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INTRODUCTION

Humans have impacted most of the Earth’s surface, 

and lake sediments are a particularly useful means of 

examining that impact because they preserve biologic, 

geologic, and chemical data in a continuous record 

progressing back in time (Dietl et al., 2015). Aquatic 

ecosystems are more susceptible to the effects of 

pollution than terrestrial ecosystems, because they 

have less relative biomass spread over a higher order 

of trophic levels. Among aquatic ecosystems, lakes are 

especially sensitive because they serve as receptacles 

for effluents. (Forstner and Wittman, 1983). This study 
examines heavy metal pollution in three Wisconsin 

lakes spanning a range of environmental and human 

influence: Sparkling Lake is the least impacted and 
is found in sparsely populated northern Wisconsin; 

Shadow Lake, located in a small urban environment 
in central Wisconsin, is moderately impacted and has 

been chemically remediated; and Lake Monona is the 
most impacted in southern Wisconsin in a large urban 

environment. 

There are two sources of heavy metals in lacustrine 
environments: natural processes and human processes, 
and there are two sources of lake pollution: terrestrial 
and atmospheric (Valette-Silver, 1993). Terrestrial 
pollution found in lakes, and consequently present 

in sediment archives, includes mining effluents, 
industrial waste, domestic and agricultural fertilizer 

runoff, and garbage leaching, among others (Fostner 
and Wittmann, 1983). These fluxes are accelerated by 
land clearing, because with less trees and vegetation, 

soil erosion and sedimentation rates are higher, and 

metals are brought to lakes more quickly (Kauppila, 

1997). Atmospheric pollution occurs when a metal 

enters the atmosphere, spreads, and is later deposited 

into a lake. Due to their environmental persistence, 

high toxicity, and the ease with which they can enter a 

lacustrine food chain, heavy metals have been studied 

extensively in sediment cores in lakes around the 

world (Kishe and Machiwa, 2003; Ozmen et al., 2004; 
Perin et al., 1997). 

LAKE SETTINGS

Sparkling Lake is the least impacted of the three lakes 
in this study and is considered relatively pristine. 

The lake is found in Vilas County, WI, and is one 
of thousands of kettle lakes in the area formed at 

the end of the last glacial maximum, 12-14 ka, by 
the retreating Laurentide Ice Sheet (Magnuson, 
1984). Beneath roughly 40 m of sandy glacial till 
and outwash lies granitic basement rock (Attig, 

1985). Sparkling Lake is oligotrophic, dimictic, with 
noncalcareous bedrock, and fed by groundwater 

discharge and direct precipitation and has no surface 

water inlets or outlets (Hoffman, 2013). 

Shadow Lake is a moderately impacted, chemically 
remediated lake located in central Wisconsin in the 

small town of Waupaca (McNelly, 2012). Similar to 
Sparkling Lake, Shadow Lake is a kettle lake formed 
at the end of the last glacial maximum. The lake sits 
on about 50m of glacial till left by the receding Green 

Bay Lobe of the Laurentide Ice Sheet, beneath which 
is granite bedrock (Possin, 1973; Robertson, 2005). 
It is a drainage lake with an inlet from nearby Mirror 
Lake to the North and a dredged outlet to the Crystal 
River to the South (McNelly, 2012). Shadow Lake 
has been studied and monitored since the mid-1970s 
in the interest of improving the health of the lake and 
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determining the effect of the aluminum sulfate (alum) 

remediation applied in 1978 to combat eutrophication. 

Lake Monona is located in Madison, WI, and is 
the most impacted of the three lakes in this study 

(Lathrop, 2007). Lake Monona was created by the 
morainic damming of the preglacial Yahara River at 
the end of the last glacial maximum. It is primarily 
a drainage lake, though fed both by groundwater 

and three surface water inlets, and it has one outlet 

to Lake Waubesa (Bortleson, 1975). Lake Monona 
is a eutrophic lake with a sand and gravel lake bed 

overlying Cambrian sandstone bedrock with some 

dolomite and shale (Robertson, 2005). 

