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ABSTRACT

SPATIAL AND TEMPORAL TREND OF POLYCHLORINATED BIPHENYLS IN
MICHIGAN INLAND LAKES

By
Yali Wei

Polychlorinated biphenyls (PCBs) are synthetic organic chemicals which were widely
used from 1929-1979 and banned in 1979 because of health risks. PCBs are still present in
the environment and questions arise as to the state of environmental recovery. Previous
studies have shown that atmospheric transport is the dominant pathway for PCB loadings to
the environment and that urban areas can be major sources. PCB loadings have been
previously reported to be higher in the southern parts of the Great Lake region and lower in
the north, possibly reflecting population density. A more detailed understanding of loading
patterns is limited by the coarse spatial distribution of existing sampling sites. In this study,
sediment records from 34 inland lakes in Michigan were studied to better understand the
spatial distribution and changes over time. Results show there is a regional pattern, as well
as a localized pattern of the PCB inventories. Higher inventories in the Lower Peninsula
than in the Upper Peninsula and locations of high PCB inventories near urban areas were
found. During high PCB production years, the concentration and congener cluster show
clear localized patterns, but more recently, concentrations and congener distributions
suggest a return to a more regional signal. This indicates that during high PCB production
years, the distribution of PCBs was more controlled by local sources and in current years,

it’s more dominant by regional atmospheric input.
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INTRODUCTION

Spatial and temporal distribution patterns of polychlorinated biphenyls (PCBs) have
been studied for decades to understand their sources, transport and fate in the environment
(Eisenreich et al, 1979: 1981; Hoff et al, 1996; Hillery et al, 1997; Sun et al.,2006, 2007,
Golden et al, 1993; Muir et al, 1996; Schuster et al, 2010; Gioia et al, 2011; Francu et al,
2010; Jimenez et al, 2009). Previous studies have shown that the distribution pattern of
PCBs in the Great Lakes region is influenced by long-range atmospheric transport and
localized atmospheric inputs. However, these studies have been limited by the coarse
spatial distribution of the sampling sites (Golden et al, 1993; Sun et al. 2003). Patterns of
regional versus local scale have not been studied very well, due to low data resolution. The
Michigan Inland Lakes Project has collected sediment records from over 30 inland lakes in
State of Michigan. The data from this project afford the opportunity to study the PCB
distribution pattern at a higher resolution than in previous studies. Local and regional
influences can thus be examined. The purpose of this research is to better understand the
relative importance of regional versus local influences on PCB distributions in the
environment and to see if this helps us to understand the recover of the environment from
PCB loadings.

Polychlorinated biphenyls are a class of organic compounds with 2 to 10 chlorine atoms
attached to biphenyl (Sittig et al, 1981). From 1929 to 1979, PCBs were widely used for
many applications, especially as dielectric fluids in transformers and capacitors, and as

coolants (Flynn et al, 1997). They are very stable and do not degrade readily (Boate et al,



2004). They persist in the environment, are capable of long-range transport (Harner, 1997,
Baek et al, 2011) and have potential significant impacts on human health (Berg et al, 1998).
Because of health concerns, the U.S. banned PCB manufacture and use in 1979 (Flynn et al,
1997). PCB contamination in the environment comes primarily from anthropogenic
emissions. They enter the environment by leakage from supposedly closed systems, landfill
sites, incinerators, agricultural lands, industrial discharges, and sewage effluent (de voogt et
al, 1989; Boate et al, 2004). Total global production of PCBs is estimated to be 1.3 million
tons, 97% of which were used in the northern hemisphere, between 30°N-60°N (Breivik et
al, 2007). Despite the production and use of PCBs being banned in many countries decades
ago, they still remain in the environment. The transport, distribution, behavior, and global
fate of PCBs, is therefore of continuing concern.

