72 .6 + <.05 

Samples were taken t o  i n v e s t i g a t e  t he  temporal f l u c t u a t i o n s  (Table 43 
and F igure  56).  Per iods o f  h i g h  f l o w  w i t h  h i g h  mercury concen t ra t ions  a l t e r -  
nate w i t h  per iods  of low f low w i t h  low mercury concen t ra t ions  (F igu re  56).  
H igh f low i s  i n d i c a t e d  by h i g h  p a r t i c u l a t e  l o a d  (F igu re  56). Two e f f l u e n t  
samples hav ing 0.5O+O.10 ppb and 0. 55+<O. 05 ppb mercury were f i  1  te red .  These 
samples conta ined O.l6+<O .O5 ppb and O.l7+<O .O5 ppb mercury, r e s p e c t i v e l y  , i n  
the  f i l t r a t e  i n d i c a t i n g  t h a t  a  m a j o r i t y  o f  t he  mercury i s  i n  the  suspended 
p a r t i c u l a t e  f r a c t i o n .  

Table 43. Mercury concen t ra t ions  (ppb) i n  e f f l u e n t  o f  t he  Morehead City 
sewage t rea tment  p l a n t  taken du r i ng  a  24-hr sampl ing p e r i o d  

0200 = .6 + .1 
0400 = .5 + .1 
0600 = .3  t .I 
0630 = .4  + .I 
0700 = .5 + .1 
0800 = .5 + .I 
0930 = .9 + .I 
1000 = .7 + .2 
1130 = .8 + .2 
1145 = .8 + .1 
1200 = .9 t .I 
Mean = .8 + .1  

The fo rmu la  t o  determine t he  amount o f  mercury d ischarged annua l l y  by a  
sewage t rea tment  p l a n t  i s :  

F l ux  ( k g / y r )  = concen t ra t i on  (ppb o r  ~ g / k g )  x  f low ( g a l l d a y )  x K 

Using t h i s  formula Table 44 g ives  the amount of mercury be ing  d ischarged by 
var ious  sewage t rea tment  systems annua l l y .  Assuming a  mercury l o a d  and us ing  
the  f l u x  formula,  the t o t a l  w o r l d  annual mercury f l u x  f rom human sewage can 



Time (hours) 
Fig. 56. Die1 mercury and par t i cu la te  pattern in Morehead City e f f l uen t .  

Numerical values f o r  these points are found in Table 43. 



Table 44. Kilograms o f  mercury dumped annual ly  based on mercury i n  e f f l u e n t  and average 
d a i l y  flow r a t e  o f  var ious sewage treatment p lan ts  

Mean Mercurv Mean 
i n  ~ f f1uer -k  Dai l y  Flow Mercury Dumped 

( P P ~  (ga l .  x 106) Annually (kg) 

North Carol i na 
Beau f o r t  
Durham (Sandy Creek) 
Greensboro 
Morehead City 
New Bern 
Newport 
West Car tere t  High School 
Wins ton-Salem 

At lanta,  Georgia 
Corva l l i s ,  Oregon 
Palm Beach Gardens, F lo r ida  
South Charleston, West V i r g i n i a  
Richmond, V i  r g i  n i  a 
Toledo, Oregon 

' f l ow  r a t e  5 days a week dur ing  the  school year  



be estimated. Given a population of 3.0 x 109 people and 100 gal .  of sewage 
e f f luen t  per person per day (Clark and Viessman, 1965) and 0.5 ppb mercury 
per l i t e r  of e f f luen t ,  the f lux  would be 2.1 x 102 metric tons. This f igure  
compares t o  an annual indust r ia l  f lux  of 3 x 103 and natural geological de- 
gassing r a t e  of 7 x 103 metric tons annually. This f lux of mercur through J sewage systems i s  an order of magnitude 1 ower (2.1 x 102 vs 3 x 10 ) than 
the indust r ia l  f lux  b u t  i s  an important f lux  t o  consider i n  environmental 
management because i t  i s  a l l  discharged t o  the environment. 

Table 45 1 i s t s  geographic var ia t ions  in mercury concentrations i n  sewage 
treatment plant  e f f luen t s .  C i t i e s  w i t h  l a rge r  populations and indus t r i a l  
influences did not  have higher mercury loads in e f f luen t s .  Newport, Oregon, 
w i t h  the  highest value reported (2.1 ppb), i s  a considerably smaller  c i t y  
than Atlanta,  Georgia (1.6 ppb) o r  Richmond, Virginia (1.0 ppb). There i s  no 
major industry i n  Newport, Oregon. Oneonta, New York ( 4 . 0 5  ppb) and East 
Jefferson,  Louisiana (<0.05 ppb) are  both areas of high indus t r i a l  a c t i v i t y  
and large populations b u t  have low mercury e f f luen t .  

Table 46 indicates  t ha t  there has been a s ign i f i can t  increase i n  the 
amount of mercury removed by the Morehead City sewage treatment p lant  and 
par t i t ioned i n to  sludge (1972 mean of 4.1 ppm vs 1976 mean of 18.9 ppm). 
Beaufort had a mean of 2.7 ppm in 1972 while in 1976 i t  s t i l l  had 2.3 ppm. 
This difference may be due t o  a new source of mercury in Morehead City o r  
t o  the improvements a t  the Morehead City p lan t ,  resul t ing i n  a cleaner e f f l u -  
en t  which disperses more metal t o  the sludge phase. 