PURPOSE

The objective of this study is to characterize the past 
and present biogeochemical state of Sparkling Lake, 
Shadow Lake, and Lake Monona and the influence 
of anthropogenic activity on these lakes. This goal 
will be accomplished by analyzing the heavy metal 

concentrations of As, Ca, Cu, Pb, Si, Ti, and Zn 
acquired from X-ray Fluorescence (XRF) analysis 
of sediment cores taken from each lake. This data 
will be correlated to direct observations of organic 

and carbonate material within the cores gathered 

through Loss on Ignition (LOI). These correlations 
will characterize what the effects of pollution and 

remediation have had on the lakes’ ecosystems. 

METHODS

In total, thirteen lake sediment cores were taken from 
a small pontoon boat, only the deepest core from each 

lake was analyzed with XRF and is discussed in this 
study, since these cores are the most representative 

of each lake. Cores were collected using the piston 

corer method and a Griffith coring device in a 
polycarbonate tube (Wright et al., 1984). Zorbitrol 
Plus Superabsorbent Polymer, a sodium polyacrylate 

powder was used to gelatinize the water at the top of 

the core without disturbing the underlying sediment in 

order to best preserve the sediment-water interface of 

each core (Tomkins et al., 2007). 

At the National Lacustrine Core Facility (LacCore) 
at the University of Minnesota, Twin Cities, each 
core was split and digitally photographed then 

described using smear slides (Rothwell, 1989). For 
LOI, each core was sampled at 1 cm intervals in 1 
cm3 quantities and placed into a small, pre-weighed 

crucible and oven-burned three times, at 100°C, 

550°C, and 1000°C to remove water, organics, and 

carbonate content, respectively. The crucibles were 
reweighed after each burn (Heiri et al., 2001), and the 

percentages of each component was determined with 

LacCore’s Excel macro. 

The metal concentrations of each core were acquired 
with XRF analysis at the Large Lakes Observatory 
(LLO) at the University of Minnesota, Duluth using 
an ITRAX X-ray Fluorescence Core Scanner (Cox 
Analytical Instruments) (Brown, 2011). Data was 
collected at a resolution of 0.5 cm and represented in 

output data as raw counts. The raw count at each depth 
was converted to concentration using known standards 

at LLO. Standards were unavailable for As and Pb, so 
they are shown in the results as a ratio of raw counts 

to a relatively stable element, Tungsten (W) to help 
reduce some of the heterogeneity inherent to sampling. 

RESULTS

There were changes in the heavy metal concentrations 
at all depths of the three cores, but the most variation 

occurred in the upper 50 cm. Sparkling Lake showed 
relatively stable heavy metal concentrations, though 

some variance was seen above 10 cm depth (Fig. 
1). Cu, As, and Pb all had relatively constant levels 

through the core, while Ca, Si, and Zn all displayed 
slight increases in concentration beginning at 10 cm 

depth and Ti decreased in the upper 10 cm of the core. 

Analysis of the Shadow Lake core (Fig. 2) exposed 
more fluctuation than Sparkling Lake. Cu, As, and Pb 
showed little change throughout the core, while Si, 

Ti, and Zn were stable until about 20-30 cm, above 
which moderate increases in concentration occurred. 

Ca experienced the greatest changes through the core 

as a whole, varying through the entire depth between 

0 and 8.5 weight percent. Finally, Ca, Si, Ti, Zn, 
and Pb all show an abrupt spike in concentration at 

approximately 20 cm. 

Lake Monona’s core showed the greatest variability 
in metal concentrations across the widest range of 

metals (Fig. 3). Si, Ti, and Zn followed the same 
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general trend: relatively stable concentrations until 50 
cm depth, then a slow increase until 15 cm, and then 

a decrease in concentration to the top of the sediment. 

