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Despite substantial research on metals in the environment, there remain 

uncertainties concerning trace metal pollution and associated human health concerns. 

Although metal pollution is found world-wide, impacts are often site-specific. I 

investigated the input, fate and transport of trace metals in north Florida lake sediments.  

To accurately quantify anthropogenic impacts on trace metal inputs to lakes, it is 

necessary to estimate background or pre-anthropogenic inputs. Sediment cores from 

Florida Lakes Sheelar, Pebble, and Little Johnson were dated using 210Pb and analyzed 

for trace metals. Metals V, Cr, Ni, Cu, Zn, Sn, Sb, Bi, and Pb show up-core enrichment 

beginning ~1900, coinciding with the onset of population growth and development in 

Florida. Trace metal concentrations measured in these lake sediments provide a 

baseline (reference) record of pre-anthropogenic metal accumulation and a record of 

modern, anthropogenically influenced metal deposition this area.  

Lake sediments are typically sinks for trace metals, if the deposits remain 

undisturbed and permanently buried. Future climate change scenarios suggest 

increased duration and frequency of dry events, which may cause stage declines in 

shallow Florida lakes and lead to physical and/or chemical redistribution of legacy metal 
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pollution. I examined the impact of low water levels on metal transport in lake sediments 

by measuring metal concentrations along transects of lake sediment exposed following 

extreme lake level declines in 2012. From the historic lake shore to the center of the 

lake trace metal concentrations increased up to 3 times. The main mechanism for metal 

dispersal during low lake levels was focusing of fine-grain material and organic matter 

toward the lake center. The main source of Pb in these exposed lake sediments was 

anthropogenic, largely from automobile gas additives, and was associated with a 

relatively mobile sediment fraction. Finally, I assessed the preservation of trace metal 

stratigraphy in lake sediments after dry periods. Using metal concentrations and Pb 

isotope ratios from repeat cores in two shallow lakes, taken before and after low water 

levels, I determined that the record of metal accumulation is preserved stratigraphically.   

Metal concentrations in Florida lake sediments have increased over the last 

century. Climate change scenarios predict more intense rainy periods, alternating with 

more severe droughts. The combined effects of changing hydrology and relic metal 

pollution may create future management concerns, including legacy metal pollution in 

sediments and water, as well as the potential for increased metal-laden dust. 



 

15 

CHAPTER 1 
TRACE METALS IN THE ENVIRONMENT 

1.1 Problem Statement 

Despite substantial research on major metal accumulation and associated health 

concerns, there remain uncertainties concerning historic and modern trace metal 

pollution. In a feature article in the journal Nature, Rockström et al. (2009) commented 

on the lack of information regarding metals in our environment. Since the Industrial 

Revolution human actions have been the main drivers of global environmental change 

and the authors argue that we need a framework of boundaries to maintain global 

functions in a ‘safe space.’  These boundaries are associated with sensitive, complex 

biophysical system properties, which often react abruptly, especially around threshold 

levels.  Once threshold levels are surpassed, ecosystems shift into a new state, often 

with catastrophic consequences. One of the nine identified planetary boundaries that 

has the potential to cause “unacceptable environmental change” is chemical pollution.  

Although levels were defined for nearly all of the boundaries, those for chemical 

pollution, including metal contamination, are “yet to be determined.”  The authors 

believe there is not enough information regarding the effects, thresholds, and 

consequences of chemical pollution to set such boundaries. Similarly, Fleishman et al. 

(2011) defined the 40 top priorities for science to inform United States conservation and 

management policy, and included the determination of the aggregate effects on 

ecosystems of current-use and emerging toxicants, including metals.  