Samples from various stages of sludge processing a t  the Morehead City 
sewage treatment plant  (Table 48) show t h a t  the digest ion process r e su l t s  
in a net  increase i n  metal concentration. 

Table 48. Concentrations of metals (ppm dry weight) a t  three stages of 
sludge processing i n  the Morehead City sewage treatment p lant  

Undigested 6.59 + 1.34 3.1 11 >I50 70 >350 
Digested 16.60 -+ 2.10 9.1 2 5 >I50 x >350 
Supernatant 14.33 + 1.36 >5.1 x >I50 > 40 >350 

Van Loon e t  a l .  (1973) reported heavy metal inhomogeneity in sludge Sam- 
ples and concluded t ha t  grab samples were not representat ive of the e n t i r e  
sludge. Weaver -- e t  a l .  (1974) a lso  noted a variat ion of not more than 20% in 
a given sludge bed and suggested combined grab samples would be more repre- 
senta t ive .  The homogeneity of heavy metals in two local sludges was determined 
(Table 49).  Beaufort had the highest inhomogeneity in zinc content (61%) and 
the lowest in copper ( 7%) .  The remaining metal var ia t ions  were a l l  l e s s  than 
20%. The highest va r i ab i l i t y  i n  the Newport sludge was found in mercury (27%),  
the remaining a l l  being lower than 20% w i t h  copper (4%) again being the  lowest. 



Table 45. Geographic v a r i a t i o n s  i n  mercury concen t ra t ions  (ppb) o f  sewage 
t rea tment  p1 a n t  e f f l u e n t  

Loca t ion  E f f l u e n t  Date - T i  me - 
New Haven, Connect icut  .6 + .I 9-10-72 x 

Palm Beach, F l o r i d a  

A t l an ta ,  Georgia 

East  Jef ferson,  Lou is iana  

Cherry Po in t ,  Nor th  Ca ro l i na  

Durham, N. C. (Sandy Creek) 

Greensboro, Nor th  Ca ro l i na  

W i  lmington, No r th  Ca ro l i na  

Wins ton-Salem, Nor th  Ca ro l i na  

W r i g h t s v i l l e  Beach, N. C. 

Oneonta, New York 

C o r v a l l i s ,  Oregon 

Cottage Grove, Oregon 

Newport, Oregon 2.1 + .7 6-12-73 1 300 

To1 edo, Oregon .1  + .2 6-12-73 1100 

Brownsvi 1 l e ,  V i r g i n i a  . 2  1+ . I  5- 15-73 X 

Richmond, V i r g i n i a  1.0 + . 3  5-29-72 1330 

South Charleston, West V i r g i n i a  .3 + .I 12-30-72 1100 

Have1 ock , Nor th  Carol  i na .3 + <.05 7-6-73 1100 



Table 46. Chronological l i s t i n g  of metal concentrations i n  sludge (ppm dry weight) 
i n  Morehead City and Beaufort sludges 

Fe 
Locati on Date & - Cd &- - Cu XI000 Pb - Zn 

MoreheadCity,NC May72 4.1 k 1 . 1  
Aug72 1 . 1 +  .I  
Jun 73 4.68 + .61 9 440 
Aug74 8 . 6 k 1 . 0  
J a n 7 5  1 6 . 6 f 1 . 3  9 25 >I50 x x 
Jun75  7 . 6 k 1 . 7  12 10 676 2.1 50 >300 
Jan 76 1 8 . 9 +  - 7  

Beaufort, NC Aug72 2 . 7 2  - 6  
Jun 73 .9 + .3 
Aug 74 2.7 + .1 
Jun 75 .5 k .1 13 3 268 
Jan 76 2.3 + -4  10 36 526 



Table 47. Heavy metal concentrat ions (ppb) found i n  sludge from var ious c i t i e s  

Reference Locat ion 

1. Van Loon, J. C., -- e t  a l .  1973 Toronto 

2. , 1974 Sweden 

3. Weaver, J. N., -- e t  al., 1974 North Carol ina 

4. O l iver ,  B. G., and Ontar io 
Cosgrove, E. G., 1974 

5. Bloomfield, C. and Great B r i t a i n  
Pruden, G., 1975 

6. Boswell, F. C., 1975 At1 anta 
4 
.-L 
~3 7. Lagerwerff, J. V. , Bal t imore 

e t  al . ,  1976 -- Washington, D. C. 

8. Cunningham, J. D., Wisconsin 
e t  al . ,  1975 -- 

9. This study Morehead City, NC 
Beaufort, NC 
Cherry Po in t ,  NC 
East Car te re t  HSy NC 
New Bern, NC 
Newport, NC 
West Car tere t  HS, NC 
W i  lmington, NC 
Athens, GA 
Richmond, VA 
Tunis, Tunisia, A f r i c a  
Toledo, OR 
Cottage Grove, OR 3 

Fe 
X l O O O  Pb - - 

7.8 140 

X 150 

17.0 X 

- 5  90 

X 1200 

X 2748 

X 600 
X 42 0 

32.9 940 

2.1 183 
X 190 
X 390 
2.5 155 
X 400 
1.6 X 
5.3 45 
X X 

>3.0 350 
X 124 



Table 49. Heavy metal concentrations (ppm dry weight) in  repeated samplings of the  
Beaufort and Newport sludge beds Zn 

% Loss 

2.31 + .44 10 36 221 526 1.4 
A Beaufort 5 5 9 23 521 

2.77 + .36 267 1.2 
B Beaufort 57 

2.69 + -59 8 32 448 260 1.2 
C Beaufort 5 1 

50 3.11 + .18 8 3 3 500 21 0 1.3 D Beaufort 

A Newport 
B Newport 
C Newport 
D Newport 

S t .  Dev. 