Considerable research has been conducted to determine the sources and transport
patterns of PCBs in the environment. Most of this work depends on passive air sampling
and sediment core collection to assess current and historical deposition (Hillery et al, 1997,
Sun et al.,2006, 2007; Golden et al, 1993; Muir et al, 1996; Schuster et al, 2010; Gioia et al,
2011; Francu et al, 2010; Jimenez et al, 2009). Previous research has shown that urban
areas such as Chicago, Illinois and Milwaukee, Wisconsin are major sources of PCBs to the
Great Lakes region and PCBs can be transferred through the atmosphere to regions far
away from their sources such as the world’s oceans and poles. (Schroeder et al, 1988;
Bidleman, 1988; Rapaport et al, 1988; Holsen et al, 1991; Lead et al, 1996; Fahner et al,
2003; Sun et al, 2006). Atmospheric transport is an important pathway for the transfer of

PCBs from land to natural waters (Eisenreich et al. 1979, 1981; Hoff et al, 1996;



Swackhamer et al, 1988; Sweet et al, 1993; Offenberg et al. 2005). It was estimated that
55-90% of the PCBs entering Lake Superior, Huron, and Michigan and 7-13% of the PCBs
entering Lakes Erie and Ontario come from atmospheric inputs (Strachan et al, 1986; 1989;
Eisenreich et al, 1979, 1981; Hoff et al, 1996).

PCB distribution on a regional scale has been studied in many places (Golden et al,
1993; Haugen et al, 1999; Totten et al, 2004; Shen et al, 2009; Helm et al, 2011; You et al,
2011). The Integrated Atmospheric Deposition Network (IADN) is a long-term monitoring
program that was established in 1990 to monitor persistent organic pollutants in air and
precipitation in the Great Lakes region (Hoff et al., 1996; Buehler and Hites, 2002). The
sampling sites were chosen to be representative of regional air near the lakes, with minimal
impact from local sources. Atmospheric PCB concentrations near Lake Michigan, Erie and
Ontario were found to be higher than those near Lake Superior and Huron. Another study
on PCBs in Great lakes sediments (Golden et al, 1993) showed the same trend as that
reported by IADN. The highest PCB concentrations were found in Lake Ontario, followed
by Lake Michigan and Lake Superior. The study of PCBs in the North American
atmosphere has shown that atmospheric levels of PCBs were relatively high in the
south-eastern United States, at intermediate levels around the Great Lakes, and very low in
the Canadian Arctic (Shen et al, 2006). Previous studies seemed to indicate that because of
higher population density in the southern part of Great Lakes region, the concentration of
PCBs in the Great Lakes region decrease from south to north (Golden et al, 1993; Shen et
al, 2006, 2009). The same trend was found in the European atmosphere (Schuster et al,

2010). A general spatial trend for all of the studied PCB congeners show a decline in



concentration from high population density (south) to low population density (north). This
was explained by the higher primary source density in the UK (south), whereas in Norway
(north) long range atmospheric transport of the pollutant was thought to have a
considerable impact (Schuster et al, 2010).

The influence of local sources on PCB distribution near urban areas has been reported
to be important. (Franz et, al, 1998, 2003; Zhang et al, 1999; Offenberg et al, 2005; Totten
et al, 2004; Sun et al, 2006; Schuster et al, 2010; Harner et al, 2004). PCB concentrations
were found to be more than 5-10 times higher in urban areas than in rural areas in the Great
Lakes region and in the UK atmosphere. (Franz et, al, 1998, 2003; Zhang et al, 1999;
Offenberg et al, 2005; Totten et al, 2004; Sun et al, 2006; Schuster et al, 2010; Harner et al,
2004). PCB emissions in the Chicago atmosphere lead to dramatically increased
atmospheric concentrations and deposition to southern Lake Michigan compared to the
regional signal (Offenberg et al, 2005). This indicates that near urban areas, localized,
urban sources are relatively more dominant than long-range atmospheric transport.