Pb displayed a constant increase in raw counts until 15 

cm and then a constant decrease to the top of the core. 

Even after the decreasing trends in the top 15 cm of 

the core, the concentrations of all four of these metals 

(Si, Ti, Zn, and Pb) remained higher than in the bottom 
50 cm of sediment. The plot of As showed an increase 
from near 0 beginning at 35 cm, a peak at 27 cm, and a 
decline and return to near 0 at 19 cm. Cu had a similar 
concentration trend, which rested at about 50 ppm 

until 35 cm, an increase and plateau of 200 ppm at 31 
cm, and a peak at nearly 400 ppm at 27 cm, followed 
by a decrease in concentration to about 70 ppm at the 
top of the sediment. 

DISCUSSION

Of the three lakes, Sparkling Lake has the lowest 
overall metal concentrations and shows the least 

variability in concentrations with depth. This was 
expected given the lake’s remote location in northern 

Wisconsin, low human population, and minimal land 

development. Relatively stable, pre-human impact 
levels for each metal extend from 131 cm to about 
10 cm depth. The fact that certain metals (Ca, Si, 
Ti, and Zn) only begin to increase here suggests two 
things: development around the lake began more 
recently than near Shadow Lake or Lake Monona, 
and the impact has been light enough to only slightly 

increase sedimentations rates. The stable background 
concentrations and raw count ratios of Cu, As, and 

Pb can be attributed to the remoteness of the lake 

and absence of chemical treatments by humans in its 

history. Sparkling Lake also had the least variance 
in organic and carbonate content of the three lakes, 

reflecting a relatively constant biologic output. 

The work of Iskandar and Keeney (1974) provides 
a useful comparison to Sparkling Lake. Their study 
examined the heavy metal concentrations of nearby 

Mary Lake, located in the same county with a similar 
cultural and geologic setting. Its core, as in the case 
of Sparkling Lake, has relatively stable background 
levels of most metals, but Iskandar and Keeney did 
find Pb concentrations to be consistently less than 
0.1 ppm until the upper 5 cm of sediment, when they 

rose to about 3 ppm. They attribute this increase 

Figure 1. Heavy metal concentrations in the Sparkling Lake core 
(SAEQ-SPK16-1A-1P-1) are relatively stable, with fluctuations 
only in the upper 10 cm of sediment. 

Figure 2. Heavy metal concentrations in the Shadow Lake core 
(SAEQ-SHOW16-1A-1P-1) increase in the upper 40 cm of 
sediment.  The alum treatment layer is at 9 cm depth.  

Figure 3. Heavy metal concentrations in the Lake Monona core 
(SAEQ-MONA16-5A-1P-1) show the greatest increases in the 
upper 50 cm of sediment.  
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in Pb to atmospheric loading and fallout, and it 

therefore seems likely that Pb concentrations in the 

upper few centimeters of sediment in Sparkling Lake 
could also be elevated. Iskandar and Keeney used 
Spectrophotometry rather than XRF to determine 
metal concentrations, and their methodology could 

have been more sensitive than XRF to low Pb 
concentrations. 

Shadow Lake has higher heavy metal concentrations 
than Sparkling Lake but lower than Lake Monona, 
as well as moderate changes in the physical core, 

which was also anticipated because of the lake’s small 

urban environment. The most striking part of Shadow 
Lake’s XRF data is the abrupt spike in Ca, Si, Ti, Zn, 
and Pb at about 10 cm depth (Fig. 2) as a result of the 
alum treatment, and they correlate with the thin layer 

of alum seen in the physical core at the same depth. 

None of the elements in the alum compound are heavy 
enough to be detected by XRF, which may explain 
the apparent increases in metal concentrations. The 
general increases of Si, Ti, and Zn from 35 cm up 
can be attributed to the land development by settlers 

starting around 1850. Ca displays the greatest change 
in concentration through the core, which strongly 

correlates with the LOI analysis and physical changes 
in the core. For example, the high Ca concentrations 
between 8 cm and 45 cm is also where LOI shows a 
low organic component (generally 20 weight percent 

or less). In contrast, from 45 cm to 82 cm depth, where 
Ca concentrations are less than 1 weight percent, LOI 
shows sediment rich in organics (60 to 80 weight 
percent). 

