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The widespread contamination of the Great Lakes and 
associated watersheds by PCBs is well documented (DELFINO 1979, 
VEITH et al .  1981). A major concern is the potent ial  serious 
human health ef fects in those ind iv iduals  eating Great Lakes' f ish 
(SONZOGNI & SWAIN 1980). Of the f i ve  Great Lakes, Lake Michigan 
may have the most severe PCB problem (DELFINO 1979). Recent data, 
however, indicate a downward trend in PCB concentrations in Lake 
Michigan f ish (SHEFFY et al .  in press). 

The purpose of th is  paper is to examine the PCB concentrations 
in sediments and f ish of the Lower Fox River. This r i ve r  is the 
major t r i bu ta ry  to Green Bay, one of the most b io log ica l l y  
productive and important ecosystems of Lake Michigan (BERTRAND et 
al .  1976, GREAT LAKES FISHERY COMMISSION 1979) (Figure i ) .  

The PCB problem that ex is ts  in the Lower Fox River or iginated 
several years ago. The 64-km r i ve r  is highly indus t r ia l i zed ,  and 
the paper industry dominates the indust r ia l  sector (SULLIVAN & 
DELFINO 1982). The largest source of PCBs to the r i ve r  has 
apparently been the secondary f i be r  paper industry.  These 
companies recycle waste paper to produce new paper products. 

In the past, and s t i l l  to some extent recent ly,  the deinking 
of wastepapers released PCBs into the aquatic environment. Unti l  
1971, PCBs were incorporated into carbonless copy paper (DELFINO 
& EASTY 1979, WALTER & ZAMBRANO 1981). When th is  type of paper 
was recycled and deinked, the PCBs were released to the aquatic 
environment through ef f luent  discharge. Since PCBs have been 
discontinued for  th is  use, the problem w i l l  eventually be 
a l lev ia ted ,  but extensive contamination has already occurred. 

MATERIALS AND METHODS 

Description of the Sampling Areas and Sample Handling: 

Sediment. Samples were collected with a ponar dredge at the 
locations indicated on Figure I .  Sample No. I I  served as a 
background sample for  the system. This sample was re la t i ve l y  free 
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of indust r ia l  inf luence. The remaining samples were collected at 
appropriate locations along the r i ve r .  Two grab samples at each 
location were homogenized, and a subsample was transferred to a 
one-quart solvent-cleaned Mason j a r  with f o i l - l i n e d  caps. Th e 
samples were i n i t i a l l y  placed on ice and then stored at 4~ unt i l  
analysis. 

Fish. Samples were collected at three locat ions. This approach 
was used to compare PCB burdens in f ish along d i f fe ren t  stretches 
of the r i ve r  since the r i ve r  is impounded and discrete f i sh  
populations apparently ex is t  in each stretch of the r i ve r .  Fish 
were captured near sampling locations 8, 4 and 3 (Figure i ) ,  by 
fyke nett ing or electro-shocking and shipped frozen to the 
laboratory. Both whole f ish and f i l l e t  samples were prepared for  
analysis. A whole f ish sample is defined as the ent i re  f i sh ,  
while a f i l l e t  sample is a skin-on port ion taken from the dorsal 
area of the f i sh .  Samples were i n i t i a l l y  coarsely ground and then 
frozen for  storage. 
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Figure 1. Study location and sampling s i tes - Lower Fox River, 
Wisconsin. 
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Analy t ica l  Methods: 

Sediment. Pr ior  to ana lys is ,  the en t i re  sediment sample was 
homogenized in a high-speed blender. A 20 to 50 g subsample of 
wet sediment was decanted and ac i d i f i ed  to pH 2 to 3 wi th 
concentrated HCI. The sediment was ac i d i f i ed  to enhance ac id ic  
organic compound ex t rac t ion  (GROOSE 1982). The samples were then 
Soxhlet-extracted sequent ia l l y  wi th acetone fo r  8 to 20 h and then 
with acetone/mixed hexanes ( I : I )  fo r  an addi t iona l  8 to 20 h. The 
acetone and acetone/hexane ext rac ts  were f i l t e r e d  through Soxhlet-  
extracted glass wool and combined. The resu l t i ng  ex t rac t  was 
added to 200 mL of organic- f ree water at pH I I  to 12 fo r  back 
ex t rac t ion .  The back ex t rac t ions  were performed sequent ia l l y  wi th 
mixed hexanes using 100, 50, and 50 mL, respect ive ly .  Then the 
ext racts  were drained through anhydrous Na~SO 4 to remove water. 
Next, the samples were concentrated to 5 mL by ro tary  evaporation 
and subjected to F l o r i s i l  column chromatography. Cleanup was 
accomplished by e lu t ion  wi th 200 mL of mixed hexanes/diethyl  ether 
(9:1) ~t a f low rate of 3 to 5 mL/min. The eluates were 
concentrated by rotary evaporation and f rac t ionated by s i l i c a  gel 
chromatography. The s i l i c a  gel was act ivated at 560~ fo r  4 h and 
p a r t i a l l y  deact ivated (3% by weight) wi th d i s t i l l e d  water before 
use. The samples were eluted at a f low rate of 2 to 4 mL/min wi th 
warm (30 to 40~ mixed hexanes. The f i r s t  60 mL f rac t i on  was 
retained fo r  PCB analys is .  F i n a l l y ,  the samples were concentrated 
by ro tary  evaporation and then subjected to gas chromatographic 
analys is .  Recovery of PCBs added to the sediments cons is ten t l y  
exceeded 90%. 