Lake sediments record the historical PCB concentration from both atmospheric inputs
and surrounding watershed inputs. Previous studies have collected and dated sediment
cores and measured PCB concentrations at different depths of the cores to construct
temporal profiles of PCBs (Eisenreich et al, 1989; Golden et al, 1993; Muir et al, 1996).
PCB temporal profiles from previous studies reflect the production and usage history of
PCBs (Eisenreich et al, 1989; Oliver et al, 1989; Rapaport et al, 1988; Golden et al, 1993;
Hu et al 2010; Helm et al, 2011). PCBs appear in the record around 1930 in the Great

Lakes region, at the time they were first produced, and remain at very high levels between



1960 and 1980. The production peak year was around 1970, followed by a decrease after
1980 when the US government banned them. (Eisenreich et al, 1989; Oliver et al, 1989;
Rapaport et al, 1988; Golden et al, 1993; Hu et al 2010; Helm et al, 2011). The
concentration differences through time among different lakes can be studied by temporal
profiles. Around 1970, total PCBs concentration in Lake Superior sediment peaks at 15ng/g
while in Lake Ontario it peaks at 800ng/g. Around 1990, the concentrations decreased to
about 7 and 200ng/g respectively (Golden et al, 1994). PCB temporal profiles aid in the
understanding of how long-range atmospheric transport and localized atmospheric inputs
influence PCB distributions.

PCB congener profiles can help to identify the source of PCB mixtures. There are 209
distinct PCB compounds with 2 to 10 chlorine atoms on a biphenyl molecule, each of these
PCB compounds is called a PCB congener. PCBs were produced commercially under the
trade name Aroclors in the U.S. The product name reflects the percent of chlorine (by
weight) of the mixture (e.g., Aroclor 1242 is 42% chlorine by weight). PCB congener
compositions vary in the environment. This is potentially due to: the composition of the
emissions, which may be quite variable on a local scale (Wania et al, 2004); global
fractionation, which results in changes in the composition of persistent organic pollutant
mixtures with latitude (Wania et al, 1993;Waldow et al, 2010); PCB dechlorination, where
more highly chlorinated congeners dechlorinate to lower chlorinated congener through time
(Magar et al, 2005).

Multivariate data analysis is one method that is being used to aid in the identification of

sources and to examine differences and similarities of the PCBs at various locations. The



most commonly used are principal component analysis (PCA) and cluster analysis (Cacela
et al, 2002; Howel, 2007; Zhang et al, 2010; Carro et al, 2002; Ikonomou et al, 2002;
Motelay-Massei et al, 2004; Jiang et al, 2011; Lee et al, 2004). Principal component
analysis creates combinations of the original variables that explain decreasing amounts of
the total variation in the data with the first combination having the maximum variance. On
the other hand, cluster analysis is an exploratory method that attempts to group similar
samples based on some set for variables such as chemical compositions. (Krzanowski,
1988).

Principal component analysis and cluster analysis have been used to examine the
differences and similarities of PCBs at various locations. (Cacela et al, 2002; Howel, 2007,
Carro et al, 2002; Ikonomou et al, 2002; Motelay-Massei et al, 2004; Lee et al, 2004). PCA
and hierarchical cluster analysis indicated that PCB congener profiles in outer Green Bay
are more similar to the congener profiles of inner Green Bay than that of Lake Michigan;
(Cacela et al, 2002). PCA-cluster analysis of PCB levels across Europe show that there
were considerable differences in the pollution profiles of 71 samples surveyed and there
was a significant difference between typical profiles from rural and urban areas (Howel,
2007). These studies indicate that geographically related locations have similar congener
patterns.

Based on previous studies on atmospheric long-range transport, localized atmospheric
inputs, historical profiles and congener profiles of PCBs, questions arise as to what is the
recovery state of PCBs in the Great Lakes region. How did they distribute spatially and

how did PCB loadings in different areas change historically.



According to what has been learned from previous studies, the hypothesis that drives
this study is that during the time (1970s) of high PCB production the influence of
population centers on loadings will cause a localized spatial pattern in PCB distribution and
that in recent times (2000), PCB loadings reflect more of a regional signal.

