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ABSTRACT / From November of 1973 to May of 1974, 15 arrays of sediment 
traps were placed along 33 km of southern Lake Champlain to sample the 
distribution of effluent from a large paper plant located on the western shore 
which had commenced operation in 1971. In the arrays located near the 
effluent diffuser pipeline as much as 2.3 cm of sediment accumulated, 
whereas elsewhere in the lake less than 1 cm accumulated. In the area of 
accelerated accumulation, sediments contained high concentrations of several 
components used in or derived from paper manufacturing. Values for 
kaolinite, expressed as the ratio of kaolinite to chlorite, for example, were as 
high as 1.4, anatase (TIC2) concentrations were as high as 0.8%, organic 
carbon 8.7%, and phosphorus 254/zg/g; all were more abundant than in 
sediments collected in traps to the south or north. In surficial bottom 
sediments collected near each array organic carbon and phosphorus were 
also higher (4.2% and 127/zg/g respectively) near the diffuser than elsewhere. 
Thus, the new plant after three years of production measurably affected the 
composition of suspended sediment and surficial bottom sediment despite 
the construction and use of extensive facilities to reduce the f low of 
pollutants to the lake. 

Introduction 

For more than 70 years controversy 
has surrounded the effects of pulp and 
paper mill effluents on southern Lake 
Champlain (Leighton 1905; Folger 
1972b; Folger and Haupt 1975). A mas- 
sive sludge bed composed mostly of un- 
treated debris from a paper plant former- 
ly owned bY the International Paper 
Company (IPC) accumulated in Ticon- 
deroga Bay, Lake Champlain, from 
about 1900 to 1971 near the mouth of 
Ticonderoga Creek. Sludge there is now 
exposed at the surface in some areas that 
were covered by 4 m of water in 1874 
(U.S. Coast Survey Chart 1247h). Re- 
cent studies have documented the 
plant's contribution to the 1 x 106 m a 
deposit (Folger 1972a and b; Folger and 
Haupt 1975; Vermont Highway Depart- 
ment 1972, 1973a and b; Vermont De- 
partment of Water Resources 1972; 
T. W. Beak Consultants Ltd. 1973; Fed- 
eral Water Pollution Control Adminis- 
tration [FWPCA] 1968; and Federal 
Water Quality Administration [FWQA] 
1970). 

In April of 1971 the mill on Ticonder- 
oga Creek was closed. A larger, more 
modern plant was opened by IPC 5 km 
to the north on the western shore of 
Lake Champlain the following June. 
Extensive primary and secondary waste 
treatment facilities were constructed to 
process the 62,000 m a of waste water to 
be discharged daily from the plant. The 
treatment facilities consist of a head 
tank, aerated bacterial digestion lagoon, 
primary and secondary clarifiers, and a 
defoamer tank. The outfall consists of 
500 m of solid pipeline connected to 244 
m of diffuser pipeline that extends out 
from the western shore on the lake 
bottom. 

The southern part of Lake Champlain 
that supplies the water and receives the 
effluent is narrow and shallow. I ts  maxi- 
mum width is 1.6 km and water in the 
central channel averages about 6 m 
deep. Broad, shallow (2 m deep) shelves 
commonly border the narrow channel. 
Slow (<20 cm/scc) northward flow is 
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often altered by seiches and wind-driven 
currents (Mt. Pleasant 1974). The wa- 
ters are well mixed by wind and waves, 
and clay is commonly stirred up from the 
shallow shelf bottom, resulting in high 
turbidity. Both surface and bottom water  
suspended matter  concentrations com- 
monly are in the range of  15 to 30 mg/1. 
Secchi disk transparencies are less than 
1 m (Hunt 1972; Folger  1974). When ice 
covers the lake during winter, however,  
turbulence is greatly reduced and con- 
centrations of natural suspended matter  
apparently decline as much as an order 
of  magnitude. Thus near the plant from 
about December  to April,  suspended 
solids in the effluent may account for 
much of the total suspended matter in 
the lake water  that cannot be observed 
because of ice cover. During the remain- 
ing months suspended solids from the 
plant are often obscured by the natural 
high turbidity of the lake, so documenta- 
tion of  the pollutant distribution requires 
sampling and analysis of  water and sedi- 
ment. 

By the time enough evidence exists to 
determine the amount and source of pol- 
lutants in a water  body it is often too late 
to prevent  permanent damage to some 
ecological systems (M. Miller, personal 
communication). Beak (1973a) reported 
that as early as 1972 water color, dis- 
solved oxygen, phosphorus, phytoplank- 
ton, and benthic studies ihdicated that 
effluent was lowering water quality in the 
area of  the effluent outfall pipe. Pagel 
(1975) suggested that changing popula- 
tions of benthic organisms observed in 
the area  of the diffuser indicated a recent 
change in sedimentary and hydrologic 
environments. 