Feeding Experiments 

Prev ious s tud ies  on t he  uptake and r e t e n t i o n  o f  mercury i n  f i s h  have 
shown t h a t  abso rp t i on  o f  mercury f rom the  water  by t h e  g i l l  i s  a  very  impor- 
t a n t  source o f  t h i s  metal  t o  t h e  f i s h  (Hannez, 1968). There has a l s o  been 
much work d e a l i n g  w i t h  the  me thy la t i on  of mercury w i t h i n  a  f i s h  (Jensen and 
Je rne lov ,  1969; Johnels,  1967). I n  t he  s tudv  r e ~ o r t e d  here a  food  source 
n a t u r a l l y  h i g h - i n  meta ls  was f e d  t o  shr imp (benabus =.) and p i n f i s h  (Lago- 
don rhomboides) . The concen t ra t i on  of selenium, which d e t o x i f i e s  o r  makes - 
mercury i naccess ib l e  t o  an organism, was a l s o  measured (Ganther e t  a1 - ' ' 
1972). The most impo r tan t  aspect  o f  these e x ~ e r i m e n t s  was t h a t  these were 
n a t u r a l  mercury food  sources and n o t  t h e  c l a s s i c  r a d i o a c t i v e  o r  mercury 
c h l o r i d e  sp iked  d i e t s .  

The f i r s t  f eed ing  exper iment  i n v o l v e d  shr imp (Penaeus SJ.) f e d  on f ou r  
d i f f e r e n t  d i e t s .  Four groups (20 lg roup)  of a d u l t  shr imp were f e d  t he  f o l l o w i n g  
d i e t s  o f  2  g  p e r  day p e r  shrimp: 

Group 1 - squ id  (0.2 ppm Hg) 
Group 2  - b l u e f i s h  (0.8 ppm Hg) 
Group 3  - b l u e  m a r l i n  (9 .8  ppm Hg) 
Group 4 - s ludge /oys te rs  (0.7 ppm Hg) 

The mant le  and t e n t a c l e s  were t he  o n l y  p a r t s  o f  t h e  squ id  used i n  e x p e r i -  
ments. Only t he  a x i a l  muscle t i s s u e  o f  the  b l u e f i s h  and b l u e  m a r l i n  were 
used as food  and the  s l u d g e l o y s t e r  d i e t  was made up by b l end ing  (by  we igh t )  
about 5 p a r t s  powdered s ludge ( d r y )  t o  one p a r t  o y s t e r  (we t ) .  Th is  produced 
a  s o l i d  m a t e r i a l  which was f r ozen  and then fed t o  t he  shrimp. The groups o f  
shr imp were h e l d  i n  separate tanks o f  runn ing  seawater f o r  30 days a t  a  mean 
temperature o f  26OC. Dur ing  the  exper iment deaths occur red  i n  a l l  f o u r  tanks.  
F i v e  shrimp d i e d  i n  the  squ id - f ed  group, twe lve  i n  t h e  b l u e f i s h - f e d  group, 
twenty  i n  the  m a r l i n - f e d  group, and t en  i n  t he  s l udge loys te r - f ed  group. 
P r i o r  t o  the  deaths no v i s i b l e  behav io ra l  abno rma l i t i es ,  such as impa i red  
o r  e r r a t i c  swimming, were observed i n  any of t he  f o u r  groups. 

Table 50 shows t he  r e s u l t s  o f  mercury a n a l y s i s  o f  f i v e  shr imp f rom each 
group taken on day 30. I n  t h e  case o f  t h e  m a r l i n - f e d  group t h e  shr imp were 
t he  l a s t  f i v e  which were a l i v e  on day 29 b u t  dead by day 30. The deaths o f  
a l l  shr imp i n  t h e  m a r l i n - f e d  group ended t h e  exper iment.  Shrimp t h a t  d i e d  
p r i o r  t o  day 30 were consumed by t h e  o t h e r  shr imp i n  t h e  tank  and thus  no 
data cou ld  be ob ta ined  from shr imp which d i e d  du r i ng  t he  exper iment.  

The squid,  b l  uef ish,  and b l  ue mar l  i n - f e d  groups inc reased  i n  mercury 
concen t ra t ion  by 5, 9, and 27 t imes, r e s p e c t i v e l y ,  over  t h e  i n i t i a l  group. 
The s ludge /oys te r - fed  group inc reased  by o n l y  1.8 t imes.  I n  a d d i t i o n  t o  
hav ing  the  g r e a t e s t  mercury concen t ra t i on  t he  b l u e  m a r l i n - f e d  group a l s o  had 
t he  g r e a t e s t  death r a t e .  