It has been argued that metal pollution is one of the first types of anthropogenic 

pollution.  Records of atmospheric metal pollution from mining and smelting are 

preserved in Greenland ice layers and date back to Roman times (500 B.C. to A.D. 
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300).  However, since the Industrial Revolution (ca. AD 1850), metal production and 

atmospheric emissions have increased substantially (Nriagu 1996).  Metal pollution is 

now ubiquitous, most commonly via atmospheric circulation and deposition (Dillon and 

Evans 1982). There is no doubt about the impact that anthropogenic activities have on 

the cycling of trace metals, both regionally and globally.  

Although some debate continues, there is research that shows positive 

correlations between metal concentrations and human health problems such as 

Alzheimer’s disease, autism, neurological impairment, and some cancers (Huang et al. 

2006; Kidd 2000; Dexter et al. 1991).  Historically, lead pollution was limited to gasoline 

additive and paint, however Richmond-Bryant et al. (2013) found that blood levels in 

children in Detroit, MI are a function of current lead levels in atmospheric dust. In India 

and China, air pollution is one of the greatest human health concerns and metals are 

found to be abundant in the airborne particulate matter (Cheng 2003; Massey et al. 

2013). Additionally, certain metals can bio-accumulate in organisms and bio-magnify up 

the food chain. High metal concentrations are shown to decrease immune function, 

increase parasite burdens, decrease survival of shore birds (Provencher et al. 2014) 

and increase reproductive deficits in Florida’s alligators (Burger et al. 2000).  

Lake sediments are excellent archives for studying regional and temporal 

deposition of metals, as these sediments generally remain undisturbed and are datable. 

Paleolimnological studies allow for the examination of recent human activities on trace 

metal cycling, and for the reconstruction of watershed histories including more long-term 

metal variability, necessary to gauge the overall impact of the human influence (Kolak et 

al. 1998; Gelinas et al. 2000; Norton et al. 1992; Bindler et al. 2011; Liu et al. 2012). 
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Using paleolimnological techniques, metal concentration measurements, and Pb 

isotope analysis, my research is designed to contribute new knowledge and 

understanding of the concentrations and rates of metal accumulation in northern Florida 

lake systems. So that human-related impacts could be evaluated accurately, I quantified 

background or pre-anthropogenic concentrations and used this paleolimnological data 

to study present-day biogeochemical cycling of metals and possible future impacts in 

light of changing hydrologic patterns.  

1.2 Trace Metals: General Overview 

In the periodic table of chemical elements, the major, minor and trace elements 

of interest in environmental studies include; Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, 

Ga, Ge, Hg, K, Li, Mg, Mn, Mo, Na, Nb, Ni, Pb, Re, Sc, Se, Si, Ta, Te, Th, Ti, W, Y, Zn, 

Zr. Unlike the major elements trace metals are commonly considered depleted in the 

earth’s crust however, they tend to be more abundant in igneous and metamorphic 

rocks than in sedimentary rocks.  Generally, these metals are measured in the ppm to 

ppb range.  In biological and nutritional studies that trace metals, in very small amounts, 

are required by living organisms, particularly mammals; however high doses of many of 

these same metals are toxic and are considered pollutants (Kabata-Pendias 2010).  

Metals are commonly defined by their physical properties in their elemental state. 

Metals have a metallic luster, the capacity to lose electrons and form positive ions, and 

the ability to conduct heat and electricity (Phipps 1981). However, the term is often used 

indiscriminately to refer to both the element and compounds (Duffus 2002). For 

example, throughout this dissertation I will refer to Pb, but I am specifying the Pb 

compound.  
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Before anthropogenic use of metals, the presence of specific metals in a 

sedimentary system was controlled solely by weathering, atmospheric dust, and local 

lithology (Boyle 2001b; Hofmann et al. 2005). Metals weather from source rock and 

accumulated in sedimentary systems and are therefore useful for provenance studies 

(Engstrom and Wright 1984; Bilali et al. 2002).  Since the onset of anthropogenic use of 

mineral resources and fossils fuels, presence or absence of elements no longer reflects 

solely natural processes. 