The heavy metal concentrations of Lake Monona are 
the highest and most varied of the three lakes. As 

with Shadow Lake, concentrations of Si, Ti, and Zn 
start to increase at 50 cm due to land development 

and erosion as land was cleared by European settlers 

(Fig. 3). Since the Madison area was developed at 
about the same time as Waupaca (1850), the fact that 
Lake Monona’s impacted depth is about 15 cm lower 
suggests a higher sedimentation rate than Shadow 

Lake, resulting from natural and/or human causes. 

The levels of Cu, As, and Pb agree with the 
documented environmental history of Lake Monona. 
Both Cu and As sharply increase in concentration at 
34 cm depth (Cu from a stable background level of 50 

ppm first up to 200 ppm, then to nearly 400 ppm at 27 
cm). These increases are undoubtedly a result of the 
routine chemical treatments for weeds by the Madison 
Public Health Department from the mid-1920s to 
the mid-1950s in the case of Cu and the mid-1960s 
in the case of As (Lathrop, 2007). While the amount 
of As in the sediment seems to return to background 

levels by 20 cm, the Cu concentrations decrease more 

slowly and remain slightly above background levels 

at the top of the sediment. Perhaps the Cu deposited 

the sediment has migrated upward even after the 

treatments ended, while As has stayed where it was 

directly deposited. Pb shows a much more prominent 

increase than in Sparkling and Shadow Lakes, 
increasing from about 40 cm to 20 cm then decreasing 
until the top of the core. Following the reduction in 
leaded gasoline in the 1970s, the amount of Pb in the 
atmosphere has declined as it slowly fluxes to geologic 
sinks such as lake sediments through fallout. 

As the best studied of the three lakes, previous work 

by other researchers offers important comparisons 

to Lake Monona as well as context for the data from 
Sparkling and Shadow Lakes. The Cu concentrations 
published by Lathrop (2007) show a similar trend to 

the one outlined above with XRF, but with notably 
different concentrations. Lathrop found Cu to have 
a peak of about 800 ppm, whereas this study found 
a peak of slightly less than 400 ppm. In further 
contrast, the study by Iskandar and Keeney (1974) also 
examined Lake Monona, and while it too showed a 
similar trend of Cu concentration, it found a maximum 

concentration of 510 ppm. These studies each used 
different methodologies, and while these discrepancies 

do reduce the confidence in the accuracy of the heavy 
metal concentrations, it does increase confidence in 
the precision of the concentrations as well as in the 

general trends of the metals. 

CONCLUSION

The goal of this project was to establish the heavy 
metal concentrations of these three lakes, determine if 

any relationship exists between changes in the metal 

concentrations and the biology of the lakes, and assess 

the human impact on the lake ecosystems. The XRF 
data demonstrates that many heavy metals did change 

in concentration through the cores as the result of both 

natural and anthropogenic activity. Some increases 
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in heavy metal concentrations, including Si, Ti, and 
Zn, can be broadly attributed to land clearing and 
development, while others such as Cu, As, and Pb 

can be tied to specific moments in the environmental 
history of the lakes. 

Human activity has left its permanent mark even on 

some of the most seemingly insignificant material: 
buried mud. Compared to relatively “pristine” 

Sparkling Lake, which itself showed small increases 
in heavy metal concentrations, the human impact 

on the other two lakes is unmistakable. Shadow 

Lake and especially Lake Monona have experienced 
dramatic changes to their heavy metal concentrations, 

and even after intense anthropogenic forces have 

ceased, elements such as Cu could still be mobile and 

influencing the ecosystem. 
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