Groups f e d  squid,  b l u e  m a r l i n  and, t o  t h e  g r e a t e s t  e x t e n t ,  s ludge /oys te r  
l o s t  weight.  The b l u e f i s h  d i e t  was t h e  o n l y  group t h a t  ga ined we igh t .  The 



weight loss  by the sludgeloyster  group i s  evidence t ha t  the d i e t  was not being 
assimilated by the  shrimp. 

The sludgeloyster  d i e t  (0.7 pprn Hg) and the bluefish d i e t  (0 .8  pprn Hg) 
were s imi la r  i n  mercury concentrations; however, the shrimp i n  the two groups 
had very d i f f e r en t  accumulations of mercury. One explanation f o r  the d i f f e r -  
ence might be t h a t  the mercury in the bluefish was organic. In marine f i s h  
organic mercury accumulation r a t e  i s  higher and i t s  excret ion r a t e  slower 
(Johnels -- e t  a1 ., 1967; Karnps -- e t  a1. , 1972) than inorganic mercury. 

The second feeding experiment invol ved pinf ish  (Lagodon rhomboides) which 
were fed adequate and def ic ien t  d i e t s  with both high and low mercury concen- 
t r a t i ons .  Four groups of ten pinfish per group were held i n  running seawater 
tanks and maintained on the following d ie t s :  

Group 1 - def ic ien t  - low Hg (0.3 gldaylfish of oysters w i t h  0.1 pprn 
Hg, wet weight) 

Group 2 - adequate - low Hg ( 3 . 6  g/day/fish of oysters w i t h  0.1 pprn 
Hgy wet weight) 

Group 3 - def ic ien t  - h i g h  Hg (0.3 g/day/fish of bluefish with 0.8 pprn 
Hg, wet weight) 

Group 4 - adequate - high Hg (3.6 g/day/fish of bluefish with 0 .8  pprn 
Hg, wet weight) 

The est imate of what consti tuted an "adequate" d i e t  was based upon data from 
Peters and Kjelson (1975) which indicated 8% per day of p inf ish  body weight 
as the maximum r a t e  of food consumption. The average pinfish weight was 40 g ,  
thus the "adequate" d i e t  was calculated t o  be 3.6 g/day/fish. The underfed 
groups (def ic ien t  d i e t )  were fed j u s t  enough t o  survive,  Pinfish were weighed 
on day 0, day 30, and day 60 ( termination) and frozen f o r  subsequent analyses. 
A f i s h  t h a t  increased i n  weight should have had i t s  food supply increased 
proport ionally t o  keep the food t o  body mass constant throughout the experi-  
ment. However, in these experiments the d i e t s  were kept constant. The mean 
temperature throughout the experiment was 27OC and feeding l a s t ed  60 days. 
Several water samples were analyzed fo r  mercury during the experiment and 
undetectable (<0.05 ppb) mercury l eve l s  recorded f o r  a1 1 samples. 

The f i s h  fed the adequate and def ic ien t  d i e t s  of oysters did not accumu- 
l a t e  mercury in e i t h e r  axial  muscle, 1 ive r  o r  brain when compared t o  f i s h  
from the i n i t i a l  group sac r i f i ced  on day 0 (Table 51 and Figure 57).  There 
i s  no s t a t i s t i c a l  difference among these three  groups when comparing data 
f o r  muscle, l i v e r ,  and brain between groups. On the o ther  hand, f i s h  fed the 
adequate d i e t  of bluefish had a mean mercury concentration of 1.42 pprn in 
axial muscle, 1.42 pprn in l i v e r ,  and 0.95 pprn i n  the brain a t  the end of 60 
days. These values are  considerably g rea te r  than those from the i n i t i a l  group. 
The f i sh  fed the def ic ien t  d i e t  of bluefish had a mean mercury concentration 
of 0.31 ppm i n  the axial  muscle t i s sue ,  a value considerably lower than t h a t  
of the adequate group (1.42 pprn). The mean concentration in  the 1 i ve r  of the  
de f ic ien t  group was 1.24 ppm, s imi la r  t o  the l i v e r  concentration of the 1.42 
pprn found i n  the adequate group, suggesting t h a t  mercury concentrations i n  
the l i v e r  a re  dependent upon concentrations in the food and not upon absolute 



Table 50. Mercury accumulat ion i n  Penaeus x. muscle t i s s u e  a f t e r  a 
30-day feed ing  e x p e r i m e n i o u r  d i e t s  

Weight ( g )  ~ g H g / g  (wet  we igh t )  

I n i t i a l  
6.4 .05 + .03 
7.9 .06 + .04 
8.7 .15 + .04 

11.1 .06 5 .04 
11.6 .13 + .01 

mean 9 . 1 4  mean .09 

Group #1 Squid d i e t  - 2 grams/day con ta in i ng  0.2 ppm Hg 

5.8 .21 + .01 
7.5 .23 + .01 
8.1 .65 + .13 
9.4 .13 + .06 
9.5 

mean 8 . 0 6  
.90 + . I 5  

1.08g l o s s  mean .42 

Group 82 B l u e f i s h  d i e t  - 2 gramslday con ta in i ng  0.8 ppm Hg 

15.2 
mean 11.72 2.58g ga in  

.28 + .05 
mean .86 

Group #3 Blue m a r l i n  d i e t  - 2 grams/day c o n t a i n i n g  9.8 PPm Hg 