Our purpose was to assess the extent 
and distribution of  pollutants from the 
new plant. Samples were obtained from 
15 arrays of sediment traps set along 33 
km of southern Lake Champlain be- 
tween Stony Point, Vermont  
(43~ 73~ and Crown 
Point, New York (44~ 30"N,  
73~ The recovered detritus and 
nearby bot tom sediments were analyzed 
for concentrations of  materials used in 

paper manufacturing, such as kaolinite (a 
paper filler) t, anatase (a paper whitener), 
organic carbon (in part derived from 
wood fibers), and phosphorus (added in 
the treatment process). We now have 
sufficient evidence to determine where 
bottom sediments have been affected 
and probably will be affected most se- 
verely in the future by the effluent from 
the paper plant. 

Methods 

Between November  7 and 12, 1973, 
with the assistance of Vermont  State 
Police scuba divers we placed sediment 
traps on the lake bottom (about 6 m be- 
low lake level) in the main channel at 15 
locations. Each trap consisted of  an alu- 
minum base with four vertical rods (Fig. 
1). Each rod supported two plastic jars 
(8 cm diameter  and 13 cm deep); the jars 
were spaced 10 cm apart  vertically from 
20 to 90 cm above the lake bottom. After  
each trap was recovered (between May 
6 and 14, 1974) a sample of  the surface 
layer of  bot tom sediment was collected. 

The thickness of accumulated sedi- 
ment in the jars was measured in the lab- 
oratory. The less than 0.59 mm fraction 
was separated, dried, weighed, and 
ground in a spex mixer mill. Table 1 is an 
analysis of error of all tests that were 
made. 

In the pretreatment for anatase analy- 
sis, volatile solids were measured ac- 
cording to American Public Health As-  
sociation procedures (1971) except for 
these modifications: (a) platinum cruci- 
bles instead of  dishes were used, (b) 1-g 
samples rather than 25- to 50-g samples 
were heated, and (c) all samples were 
weighed after the first hour as well as 

~Kaolinite/chlorite was found to be a sensitive 
indicator of plant effluent. Chlorite is a com- 
mon natural constituent of lake bottom sedi- 
ments but kaolinite is rare. South of the new 
plant is Ticonderoga Bay, the kaolinite/ 
chlorite values for sediments underlying a 
thick sludge bed were often zero and com- 
monly low; but in the sludge bed values occa- 
sionally were infinite and commonly high. 

after the second hour of heating. Heating 
the samples at 550~ for two hours sta- 
bilized the residue weight and preferen- 
tially destroyed the crystallinity of ka- 
olinite and chlorite leaving the anatase 
unaffected. The samples were mounted 
using the powder  method of Gibbs 
(1965, 1968) and analyzed by x-ray dif- 
fraction for anatase content at 3.53 fit. 
Standards were prepared in the same 
manner by addition of anatase to clays 
that were deposited in the Champlain 
Valley prior to - 1 1 , 0 0 0  years ago (B. 
Wiley, personal communication) and 
are similar in texture and composition 
to modern Lake Champlain clay but 
contain little or no natural anatase. The 
anatase peaks averaged from five con- 
secutive runs were compared to the 
standards. Total  anatase is reported as 
the percent of  dry sediment weight. 

Kaolinite/chlorite values were deter- 
mined by x-ray diffraction of treated and 
untreated samples. First ,  part  of  an un- 
treated dry sample was suspended in dis- 
tilled water  and pipetted onto a glass 
slide. For ty  ml of  4 N H C L  was added 
to ~/2 g of  the remaining part of  the 
sample in a 50-ml beaker;  they were 
mixed thoroughly during sonification, 
and heated at 70 ~ to 80~ in a waterbath 
for 44 to 48 hours. Because of evapora- 
tion distilled water  was added as neces- 
sary to maintain the normality. HCL 
was pipetted off after centrifugation and 
the sample was rinsed three times with 
distilled water. This procedure de- 
stroyed the crystallinity of chlorite, and 
exposed the kaolinite peak (7.17 A) with 
no interference from chlorite. The 
treated sediment was then pipetted onto 
a glass slide. The 4.26 ,~ quartz peak 
was used to normalize the chlorite and 
kaolinite peaks. Thus, a value (C) for the 
ratio of the quartz (4.26 ,~) to chlorite 
(14.1 fit) peak height of an untreated 
sample and a value (K) for the ratio of 
the kaolinite (7.17 ,g,) to quartz (4.26 fit) 
peak height of a treated sample were cal- 
culated giving a value (C • K) for the ra- 
tio of kaolinite/chlorite. 