Trace metals in the modern environment are sourced from both natural and 

anthropogenic sources (Kamenov et al. 2009). Natural sources are generally attributed 

to weathering and erosion of local lithology (Kamenov et al. 2009, Outridge et al. 2005; 

Koinig et al. 2003) or input from geologic events (i.e. volcanic debris) (Pearson et al. 

2010) or from atmospheric dust (Shotyk et al. 2001). Anthropogenic sources are related 

to nearby human activities and land uses (i.e. fertilizer run-off) or atmospheric inputs 

from distant anthropogenic activities. These include airborne particulates from industrial 

activities such as smelting, incineration, coal combustion, or vehicle emissions.  

Additionally, land uses such as forest clearing and agriculture can enhance soil erosion, 

which may contribute to loading of trace metals to lakes (Davis et al. 2006; Gelinas and 

Schmit 1998). As a consequence of some environmental laws and regulations, point-

source discharge of metals into the environment is limited and much current concern is 

focused on airborne particulate matter that enters lake systems from non-point sources 

and is much more difficult to control.  

Airborne metal particulates are a product of a number of human activities, from 

mining and smelting to the widespread use of leaded gasoline.  Trace elements are 
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long-range, diffuse urban and/or industrial pollutants (Nriagu, 1996), which can travel 

long distances before being re-deposited (Patterson and Settle 1987; Wang et al. 2010).  

Trace metal contamination from atmospheric transport has given rise to ubiquitous 

background contamination and is not limited to urban centers or land adjacent to 

pollution-producing activities (VanMetre et al. 2006).  It is measured in remote locations 

such as high Alpine lakes and Antarctic glaciers (Santos et al. 2004; Camarero et al. 

2009; Thevenon et al. 2010).    

Once deposited, airborne particles can be subjected to a range of environmental 

physicochemical transformations.  These can include precipitation or co-precipitation, 

cation exchange, and adsorption to organic matter and/or Fe and Mn oxides (Sigg et al. 

1987; Tessier et al. 1996) as well as incorporation by plants and bioaccumulation in 

consumers (Nagel and Loskill, 1991).  Paleolimnological studies have proven effective 

for documenting historical trace metal trends and have demonstrated human alteration 

of the trace metal cycle, including smelting operations during the Roman Empire and 

the extensive atmospheric emissions during the Industrial Revolution (Nriagu 1996; 

Shotyk et al. 2001).  Lake sediments can be dated with a number of techniques, 

including 210Pb, radiogenic element deposition, or historical events, such as volcanic 

eruptions.  If undisturbed, lake sediments represent natural archives for reconstructing 

past environmental changes, including recent environmental changes caused by 

anthropogenic influences.   

1.3 Using Lake Sediments to Measure Trace Metals 

Lake sediment chemistry is a function of a number of factors including: 1) the flux 

of autochthonous material, 2) the relative proportions of organic and inorganic matter, 

and 3) the input of allochthonous atmospheric material, including pollutants, to the lake 
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system (Norton et al. 1992).  Lake sediments accurately preserve a record of trace 

metal deposition to lake systems (Siver and Wozniak 2001; Bindler et al. 2008). 

However, significant research has investigated the degree to which early diagenetic 

alteration and physical sediment mobility may alter metal profiles in sediments 

(Winderlund et al. 2002; Schottler and Engstrom 2006; Rydberg et al. 2008). In-lake 

processes must be considered when investigating anthropogenic influences (Outridge 

et al. 2005; Augustsson et al. 2010). These processes include post-burial 

remobilization, physical mixing, compaction, bioturbation, trophic state change, and 

diffusive migration of dissolved metals as a result of redox-related concentration 

gradients (Boudreau 1999; Boyle 2001b; Pearson et al. 2010). If paleolimnological 

studies are to yield reliable histories of metal accumulation, the sediment metal 

concentrations must not change after burial. Boyle (2001b) and Şengör et al. (2007) 

argue there are two time-scales of trace element cycling, one fast and temporary, on the 

scale of seasons, and the other slow and long-lived, on the scale of years. The scale of 

the former does not seem to be recorded because it is overridden by the latter. Although 

remobilization of metals in surficial lake sediment is acknowledged, many studies 

concluded that remobilization was not an important problem in most situations and that 

the metal profiles in lakes sediments faithfully record the history of trace metal 

accumulation (Taylor and Davison 1995; Boudreau 1999; Couillard et al. 2008; Percival 

and Outridge 2013). 