4.9 2.35 + .ll 
6.0 1.88 + .47 
6.0 2.53 ? .31 
9.9 2.36 5 .24 

10.5 - 3.02 + .51 
mean 7.46 1.68g l o s s  mean 2.43 

Group #4 Sludge/Oyster d i e t  - 2 gramslday c o n t a i n i n g  0 .7  PPm Hg 

1.5 
2.1 
3.7 
4.5 
4.6 
6.9 

mean 3.88 5.269 l o s s  
.08 + .01 

mean .17 



Table 51. Mercury concen t ra t ions  (ppm) i n  Lagodon rhomboi des a x i  a1 muscle, 1 i v e r  
and b r a i n  t i s s u e  a f t e r  60-day exper iment us ing  adequate and d e f i c i e n t  
d i e t s  w i t h  bo th  h i gh  and l o w  mercury concen t ra t ions  

WEIGHT(g) MUSCLE LIVER BRAIN - -  WEIGHT(^) MUSCLE LIVER BRAIN - - 
Day 0 ( ~ g ~ g l g  wet we igh t )  

Mean - Muscle .10+.04, l i v e r  .27+.30, b r a i n  .16+.12 

Group #I Adequate d i e t  (3.5 g r a m s l d a y l f i  sh)  of oys te r s  ( .Oi'+.O3 ~ g H g / g )  
32.5 .12+-.01 .ll .005 66.7 .17+.04 .15+.01 .06 
52.3 .11k.O1 x .17 80.1 .04+.06 .04+.06 .02 
57.9 .15+.03 .24+.02 .24 80.2 .13+.02 -07k.02 .04 
58.9 .02+. 03 x .04 81 . O  .10+.01 .17+.01 .16 
65.1 .09+.01 .11+.01 .04 82.3 .14+.01 ,235.05 .14 

Mean - Muscle .11'.05, l i v e r  .14+.08, b r a i n  .09*.08 

Group #2 D e f i c i e n t  d i e t  ( .3  g rams lday l f i sh )  o f  oys te r s  ( .075.03 ugHg/g) 
11.0 . 04k. 01 .80 .005 34.2 .11+.03 .005 .15 
13.6 .07+. 10 .005 .005 37.6 .07+_. 01 .04 .005 
16.5 . 04k. 01 .005 .15 40.6 .15+.04 . O l  .19 
22.6 .05+. 05 .005 .005 42.2 .09_+. 03 .03 .005 
29.0 .03t .  04 .25 .005 43.0 .23t .  08 .23 - 0 6  

Mean - Muscle .09+.06, l i v e r  .14+.25, b r a i n  .06+.08 

Group #3 Adequate D i e t  (3.6 grams/day/ f ish)  o f  b l u e f i s h  ( .  76'. 17 ugHg/g) 

50.4 1.69k.13 .79 1.40 59.7 1.83k.10 .64+.15 .40 
50.6 1.98k.22 1.69 x 69.3 .96+.18 2.612.53 1.65 
55.2 .99+.02 1.635.08 .89 69.6 1.595.25 .42+.36 .23 
57.6 1.402.34 x 1.29 70.9 1.87t.47 1.28k.04 .35 
59.6 .80+.05 2.095.42 1.49 104.8 1.05k.31 1.59k.03 .88 

Mean - Muscle 1.422.44, l i v e r  1.42k.71, b r a i n  .95+.53 

Group #4 D e f i c i e n t  d i e t  ( .3  grams/day/ f ish)  o f  b l u e f i s h  ( - 7 6 \ 1 7  

Mean - Muscle .31+.07, l i v e r  1.245.74, b r a i n  .44+.33 
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Fig. 57. Accumulation o f  mercury by pinfish fed various mercury d i e t s  
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amounts of mercury consumed per uni t  time. The concentration of mercury in 
the brains of the f i sh  fed a de f ic ien t  d i e t  of bluefish (0.44 ppm) i s  l e s s  
than the group fed an adequate d i e t  of bluefish (0.95 pprn). The range of 
mercury values of the brains of these two groups as well as those of the  
i n i t i a l  group indicates  the large va r i ab i l i t y  in individual p inf ish  of the 
mercury entering and/or remaining in brain t i s sue .  

No deaths occurred in any of the four groups and the d i e t  with the maxi- 
mum amount of mercury (3.6 g of 0.8 ppm mercury per day per f i s h )  was not 
enough of a s t r e s s  t o  v i s ib ly  a f f ec t  the behavior of the pinf ish .  

Pinfish were weighed on day 0 ,  day 30, and day 60. As seen i n  Table 52, 
groups 1 and 3 l o s t  weight while groups 2 and 4 gained weight. 