Readily oxidizable organic carbon 
was measured by a modified Walkley- 
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Figure 1. Sediment traps being recovered 
after 6-month deployment on the bottom 
of southern Lake Champlain. Scuba 
divers removed jar covers after the array 
was launched and replaced them before 
it was recovered. The contents of jars at 
40, 60, and 80 cm above the bottom 
(except when insufficient sample was 
recovered) were analyzed for kaolinite, 
anatase, organic carbon, and phosphorus 
content. 

Black titration (Gaudette and others 
1974). 

NaHCO3-extractable phosphorus 
was measured in 1-g sediment samples 
shaken for 45 minutes on a rotary shaker 
in 100 ml of a 0.5 molar NaHCO solu- 
tion (pH = 8.5) and filtered tl~rough 
Whatman #41 filter paper. Carbon 
Black ("Darco" G-60) was added to the 
original solution to decolorize the fil- 
trate. The clear filtrate was diluted to a 1 
to 5/xg P / 80 mi aliquot. After isobutyl 
alcohol extraction phosphorus content 
was determined on a Cary 15 spectro- 
photometer at 675 mp. by the intensity of 
the molybdenum blue color (Wright 
1959). 

Olsen and others (1954) described a 
NaHCO3-extraction method which 
measures the fraction of P available for 
plant growth in soils; he used 5-g soil 

Tab le  1 S t a n d a r d  D e v i a t i o n s  f o r  
A n a l y s e s  of  C o m p o n e n t s  
R e c o v e r e d  in S e d i m e n t  

T r a p s  

Test N ,X S 

Kaolinite/chlorite 8 0.55 0.15 
Anatase (%) 12 0.31 0.11 
Organic carbon (%) 9 1.23 0.18 
Phosphorus (/~g/g) 6 210 25 

N = n u m b e r  of r e p e a t e d  ana lyses  of a s a m p l e  

)( = mean  of v a l u e s  

X = obse rved  s a m p l e  va lue  

S = s t a n d a r d  dev ia t i on  = ~/'~ [.(X~ - X ) 2 ] / ( N  - 1) 

samples shaken for 30 minutes in a 0.5 
molar N a H C O  solution. Our analyses 
of samples run by each method indicate 
that Olsen's 5-g method extracts about 
30 to 60% as much P as the 1-g method 
used in this study. 

Results 

As much as 2.3 cm of sediment accu- 
mulated during the six-month monitoring 

period near the new mill outfall whereas 
less than 1 cm accumulated in all other 
areas sampled (see Fig. 2 and Table 2). 
Because the traps were set just before 
ice formed and were removed soon after 
it melted, sediments collected probably 
contain a higher concentration of paper 
plant effluent than would have accumu- 
lated during other seasons when ice 
cover was absent and wind and waves 
were resuspending abundant natural sed- 
iment from the shallow shelves. 
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Figure 2. Average concentrations and 
ratios of components of sediments 
recovered in sediment traps (black dots) 
and in bottom grab samples (open circles) 
collected between November, 1973 and 
May, 1974. Vertical bars indicate standard 
deviation from the mean of analyses of 
sediments in 3 traps at each location (see 
Figure 3 for the location of diffuser 
pipeline). 

Kaolinite/chlorite values in trap sedi- 
ments were highest (1.4) at the new plant 
outfall. In surficial bot tom sediments, 
the highest ratio (1.2) occurred in sedi- 
ments collected 1 km north of the old 
sludge bed and reached 0.7 near the new 
plant outfall. Kaolinite/chlorite values in 
both trap and bottom sediments re- 
mained high about 1.5 km north of the 
new outfall. The values observed are 
close to or higher than those measured in 
bottom sediments collected near the out- 
fall during 1972 (Fig. 3). 

Anatase  concentrations in trap sedi- 
ments were highest (0.8%) near the new 
mill outfaU and remained high 6 km 
north of  it. Highest concentrations in 
bot tom sediment occurred near Stony 
Point (0.8%), near the old sludge bed 
(0.7%), and near the new mill outfall 
(0.7%). The source of  the anatase at 
Stony Point is not known; however, 
effluent from the old paper  mill accounts 
for the abundant anatase in the sludge 
bed (Folger and Haupt  1975). 

Organic carbon concentrations were 
highest in both traps (8.7%) and bottom 
sediments (4.2%) near the new mill out- 
fall and remained high at least 1.5 km 
north of it. Natural  concentrations in the 
channel sediments of  southern Lake 
Champlain average only about 2 per- 
cent. 

Similarly, NaHCO3-extractable phos- 
phorus concentrations in trap sediments 
(254 /~g/g) and bottom sediments (127 
#zg/g) were highest near the new mill out- 
fall and remained high at least 1.5 km 
north of it. 