Fish. Pr ior  to analys is  the en t i re  f i sh  sample was ground to a 
powdered consistency with dry ice in a high-speed blender. A f te r  
subl imation of the dry ice,  a 10 g subsample of f i sh  powder was 
combined with 60 g of anhydrous Na2SO m. The samples were column 
extracted wi th 230 mL of 20% d ie thy l  ~ther in mixed hexanes wi th 
an e lu t ion  rate of 5 mL/min. The eluants were concentrated to 
I0 mL under a gent le stream of f i l t e r e d  a i r .  A 2-mL a l iquo t  was 
taken fo r  fa t  determinat ion. The remaining 8-mL sample was sub- 
jected to a F l o r i s i l  cleanup. E lu t ion from the column was accomp- 
l ished using 200 mL of 6% d ie thy l  ether in mixed hexanes. Next, 
the samples were f rac t ionated by s i l i c a  gel chromatography as 
before. Three f rac t ions  were co l lec ted:  the f i r s t  50-mL f rac t i on  
contained the PCBs. F i n a l l y ,  the samples were concentrated under 
a gentle stream of f i l t e r e d  a i r  and analyzed as before. Recovery 
of PCBs added to the f i sh  t issue ranged from 85 to 97%. 

Analysis of both sediment and f i sh  samples fo r  PCBs was 
performed by using gas chromatographs equipped with a 63Ni 
e lectron-capture detectors.  A 1.8 m x 4 mm i . d .  glass column 
packed with 4% SE-30 and 6% OV-210 l i q u i d  phase was used. The 
column was kept isothermal at 215~ fo r  f i sh  ext rac ts  and 205~ 
fo r  sediment ex t rac ts .  A detector temperature of 300~ was used. 
The ca r r i e r  gas was 90% argon-lO% methane at a f low rate of 
40 mL/min. Quant i ta t ion was done by using the peak height method 
by summing as many peaks from the sample ex t rac t  chromatogram as 
matched corresponding peaks in the appropriate Aroclor 
PCB-standard chromatogram. 
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RESULTS AND DISCUSSION 

Sediments. PCB concentrations ranged from 0 . I  to i00 ~g/g 
(Table I ) .  

Table i .  PCB Concentration in Sediments (BUELOW 1982). 

Location PCB Concentration (~g/g) 

B 1.3 
1 3.3 
2a 68 
2b 8.3 
2c 0.2 
3 1.8 
4 1.2 
5 1.7 
6 I0 
7 6.7 
8 0.7 
9 56 

I0 I00 
I I  <0.I 

All sediments were quanti tated as Aroclor 1242. The two highest 
PCB residues measured, I00 and 68 ~g/g, were in samples taken from 
deposit ional zones downstream from major recycl ing paper mi l ls .  A 
three sample transect at locations 2a, 2b, and 2c (Figure I )  
showed the wide v a r i a b i l i t y  of sediment PCB concentrations that 
can ex is t  from one side of the r i ve r  to the other. Sample No. 1 
collected at the mouth of the r i ve r  and sample B collected from 17 
mi (28 km) into lower Green Bay indicated that  the lower Green Bay 
sediments have also been p a r t i a l l y  contaminated. PCBs in the 
background sample for the system, collected at location No. I I  
(Figure I ) ,  were <0. I  ~g/g, the lowest PCB concentration observed 
in th is  study. Most other sediment PCB concentrations measured 
were well above th is  leve l ,  confirming extensive contamination 
from indust r ia l  discharges. 