Table 52. Mean weights ( g )  of Lagodon rhornboides, during a 60-day feeding 
experiment 

Day 0 Day 30 Day 60 Change 

Group 1 38.1 34.0 28.5 25% decrease 
Group 2 42.4 53.8 67.8 25% increase 
Group 3 33.8 37.2 27.4 19% decrease 
Group 4 43.7 36.5 65.2 29% increase 

In a t h i rd  feeding experiment which l as ted  160 days 25 juvenile p inf ish  
(Lagodon rhomboides) with an average weight of 20 g were held in running (3 .5  
l i t e r s  per minute) seawater tanks a t  ambient temperatures ( l g O  t o  26OC). 
Each day the f i s h  were fed 4 g wet weight of axial muscle t i s sue  of blue mar- 
l i n  (Makaria n ig r icans ) .  The blue marlin t i s sue  had the following metal con- 
centrat ions:  15 ppm t o t a l  mercury (10 pprn organic) ,  0.04 pprn cadmium, 0.25 
pprn chromium, 0.2 ppm copper, 2 ppm i ron,  0.1 pprn lead,  0.1 ppm manganese, 
and 3 pprn zinc. Another group of 25 f i s h  was fed oysters (4 g/f ish/day) which 
had metal concentrations of 0.1 pprn mercury, 2 ppm cadmium, 0.21 pprn chromium, 
120 ppm copper, 46 pprn i ron ,  0.1 ppm lead,  6 pprn manganese, and 400 ppm zinc. 
The concentrations of chromium and lead were about the same i n  the two d i e t s .  
The concentration of mercury was much grea te r  in the blue marlin; however, the 
concentration of o ther  metals was much grea te r  in the oyster  t i s sue .  

A group of 10 pinfish were k i l l ed  a t  the s t a r t  of the experiment and 
analyzed t o  provide data on i n i t i a l  concentrations of metals in t h e i r  t i s sue s .  

All f i s h  were dissected f o r  axial muscle, l i v e r ,  brain,  hear t ,  and kidney. 
Some f i s h  were sampled f o r  skin and l a t e r a l  muscle t i s sue .  Mercury concen- 
t r a t i ons  f o r  axial  muscle and 1 ive r  are  reported with standard deviat ions based 
upon three r ep l i c a t e  analyses of the t i s sue .  Due t o  the small s i z e  of the 
t i s sues  a l l  o ther  data a re  from only one analysis .  Axial muscle t i s s u e  was 
a l so  analyzed f o r  o ther  metals. Samples t h a t  were analyzed f o r  selenium were 
low temperature ashed with Technico 300-1 Plasma Excitor and analyzed following 



t h e  procedure o f  I n h a t  and Weslerby (1974) w i t h  t he  g r a p h i t e  furnace o f  t h e  
Va r i  an atomic absorp t ion  spectrophotometer.  

The appearance and behav io r  o f  p i n f i s h  f e d  t h e  two d i e t s  was very  d i f f e r -  
en t .  One o f  the  f i r s t  d i f f e r e n c e s  n o t i c e d  i n  t he  m a r l i n - f e d  group was t he  
appearance o f  a  b l ood  embolism a t  t he  base o f  t h e  do rsa l  and caudal f i n s .  
Emhol isms f i r s t  appeared about day 10 and remained i n  a l l  m a r l i n - f e d  f i s h  
u n t i l  the  end o f  the  exper iments.  The m a r l i n - f e d  f i s h  were very  i r r i t a b l e  
when compared t o  o y s t e r - f e d  f i s h  and they  e x h i b i t e d  f r a n t i c  and e r r a t i c  
swimming behav io r  when d i s tu rbed .  Deaths occur red  i n  t h e  m a r l i n - f e d  tank  
a f t e r  any s t r ess .  From t ime  t o  t ime the  runn ing  seawater system would mal- 
f u n c t i o n  o r  a  missed f eed ing  o r  over feed ing  occur red  and i n  these ins tances  
t h e r e  would be m o r t a l i t y  i n  t he  m a r l i n - f e d  tank.  I n  t h e  process o f  dy ing  
the  symptoms were always t he  same. The r e d  b l ood  embolisms became more appar- 
en t .  The f i s h ' s  swimming speed became much slower.  Even tua l l y  t he  f i s h  was 
unable t o  swim u p r i g h t  and would swim a t  a  45" angle.  The f i s h  appeared t o  
have l i m i t e d  use o f  the  p e c t o r a l  f i n s .  Even tua l l y  a l l  swimming ceased and 
t h e  f i s h  would f l o a t  t o  t he  sur face .  Th is  whole process would take  o n l y  a  
few hours. There were no deaths i n  t he  o y s t e r - f e d  p i n f i s h  group. 

Dur ing t he  exper iment t he  o y s t e r - f e d  group gained an average o f  10 g 
i n  body weight .  The p i n f i s h  which su rv i ved  i n  t he  m a r l i n - f e d  group gained 
an average o f  26 g  weight ,  2.5 t imes t h a t  o f  the o y s t e r - f e d  animals. These 
da ta  suggest t h a t  t h e  n u t r i t i o n a l  va lue  o f  m a r l i n  was g r e a t e r  than  t h a t  o f  
t he  o y s t e r  even though the  much g r e a t e r  mercury con ten t  o f  t he  m a r l i n  produced 
pa tho log i ca l  symptoms i n  t h a t  group o f  p i n f i s h .  