To test the hypothesis, sediment cores from 34 inland lakes were collected and dated.
Temporal concentrations of all detectable congeners were measured. Total PCB
concentrations, total PCB inventories, and accumulation rates were calculated. Congener
cluster analysis of high PCB emission year and recent year were compared. If the
hypothesis is true: 1) total PCB inventories in Michigan inland lakes would show a south to
north decreasing pattern due to larger population and more industries in the south, and
would show a relatively higher PCB concentrations in the urban/industry area, 2) temporal
PCB concentration profiles would show significant differences during high PCB production
years among different lakes, with higher concentration near urban areas and lower
concentration in the remote areas but the difference among lakes would become smaller in
recent years, and 3) PCB congeners cluster would show a south to north pattern in high
PCB production year, but in recent years, the south to north congener pattern would

disappear due to decreasing and mixing of PCBs in the atmosphere.



MATERIAL AND METHODS

Sampling method

Sediment cores were collected from the deepest portion of 34 Michigan inland lakes from
2002 to 2008 using an MC-400 Lake/Shelf Multi-corer deployed from the monitoring vessel
Nibi. Cores were extruded and sectioned at 0.5 cm intervals for the top 8 cm, and at 1 cm
intervals for the remainder of the core. “°Pb was measured on one sub-core from each lake to
determine porosity, accumulated dry mass, sedimentation rates, sediment ages and focusing
factors (Freshwater Institute in Winnipeg, Manitoba, Canada). Dating models were verified
using **¥Cs, stable Pb peak and presence of excess *:°Pb. Another sub-core was sectioned and
used for analysis of polychlorinated biphenyls. Unlike the #°Pb sub-core, it was sectioned at
1 cm increments for the entire core length. There was insufficient material for analysis in the
topmost sediments, so the first two sections were combined, and the third and fourth sections
were combined.

Analytical methods for PCBs have been previously described (Khim et al, 1999). 20 g
sediment (wet) was homogenized with 120 g of anhydrous sodium sulfate and extracted with
dichloromethane and hexane (3:1, 400 mL) in a Soxhlet apparatus for 16 h. Sulfur was
removed, if necessary, by treating the extracts with activated copper. Extracts were then
concentrated to 1 mL. The sample cleanup was done using an SPE cartridge packed with
Florisil (Waters, Sep-Pak Florisil 6 mL). The cartridge was eluted with 10% acetone in
hexane (9 mL). The eluent was concentrated to 1 mL and placed in GC vial for analysis of
PCBs. *3C;, Di through Deca polychlorinated biphenyls were added as internal standards.

PCBs were quantified using bracketed calibration generated by averaging two calibration



curves that were run before and after each set of ten samples to better adjust to changes in

instruments during analytical runs.

Data analysis

The radioactive isotope #°Pb was used to date sediments from each lake. Several
models exist to determine sediment ages from #°Pb activities, and sediments were dated
using the constant flux: constant sedimentation rate model (CF:CS) (Golden et al., 1993),
segmented CF:CS (SCF:CS) (Heyvaert et al., 2000), rapid steady state mixing model
(RSSM) (Robbins, 1982), and the constant rate of supply model (CRS) (Sanchez-Cabeza et
al.,2000).

For all models, only sediment layers containing excess->*°Pb could be dated. The ages
of sediment slices not containing excess-2°Pb were estimated by extrapolation using the
assumption that sedimentation rates remain constant below the existence of excess 2°Pb.

Sedimentation rates in each lake were determined using all models possible for that
lake, and then the models were evaluated to ascertain which was the most appropriate for
determining sediment ages. Profiles of **'Cs activity and stable lead concentration profiles
were used as indicators to determine the most appropriate model (Robbins, 1978, 1982).