Distribution of Pollutants from a New Paper Plant in Southern Lake Champlain, Vermont and New York 345 

T a b l e  2 R a t i o s  a n d  C o n c e n t r a t i o n s  o f  C o m p o n e n t s  in S e d i m e n t s  

R e c o v e r e d  in S e d i m e n t  T r a p  A r r a y s  (A) a n d  G r a b  S a m p l e s  (B) 
b e t w e e n  N o v e m b e r  1973 a n d  M a y  1974 

Values from trap samples (A) are the mean (x), and standard deviations (s) of analyses of 
sediment from 3 traps usually at 40, 60, and 80 cm above the bottom at each location 
(see Fig. 2). Values for grab samples are for one sample collected near each trap array. 

Trap 
array 

Sediment Kaolinite/ Anatase Organic Phosphorus 
thickness chlorite (% dry wt.) carbon (/xg/g dry wt.) 
(cm) (% dry wt.) 

s :~ s :~ s ~ s ~ s 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

0.5 0.7 0 0.1 0.6 0.1 2.0 0.1 88 17 
0.9 0.1 0.2 0,1 0.5 0.1 1.7 0.1 136 26 
0.9 0.2 0.3 0,1 0.4 0.2 2.2 0,3 149 29 
0.9 0.2 0.1 0,1 0.4 0.1 1,7 0.2 116 9 
1.1 0.3 0.2 0,2 0.4 0.1 1.5 0.0 101 17 
1_7 0.6 1.4 0,2 0.7 0.1 6.5 0.4 194 26 
2.3 0.3 1.1 0.3 0.8 0.1 8.5 0.1 210 28 
1.7 0.1 0.8 0.1 0.7 0.1 8.7 1.2 233 30 
1.4 0.5 0.9 0.3 0.4 0.1 5.1 0.3 186 40 
1.8 0.3 0.8 0.4 0.5 0.0 4.7 0.5 194 16 
1.3 0.3 1.0 0.8 0.7 0.1 7.8 0.3 254 25 
0.9 0.7 0.9 0.3 0.5 0.1 7.5 1.6 215 11 
0.9 0.7 0.1 0.2 0.6 0.3 2.0 0,3 130 17 
0.7 0.2 0.2 0.2 0.3 0.1 1.9 0.0 134 2 
NotRecovered 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

0 0.8 2.3 84 
0 0.5 1.7 100 
1.2 0.7 2.5 91 
0.4 0.4 1.6 60 
0 0.5 1.3 58 
0.5 0.5 3,2 127 
0.7 0.6 4.0 102 
0.6 0.5 4.2 96 
0.7 0.7 4.0 125 
0.4 0.6 2.5 79 
0.6 0.5 3.7 107 
0.7 0.5 3.2 96 
0.0 0.4 1.8 83 
0.0 0.2 1.2 62 
0.0 0.5 1.2 116 

C o n c l u s i o n s  

In sediments collected in traps, high- 
est values of kaolinite/chlorite, anatase, 
organic carbon, and phosphorus were 

near the new IPC mill ouffall; all values 
remained high 1.5 to 6 km to the north. 
Values were significantly lower in most 
other areas sampled in southern Lake  
Champlain. The average sedimentation 

rate (based on winter data alone) was 3.4 
cm per year  near the new mill outfall and 
less than 2 cm per year  elsewhere. 

In surficial bot tom sediments, high 
kaolinite/chlorite values and anatase, 
organic carbon, and phosphorus concen- 
trations were found near and at least 1.5 
km north of the new mill outfall. How- 
ever, the high kaolinite/chlorite values 
and anatase concentrations found 1 km 
north of the old sludge bed at Ticondero- 
ga Bay are evidence of the long-term 
effect on bottom sediments of paper 
plant effluent. 

After  three years of  mill operation, 
sediments collected from the water col- 
umn and the bot tom near the new plant 
outfall and at least 1.5 km north of it con- 
tained measurable quantities of compo- 
nents derived from the pulp and paper  
mill despite the extensive treatment fa- 
cility constructed to reduce inflow of 
such pollutants to the lake. To diminish 
the accelerated sedimentation occurring 
in southern Lake Champlain we recom- 
mend that the allowable quantity of sus- 
pended solids released into the lake from 
the plant be reduced by additional physi- 
cal, chemical, and biological treatment of  
the effluent. Since I974 the operators of  
the plant have investigated several 
methods to reduce solid outflow but no 
effective alteration or improvement has 
apparently been implemented. 
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Figure 3. Kaolinite/chlorite values in grab 
samples collected in 1972. Contour 
interval is 0.2. High values reflect addition 
of kaolinite from an old paper plant (see 
Fig. 2) and from the new IPC plant. 
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