Mercury accumulat ions i n  t he  var ious  t i s s u e s  of t he  o y s t e r - f e d  and 
m a r l i n - f e d  p i n f i s h  a re  i l l u s t r a t e d  i n  F igures 58A-D and 59A and accumulat ions 
o f  t he  o t h e r  meta ls  i n  muscle t i s s u e  a re  g iven  i n  F igures 59B-D and 60A-D. 
These graphs i n d i c a t e  t h a t  t h e r e  was no accumulat ion of mercury i n  t he  t i s s u e s  
o f  the oys te r - f ed  p i n f i s h .  I n  the  mar l  i n - f e d  p i n f i s h  mercury concen t ra t ions  
increased con t inuous ly  d u r i n g  t he  course o f  t he  exper iment.  The v a r i a b i l i t y  
i n  mercury concen t ra t ions  a l s o  inc reased  suggest ing an extreme degree o f  
i n d i v i d u a l i t y  among t h e  f i s h  i n  r a t e s  of  accumulat ion. F i gu re  61 i s  a  graph 
o f  t h e  regress ion  l i n e s  f o r  r a t e s  o f  mercury accumulat ion i n  t he  var ious  
t i s sues .  These r a t e s  were g r e a t e s t  f o r  l i v e r ,  f o l l o w e d  i n  o r d e r  by k idney,  
b r a i n ,  hea r t ,  and muscle. The c o r r e l a t i o n  c o e f f i c i e n t s  suggest t h a t  mercury 
concen t ra t ions  were l e a s t  v a r i a b l e  i n  muscle t i s s u e  (r=0.941) and most v a r i a b l e  
i n  t he  k idney  (r=O. 739). I n t e r p r e t a t i o n  o f  these r e s u l t s  would depend upon 
b iochemica l  exp lana t ions  which a re  beyond t he  scope o f  t h i s  r e p o r t .  

I n  the  pas t  t he  mercury concen t ra t ions  i n  t h e  g i l l  t i s s u e s  o f  f i s h  have 
been analyzed and h i g h  values have been i n t e r p r e t e d  as an i n d i c a t i o n  t h a t  
f i s h  were absorb ing mercury f rom the  wate r  i n  t h e i r  environment.  The da ta  i n  
Table 53 suggest t h a t  d i e t  a lone can r e s u l t  i n  s i g n i f i c a n t  increases i n  mercury 
concen t ra t ion  i n  the  g i l l s  o f  f i s h .  



Table 53. Mercury concentrations (pprn wet weight) in the g i l l  t issue of pin- 
f ish fed a high and low metal d ie t  for  160 days 

Oyster-fed Marl in-fed 

W t  Hg (ppm) Day - Day Wt Hg (ppm) 

The concentrations of other metals found in the diets  of pinfish are 
presented in Table 54. In comparison with the marlin d ie t  the oyster d i e t  
was enriched in cadmium, copper, iron, manganese and zinc. Chromium and lead 
concentrations were the same for  both diets .  The concentrations of these 
metals in muscle t issue of pinfish (Figures 59B-D and 60A-D) indicate a 
complex pattern of metal uptake and loss which i s  dependent upon both metal 
concentration in the food and the type of food given. Individual f i sh  were 
highly variable in concentrations of these metals and there were no strong 
correlations (posit ive or negative) of concentration with time. 

Table 54. Heavy metal concentrations (ppm wet weight) found in the axial 
muscle of blue marlin and in oysters fed t o  pinfish 

Marl in .04 .3 . 2  2 .1 .1 3 
Oyster 2 . 2  120 46 -1 6 400 

Recently, attention has focused on the relationship between mercury and 
selenium; Ganther et a l .  (1972) found that  quail fed a d ie t  containing both 
mercury and selenium n : 1  to  1 :2 atomic r a t io )  were protected against mercury 
poisoning. The marlin t issue fed to the pinfish had a selenium concentration 
of 2.0 pprn. Selenium concentrations of 0.2, 0.3, and 0.3 pprn were found in - 
the axial muscle t issue of pinfish before being fed the marlin. Concentra- 
tions of 0.3, 0.7 and 1.8 ppm were found in marlin-fed pinfish sacrificed 
on day 160. These data suggest a s l ight  increase i n  selenium in pinfish 
muscle during the course of the experiment. Based upon observations of 
pathology and behavior there was no "selenium protection" even though the 
concentration of selenium in the d ie t  of the pinfish was within 1:1 to  1:2 
atomic rat ios  of mercury to  selenium. 



Mercury in Kidney Tissue ( P P ~ )  

Mercury in Brain T i s s u e  (ppm) 









Exposure Experiments 

I n  the f i r s t  experiment two groups o f  spat  oys te rs  (Crassostrea a- 
g i n i c a )  were h e l d  i n  t r a y s  5 cm above two d i f f e r e n t  substrates:  the  c o n t r o l  
sediment was o rgan i c - r i ch  mud from a nearby Newport R iver  marsh which had 
0.1 ppm t o t a l  mercury; t he  o t h e r  sediment was the  same marsh mud w i t h  domestic 
sewage sludge from the  Morehead C i t y  sewage t reatment  p l a n t  added t o  y i e l d  
a sediment o f  8 pprn t o t a l  mercury. The t r a y s  were p laced i n  running seawater 
tanks f o r  150 days. A temperature o f  20°C was mainta ined throughout the  exper i -  
ment. Table 55 l i s t s  the  r e s u l t s  o f  t h i s  150-day exposure experiment. 