Focusing factors were also determined from #*°Pb analysis. Sediment focusing occurs
when fine-grained sediments in a lake are eroded from higher energy erosional zones near
the shore of the lake, transported through transitional zones (where deposition and erosion
occur episodically) and deposited in depositional zones (Downing and Rath, 1988;

Hakanson, 1977). This process of focusing occurs to different extents among lakes, and



must be accounted for by using the focusing factor before comparing inventories and
accumulation rates among lakes. Focusing factors (FF) were estimated at each site from the
ratio of unsupported *:°Pb inventory measured in the core to the ?°Pb inventory expected

from atmospheric deposition (Golden et al., 1993; Muir et al., 1996).
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RESULT AND DISCUSSION

Temporal concentration profile

In the Upper Peninsula, PCB concentrations in the lakes range from 0 to 28ng/g dry wt
except Lake Imp and Lake Gratiot (Fig.1A). There is no clear historical trend found in
these lakes. Lake Imp and Lake Gratiot have relatively higher PCBs concentrations than
other lakes, the concentrations reach 42 to 63 ng/g dry wt. These sediment concentrations

are assumed to be representative of uncontaminated ecosystems dominated by atmospheric

deposition.

Figure 1: PCB concentration profiles. For interpretation of the references to color in this

and all other figures, the reader is referred to the electronic version of this thesis.
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Date

Figure 1 continued

B. Lakes in the Lower Peninsula that have low PCB concentrations
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C.Lakes in the Lower Peninsula with high PCB concentrations and clear historical trend
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Figure 1 continued
D.Lakes in the Lower Peninsula with less PCB concentrations and clear historical trend
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In the Lower Peninsula, the temporal profiles vary significantly from lake to lake. The
PCB concentrations of the lakes shown in FigurelB remain at low values ranging from 0 to
36ng/g. In Figure 1C, the PCB concentrations of the lakes dramatically change through
time. Clear historical changes in concentrations are shown in these lakes. With the
exception of White Lake and Lake Cora, PCB deposition onset occurs after 1940 and peaks
between 1960 and 1980. Peak concentrations range from 87ng/g (Morrison) to 3500 ng/g
(White). PCB concentrations in Lake George, Lake Thompson, and White Lake are much
higher than other lakes. In order to plot all the concentrations in the same scale, the
concentrations of each of the three lakes were divided by a constant: 2.7, 10 and 15 for

Lake George, Lake Thompson and White Lake respectively, After 1980, PCB

13



concentrations have all decreased to a low value, less than 50ng/g except these same three
lakes. The lakes in Figure 1D from the Lower Peninsula shows the same historical change
as the lakes in Figure 1C, onset and peak years are also clear. But the concentrations are
much lower than the lakes in Figure 1C, varying from 0-60ng/g.

The lakes in Figure 1B are also thought to be representative of uncontaminated
ecosystems dominated by atmospheric deposition as mentioned for the lakes in the Upper
Peninsula. The lakes in Figure 1C are highly influenced by localized urban PCB sources.
The PCB concentration profiles of these lakes reflect the production and usage history
(Fig.2). PCBs began to be produced at 1929 and being banned by the U.S government at
1979, production peak was around 1970. The lakes in Figure 1D are less influenced by
local sources than the lakes in Figure 1C but also follow the production history. These
results correspond well with previous reports (Eisenreich et al, 1989; Rapaport et al, 1988;
Golden et al, 1993; Hu et al 2010). The low PCB concentrations in Lake Superior which is
close to the Upper Peninsula reflect atmospheric inputs and the higher concentrations in
Lake Michigan and Ontario reflect regional and localized atmospheric deposition (Golden

etal., 1993)
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Figure 2: Historical records of the sales/production volumes of PCBs and the similarity of these
time-varying trends to the accumulation rates of these chemicals in the sediments of Lake Ontario

(from Eisenreich et al., 1989)
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Accumulation rate and concentration in 1970 and 2000

PCB accumulation rates and concentrations in the year of high PCB emission (1970)
and a current year (2000) were compared.