Fish. Since 1976, over 200 f ish samples from th is  system, 
representing 15 d i f fe ren t  species, have been analyzed for  PCBs. 
Concentrations ranged from <0.2 to 90 ~g/g. Samples were 
collected and analyzed to support the Wisconsin Department of 
Natural Resources (WDNR) f ish monitoring program. The WDNR 
monitoring program has two main object ives. The f i r s t  object ive 
is designed to screen large geographic areas and is accomplished 
by u t i l i z i n g  carp (whole f ish)  as an ind icator  species. Carp were 
selected due to the i r  high fa t  content (up to 20%), the i r  
abundance, longevi ty ,  wide d i s t r i bu t i on  in Wisconsin waters, ease 
of co l lec t ion ,  and the fact that they are seldom sought by sport 
fishermen (SHEFFY 1980). The second object ive is to assess the 
need for  issuing a f ish consumption warning to the publ ic. I f  any 
carp from the monitoring program contained 5 or more ~g/g PCB, a 
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s i te  speci f ic  invest igat ion was i n i t i a t e d .  This involved the 
test ing of a wide range of species ( f i l l e t  por t ion) .  

The Lower Fox River has been under a f ish consumption warning 
since 1976. This was issued soon a f te r  the establishment of the 
FDA tolerance level of 5 ~g/g. Undoubtedly, PCB concentrations in 
f ish were high long before the i n i t i a l  consumption warning was 
issued and probably occurred concurrent with the i n i t i a t i o n  of the 
recycling of carbonless copy paper that  contained PCBs. Although 
a f ish consumption warning s t i l l  remains for  the Lower Fox River, 
the f ish PCB concentrations have declined consistent ly  over the 
past several years. This decrease has coincided with a substantial 
reduction of PCB input to the system (Figure 2). By 1977 the 
major recycl ing paper mil l  adjacent to L i t t l e  Lake Butte des Morts 
had ins ta l led  and was e f fec t i ve l y  operating a secondary (b io log ica l )  
treatment system. 

In Lake Michigan proper, d i rec t  uptake of PCBs by lake t rout  
accounts for  a very small port ion (2 to 3%) of the total  PCB 
accumulation (WEININGER 1978). For f i sh  in the Lower Fox River, 
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i t  appears that  d i rec t  uptake of PCBs through the g i l l s  accounts 
for  a greater por t ion of the to ta l  PCBs accumulated. This may be 
due to the d i f ferences in water column PCB concentrat ions that  
ex i s t  in the two water systems. Concentrations in Lake Michigan 
are very low ( I  to 5 ng/L) (RICE et a l .  1982) whi le the 
concentrat ions in the Lower Fox River have been reported to be 
much higher (50 to 850 ng/L) (PETERMA N e t  a l .  1980). 

Elevated PCB concentrat ions in Lower Fox River f i sh  do not 
d i r e c t l y  r e f l e c t  the elevated PCB concentrat ions in sediments. 
For example, in 1978, carp ( f i l l e t  samples) co l lec ted from near 
Kaukauna had PCB concentrat ions equal to or greater than carp of 
the same size in L i t t l e  Lake Butte des Morts. In comparison, 
sediments co l lec ted near Kaukauna ( locat ions 4 and 5, Figure I )  
seldom contained PCB concentrat ions greater than 2 ~g/g whi le 
sediments in L i t t l e  Lake Butte des Morts contained PCB 
concentrat ions up to 100 ~g/g. We o f fe r  t h i s  explanat ion.  In 
Lake Michigan up to 20% of the PCB burden in adu l t  lake t rou t  is 
expected to have been cycled through sediment (WEININGER & 
ARMSTRONG 1980). In the Lower Fox River t h i s  percentage is 
probably subs tan t i a l l y  lower since benthic inver tebrates are not 
present in large numbers, and therefore are not ava i lab le  as a 
food source (ZANELLA 1980). Also, the benthic inver tebrates that  
are present do not appear to be a h igh ly  desi rable food source fo r  
most f i sh  species. 

Since benthic inver tebrates are not an important food source, 
the food chain that  ex is ts  in the Lower Fox River is la rge ly  a 
water column or pelagic food chain. This would help to expla in 
the decl ine in PCB concentrat ions in f i sh  despite the high PCB 
concentrat ions that  remain in the sediments. I t  can be expected 
that  PCBs in the sediments w i l l  serve as a reservo i r  and that  
resuspension and t ranspor t  of PCBs from th i s  reservo i r  w i l l  serve 
as the major downstream source of PCBs fo r  some time. 

Conclusions. Po l lu t ion  abatement technologies i n s t i t u t e d  by 
recyc l ing paper m i l l s  have resul ted in a decrease in PCBs in f i na l  
e f f l uen ts  discharged to the Lower Fox River. Concurrent decl ines 
in f i sh  PCB body burdens have also been noted. I t  is  not ce r ta in ,  
however, whether the resu l tan t  decrease in PCB f i na l  e f f l uen t  
concentrat ions is s u f f i c i e n t  to protect  aquatic l i f e  from 
bioaccumulation of PCBs above an acceptable l eve l .  Furthermore, 
sediment PCB concentrat ions remain high in prev ious ly  impacted 
areas. 
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