Table 55. Mercury concentrat ions (ppm) i n  oys te rs  h e l d  over  sludge 

Sewage S l  udge 
Contro l  Sediment Enr iched Sediment 

Day 0 
Day 120 
Day 150 

During the 150-day experiment the average weight  o f  t he  oys ters  dropped 
from 14 g t o  2 g. The data suggest a s l i g h t  accumulation o f  mercury. How- 
ever,  s ince  the  animals decreased i n  weight,  i t  i s  probable t h a t  t he  increased 
concent ra t ion  i n  the t i s s u e  was a r e s u l t  o f  l ack  o f  mercury exc re t i on  du r i ng  
weight  loss .  

A second experiment was designed t o  i n v e s t i g a t e  poss ib le  mercury accumu- 
l a t i o n  i n  animals l i v i n g  i n  d i r e c t  con tac t  w i t h  sewage sludge. The species 
used i n  the  experiment were shrimp (Penaeus %.), which feed by scavenging, 
sca l lops  (Argopecten i r r a d i a n s ) ,  which f i l t e r  feed, and mud snai 1 s ( I l yanassa 
obsoletus) ,  which are browsers. Animals were p laced i n  two tanks w i t h  running 
seawater. The bottom o f  one tank was covered w i t h  mud (0.1 pprn Hg) w h i l e  the  
o the r  bottom was covered w i t h  sludge (3.8 ppm Hg). A f t e r  90 days the animals 
were k i l l e d  and t h e i r  t i s s u e  was analyzed f o r  mercury. The r e s u l t s  o f  t h i s  
experiment are g iven i n  Table 56. The s n a i l s  were the  on l y  group o f  animals 
which had a s i g n i f i c a n t l y  h ighe r  mercury concent ra t ion  i n  sludge as compared 
t o  t he  c o n t r o l  sediment, and the  s n a i l s  were the  o n l y  species l i k e l y  t o  i n g e s t  
the sediment i n  the  process o f  feeding. The o t h e r  two species would have been 
exposed t o  any mercury being leached from the  sediments; however, n e i t h e r  o f  
the  two would be l i k e l y  t o  i n g e s t  l a r g e  q u a n t i t i e s  o f  t he  sediment. 

I n  a t h i r d  exposure experiment f reshwater  carp (Cyr ius  ca rp io )  were 
taken from the  s e t t l i n g  lagoons a t  t he  pr imary t rea tment  p l a n t  o f  t h e  Durham, 
Nor th Caro l ina,  Sandy Creek sewage t reatment  p l a n t  i n  January 1973. Carp 
browse over  t he  organic  r i c h  sediments t o  der ive  t h e i r  food. The Sandy Creek 
e f f l u e n t  i n  which the  carp were swimming had a mercury concent ra t ion  o f  500 
pprn; thus the  s i t u a t i o n  was i d e a l  t o  s tudy increased metal  uptake f rom sewage. 
The data on mercury concentrat ions i n  the  carp are presented i n  Table 57 along 
w i t h  p rev ious l y  pub l i shed values f o r  comparison. The mean value o f  0.17 pprn 



i n  a x i a l  muscle i s  no t  high compared t o  publ ished values  1 i s t e d .  Concentra- 
t i o n s  i n  the l i v e r  (0.15 pprn), kidney (0.15 ppm) and g i l l  (0.10 ppm) do n o t  
seem e l e v a t e d  either, a1 though t h e r e  a r e  no pub1 i shed  va lues  f o r  comparison. 

In conclusion,  t he se  exposure s t u d i e s  along with t h e  r e s u l t s  o f  feed ing  
experiments suppor t  the hypothesis  t h a t  a q u a t i c  animals de r ive  t h e  mercury 
found i n  t h e i r  t i s s u e  from t h e i r  food and do no t  absorb mercury d i r e c t l y  from 
water  o r  sediments.  

Table 56. Mercury concent ra t ions  (pprn) i n  animals held f o r  90 days i n  tanks  
of  running seawater  with two kinds of  sediment 

Control Sediment 
(0 .1  ppm Hg) 

Shrimp .09 5 -01 
.09 -L .01 
.07 2 .02 
.03 2 <.005 
.05 5 .01 
.05 2 .02 
.04 .01 

Mean .06 + .02 

Sca l l  ops . I 5  t .04 
.13 + .06 
.08 -L .02 

Mean . 1 2 t  .04 

Snai 1 .35 
.36 
.26 

Mean .32 I~ I  .06 

Sludge Sediment 
(3 .8  ppm Hg) 



Table 57. 

Weight 
(kg )  

2.6 
2.8 
2.8 
.I 
.2 
.7 

Mean 
S t .  Dev. 
Co. Var. 

Mercury (ppm) i n  carp (Cy r i us  c a r p i o )  taken f rom the  Durham Sandy 
Creek sewage ' t reatment p l a n t  h o l d i n g  lagoons, and pub1 i shed  values 
(ppm wet we igh t )  

Ax i  a1 L i v e r  K i  dney G i l l  

Publ ished values 
Ax i  a1 Loca t i on  

3.86-10.72 B a l l  Lake, Canada 
.25 Lake E r i e ,  Ohio 
.04-. 22 M i s s i s s i p p i  R i v e r  
. lo- .43 South Dakota 
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