Accumulation rate of PCBs in the sediment cores were calculated as follows:

Accum(ng/cm?/yr)=C_,(ng/g)xW(g/cm?/ yr) £o.1
Where Accum = PCB accumulation rate (ng/cm?/yr), Csed= concentration of PCB in
surficial sediment (ng/g dry wt), and W= mass sedimentation rate (ng/cm?®/yr) based on

2%y dating. Focusing-corrected sediment accumulation rates, calculated as Accum/FF,

reflect the accumulation rate from atmospheric input (Golden et al, 1993).
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Figure 3A and 3B show that the focusing corrected accumulation rates in 1970 vary from
0-25 (ng/cm?/yr) and in 2000 vary from 0-6 (ng/cm?/yr). Figures 1C and D and Figures 3C
and D show that in the production peak year (around 1970) total PCB concentrations
among lakes vary significantly, from 0 to 3000ng/g. However, in recent years (e.g. 2000),
with decreasing of total PCB concentrations, the difference among lakes becomes smaller
(0-200 ng/g) as predicted. The above results indicate that the atmospheric input in 2000 is
much less than 1970. In production peak year, PCB loading patterns were more influenced
by local sources while in recent years, it is more influenced by regional atmospheric

deposition, which is consistent with the hypothesis.

Figure 3: PCB accumulation rate and concentration in year 1970 and 2000
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Figure 3 continued
B. PCB accumulation rates in 2000
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Figure 3 continued

D. PCB concentrations in 1970
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Inventories of PCBs in sediment cores were calculated as:

Inv(ng/cm?) =Y [C,, (N9 /) x (1— ) x p(g/cm®) x d(cm)] c2
Where Inv= total PCB dry mass in a core (ng/cm?), Cgsed = sediment concentration, ¢ =
porosity, p = bulk density, d = thickness of sediment increment. Focusing of fine sediment
from non-depositional zones to depositional zones causes the sediment inventories to be
site-specific (Golden et al, 1993). Focusing-corrected inventories were calculated as Inv/FF
to yield PCB burdens which may reflect basin or lake-wide inventories, where FF=focusing

factor. Therefore, the focusing corrected inventory represents the PCB loading from
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atmospheric deposition. This concept was used in studies of organochlorine inventories in

eastern Lake Ontario sediments (Eisenreich et al, 1989) and Lake Superior sediments

(Jeremiason et al, 1993).

Figure 4: PCB inventories of studied Michigan Inland Lakes
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Figure 4 continued

B. spatial pattern of PCB inventories
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Figure 4 shows the calculated PCB inventories in Michigan inland lake sediments. Lake
George, Otter, Muskegon, and Morrison only date back to 1932, 1948, 1964 and 1973,
respectively, thus the real inventories of those four lakes are higher than those shown in
figure 4. This should not affect our interpretation because the inventories of those four
lakes are already higher than most other lakes. It is shown in figure 4 that PCB inventories
of sediment cores in the Lower Peninsula are higher than that in the Upper Peninsula.

There is no apparent south to north decreasing gradient as predicted. The total PCB
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inventories of most lakes lie between the average PCB inventories of Lake Superior (4
ng/cm?) and Lake Michigan (125 ng/cm?) reported by Golden et al, (1993). These values
reflect the regional PCB background, indicating that the regional atmospheric loadings are
similar across Michigan. Some lakes (e.g. White, Thompson, Muskegon) have high
inventories (1000, 700, 200 ng/cm?) reflecting localized atmospheric deposition due to the
population and industry in the urban area. The inventory profiles show that near urban
areas, PCBs arise from highly localized, urban sources and long- range transport is
relatively unimportant. However, in rural areas, PCBs are more influenced by long-range

atmospheric transport.

Congener pattern

To examine differences and similarities of the PCB congeners measured at various
locations, cluster analysis was performed on the PCB congener data using JMP 5.0 for
Windows. Twenty PCB congeners were measured and analyzed in this study. The values
that are below the detection limit were assigned the half detectable value for that particular
congener before analysis.

All congener concentration values were expressed as the proportion of total PCB mass
(by wt), where total PCB mass is defined as the sum of congeners. This is termed
percentage standardization, which was used by Stern et al. (1997). These data are often
described as “compositional data” as they have the feature that the proportions of pollutants
in a sample sum to 1. Since compositional data have been known problems with correlation
coefficients and standard multivariate techniques (Pearson, 1897) which leads to problems
with the interpretation of simple summary statistics, log-ratio transformation of the
compositional data was also used as proposed by some (Aitchison, 1986; Howel, 2007).
The log-ratios are calculated by dividing the compositional data of each PCB congener in

each lake by the geometric mean of the twenty PCB congeners of that lake. Log-ratio=
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log(pij/g(pj)). Where pjj = the proportion of PCB congener i in Lake j, g(pj) =