1.4 Florida – Study Site 

In 2003, Florida had the 4th largest population in the U.S., with 17 million 

inhabitants. In 1900, the state’s population was only ~500,000.  Florida’s population 

grew very rapidly since the 1930s, and among states in the U.S., Florida experienced 
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the 3rd fastest growth since the mid-1900s, only after California and Texas 

(Demographia 2013). Florida’s rapid growth rate contributed to large-scale 

environmental impacts. Florida did not experience the Industrial Revolution as did the 

northern United States, and environmental degradation in Florida has been largely 

limited to the 20th century. 

Florida has about 7800 lakes, which cover at least 9270 km2, about 6% of the 

state’s landscape (Brenner et al. 1990). Many of these lakes have experienced human 

disturbance in the last century, especially with respect to increased nutrient loading 

(Kratzer and Brezonik 1981; Riedinger-Whitmore et al. 2005). Few studies, however, 

have investigated recent changes in trace metal delivery to the water bodies, an 

alternative form of anthropogenic influence.  Some studies focused on trace metal 

delivery to estuarine environments (Caccia et al. 2003; MacDonald et al. 1996), and the 

few lakes that have been investigated also experienced cultural eutrophication or 

acidification (Norton et al. 1992; Karlen et al. 2009), or were studied to evaluate the 

effects of trace metals on biota (Burger et al. 2000; Heinz et al. 2012). Escobar et al. 

(2013) investigated Pb accumulation in two south-central Florida lakes that were highly 

influenced by local agriculture and industry. In contrast to that study, I focused on small, 

closed-basin lakes in a relatively undisturbed area of north Florida to study the recent 

history of trace metal deposition. Although not discussed further in this dissertation, 

mercury is another important trace metal pollutant and has been the subject of many 

studies in Florida (Gottgens et al. 1999). 

One component of my dissertation is an assessment of climate-change effects 

on trace metal cycling in Florida. Most climate-change outcomes in Florida are focused 
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on the impacts of sea level rise. However, in my study, the important aspect of future 

climate change scenarios relates to hydrologic cycling, namely the frequency and 

duration of dry and wet events. The impact of climate change on water resources can 

be characterized by changes in temperature and precipitation.  However, the output of 

most climate models is insufficiently resolved to make accurate predictions of hydrologic 

changes for small regions. In a study examining water resources in south Florida, 

Obeysekera et al. (2010) found that many General Circulation Model (GCMs) do not 

capture the statistical characteristics of regional rainfall because of the large size of grid 

cells. This is further complicated by the uncertainty related to changes in the El Nino-

Southern Oscillation (ENSO), the Atlantic Multidecadal Oscillation (AMO), and the 

Pacific Decadal Oscillation (PDO), all of which affect precipitation on the Florida 

peninsula (Moses et al. 2012). Using precipitation and temperature data across Florida 

from the last century, increasing temperatures are fairly constrained, whereas predicted 

changes with respect to precipitation are highly uncertain (Mulholland et al. 1997; 

Martinez et al. 2012). In Florida, over the last century, there has been a significant 

decreasing trend in precipitation in October and May, and an increasing trend was 

found for the summer wet season (Florida Oceans and Coastal Council 2010; Martinez 

et al. 2012).  Projected increasing temperature will also increase evapotranspiration 

(Mulholland et al. 1997). Although there remains some uncertainty, projections suggest 

there will be increases in storm intensity and clustering in the summer months. This will 

result in extreme hydrographs, with large peaks in flow coupled with lower baseflows 

and longer periods of drought (Mulholland et al. 1997).   
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1.5 Scope of Research 