Y20 (Howel, 2007). The congener compositional data and log ratio

(P1jP2j - - - Pd))
transformed data of two particular time horizons: 1970 (high PCB emission) and 2000
(current year) were studied by cluster analysis. Three, four, five and six clusters were
studied for both data sets and similar patterns were found. The four cluster analysis show
the pattern clearer than the others, only this is presented. The analysis indicates which lakes
are similar in the relative abundance or fingerprint of the congeners. Examining these

relationships helps to identify common sources.

Figure 5: PCB congeners cluster patterns
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Figure 5 continued

B. Cluster analysis of compositional data-2000
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Figure 5 continued

C. Cluster analysis of log ratio transformed data-1970
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Figure 5 continued

D. Cluster analysis of log ratio transformed data- 2000
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The results of the cluster analysis are shown in figure 5 where similar colors reflect similar
fingerprints. In 1970, the congener cluster pattern of compositional data shows two major
clusters (Fig.5A). The Upper Peninsula is dominated by one cluster and the Lower Peninsula
is dominated by another cluster. In 2000, one major cluster dominates (Fig.5B) from south to
north. It indicates that in 1970, the sources of PCBs in the south and the north regions are
apparently different. But in 2000, PCBs in the atmosphere are well mixed and represent a
regional pattern.

The cluster analysis of the log ratio transformed data (Fig. 5C, Fig.5D) showed similar
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patterns. In 1970, Lake White, Muskegon, Thompson and six other lakes stand out (Fig. 5C),
and those lakes happened to have higher PCB concentrations and inventories (Fig.1C, Fig.4).
The congener pattern together with the concentration and inventory profiles (Fig.1C, Fig.4)
indicate PCBs in those lakes arise from highly localized, urban or industrial sources.
However, in 2000, localized congener pattern disappear (Fig. 5D) which is similar with the
compositional data, the pattern is dominated with one cluster. The PCBs in the atmosphere
are more mixed than in 1970 and localized atmospheric deposition is no longer the
controlling factor of PCB distributions in Michigan. The spatial and temporal congener
cluster pattern again indicates during high PCB production years, the distribution of PCBs
was more controlled by local sources and in current years, it’s more dominant by regional

atmospheric input.
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CONCLUSIONS

Sediment records from over 30 inland lakes in the State of Michigan were studied to
better understand PCB spatial and temporal patterns. The hypothesis driving this study is
that during the time of high PCB production (e.g., 1970) the influence of population centers
on loadings will cause a spatial gradient in PCB loadings and that in recent times (e.g.,
2000), PCB loadings reflect more of a regional signal. To test this hypothesis, total PCB
inventories and temporal concentrations of all the lakes were studied. The accumulation
rates and congener cluster analysis of high PCB production years and recent times were
compared, specifically in 1970 and 2000. The concentration profiles of most lakes reflect
PCB production and usage history, onset after 1940, peak during 1960-1980, and decrease
after 1980. During high PCB production years, the total concentrations and accumulation
rates among the lakes were significantly different. Lakes near urban areas have higher PCB
concentrations and accumulation rates than lakes in remote areas. In recent years, those
differences appear to be smaller. PCB inventories show a regional pattern and a localized
pattern, with higher inventories in the Lower Peninsula than in the Upper Peninsula and
with higher inventories in urban areas than in rural areas. PCB congener cluster analysis for
the year 1970 shows a clear localized pattern, while in 2000 the localized pattern
disappeared and congener compositions are similar across the State of Michigan.

The above results indicate that during the time of high PCB production, the influence of
population centers on loadings caused a spatial gradient in PCB distribution and that in
recent years; PCB loadings reflect more of a regional signal. Near the population centers,

localized, urban sources are relatively more dominant than long-range atmospheric
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transport, and in remote areas, long-range atmospheric transport is the primary source of

PCB loading to the lake regions.
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