The research presented in this dissertation addresses the source, transport and 

fate of trace metals in Florida lake sediments. Future management of lake sediment and 

water quality, with respect to metal contamination, will require accurate records of 

previous metal loading and quantification of potential metal mobility. In these studies, I 

estimated background or pre-anthropogenic metal concentrations and quantified historic 

and modern, human-related metal accumulation rates. Although metals are sequestered 

in lake sediments, it is possible that in light of future changes in hydrologic patterns 

resulting from climate change and present day biogeochemical cycling of pollutants, 

these metals may become sources of pollution. This introductory chapter (Chapter 1) 

outlines the importance of studying trace metals and why lake sediments serve as 

effective archives that record temporal and spatial changes in metal accumulation. The 

rest of the dissertation is structured as follows: 

The first study (Chapter 2) investigates the metal accumulation record in three 

rural north Florida lakes, from before 1900 (i.e. effectively pre-anthropogenic metal 

concentrations) to present day. Using 210Pb-dated sediment cores, reference or 

background pre-anthropogenic trace metal concentrations were determined, and 

changing concentrations, through to the present, were quantified. The goals were to 1) 

quantify background or pre-anthropogenic metal concentrations, 2) define local 

reference conditions in atmospheric metal deposition and evaluate changes in metal 

accumulation from 1900 to present, which covers the period of major population growth 

in Florida, and 3) assess inter-lake differences in trace metal histories. Chapter 2 was 

submitted, reviewed, revised, and resubmitted to the Journal of Paleolimnology. 
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Chapters 3 and 4 explore the indirect effects of climate change on metal-laden 

lake sediments. Predictions of future climate change include alteration of hydrologic 

patterns. In Florida, longer wet periods followed by more intense drought periods are 

expected (Martinez et al. 2012). Because of the shallow nature of many Florida lakes 

and their connection to groundwater, this will drastically alter water levels in these lakes. 

Water-level fluctuation is natural and even necessary for the survival of some species. 

Climate-driven changes in the frequency, duration, and severity of water-level 

fluctuations, however, will impair ecosystem functioning (Mulholland et al. 1997; Zohary 

and Ostrovsky 2011) and affect water quality (White et al. 2008; Martinez et al. 2012), 

particularly in shallow lake systems.  

Declining water levels are associated with sediment transport and drying, as well 

as organic matter decomposition, factors that influence the fate of trace metals in the 

sediments. For this study I collected transect samples across two shallow Florida lakes 

in which low water-levels occurred during the extreme 2012 winter-spring dry period. I 

aimed to constrain the distribution of trace metals in exposed lake-bottom sediments 

during the period of historic water-level lows, using total metal concentrations, grain-size 

distribution and sediment lithology. In Chapter 3, I investigated the factors that account 

for the distribution of Pb, Cu, Zn, Ni, Sn, V, Cr, Sc, and Nd concentrations across the 

lake bottoms. Also, I discussed some of the future implications of subaerial sediment 

exposure. In Chapter 4, I focused specifically on Pb and utilized sequential leaching 

techniques and Pb isotopic measurements to further constrain the mechanism for Pb 

distribution in the exposed lake sediments and the source of Pb present in these 

sediments. Results from both studies have environmental management implications.  
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The results of Chapters 3 and 4 demonstrate that changing hydrologic patterns 

can alter sediment and metal distributions in lake basins. This begs the question of how 

these hydrologic changes may affect paleolimnological investigations of trace metal 

accumulation. The work presented in Chapter 5 looks to address this question using 

trace metal measurements from repeat cores collected from two Florida lakes before 

and after water-level fluctuations. Lake Harris was cored in 1999 and 2013 and 

Newnans Lake was cored in 1997 and 2005. Between coring events in each lake, there 

were dramatic decreases in lake stage as a consequence of low rainfall. Metals 

commonly attributed to anthropogenic activities, V, Ni, Cu, Zn, and Pb, and conservative 

elements, Sc and Nd, were measured in 210Pb-dated cores. Metal concentration profiles 

and inventories were compared between the repeat cores to determine the degree of 

similarity. Additionally, radiogenic Pb isotopes were measured to determine potential Pb 

mobility. Using these measurements, I aimed to determine if drying events altered the 

recorded metal deposition in shallow Florida lakes.  Finally, in Chapter 6 I present my 

concluding remarks.  
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CHAPTER 2 
RECENT ACCELERATION OF TRACE METAL DEPOSITION IN THREE FLORIDA 

LAKES 1 

2.1 Introduction  

Anthropogenic activities have affected regional and global trace metal cycling, 

thereby altering biogeochemical cycles and causing environmental deterioration. 

Evidence from South America, Europe, and Asia shows disruption of trace metal cycles 

by early human activities (e.g. smelting), thousands of years ago (Norton and Kahl 

1987; Shotyk et al. 2001; Bindler et al. 2008; Thevenon et al. 2011). Over the last 100-

150 years, however, concentrations and accumulation rates of trace metals in lake and 

estuary sediments have increased dramatically (Graney et al. 1995; Nriagu 1996; Liu et 

al. 2012). Paleolimnological studies have assessed the magnitude and geographic 

extent of recent human mobilization of trace metals and their accumulation in lake 

sediments (Siver and Wozniak 2001; Mahler et al. 2006; Pearson et al. 2010; Bindler et 

al. 2011).  These modern increases are a consequence of localized industrial and land-

use practices, and fallout of globally ubiquitous, metal-laden atmospheric dust. Effective 

future management of trace metal impacts requires understanding local natural sources, 

quantification of pre-anthropogenic baseline conditions, and measurement of 

atmospheric metal deposition in the region.   

Trace metals in the environment come from natural and anthropogenic sources. 

Natural sources include weathering and erosion of local rock (Koinig et al. 2003; 

Outridge et al. 2005) and input from other geologic processes (e.g. volcanic eruptions) 

                                            
This chapter has been accepted with revisions to the Journal of Paleolimnology. Revisions were 
addressed and the article was re-submitted. At the time of submission of this dissertation the article was 
in second review. 
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(Pearson et al. 2010). Anthropogenic sources include activities such as mining, 

manufacturing and waste disposal and land uses such as agriculture (Gelinas and 

Schmit 1998; Davis et al. 2006). Another major source for anthropogenic trace metal 

enrichment is atmospheric fallout from smelting, incineration, coal combustion, and 

vehicle emissions. Airborne particulates can travel long distances before being 

deposited (Wang et al. 2010). Thus, trace metal contamination from atmospheric 

transport is not limited to urban centers or areas near pollution sources, but now 

accounts for pervasive global contamination (VanMetre et al. 2006). Trace metal 

contamination is even detected in remote locations such as Alpine lakes and Antarctic 

glaciers (Santos et al. 2005; Camarero et al. 2009).  

In 2003, Florida had the 4th largest population in the U.S., with 17 million 

inhabitants. In 1900, the state’s population was only ~500,000.  Florida’s population 

grew very rapidly since the 1930s and among states in the U.S., Florida experienced 

the 3rd fastest growth since the mid-1900s, behind only California and Texas 

(Demographia 2013). Florida’s rapid growth rate contributed to large-scale 

environmental impacts. Many lakes in Florida experienced human disturbance in the 

last century, especially with respect to increased nutrient loading (Kratzer and Brezonik 

1981; Riedinger-Whitmore et al. 2005). Few studies, however, have investigated recent 

changes in trace metal delivery to the water bodies, an alternative proxy for 

anthropogenic influence.  Some studies focused on trace metal delivery to estuarine 

environments (Caccia et al. 2003; MacDonald et al. 1996), and the few lakes that have 

been investigated also experienced cultural eutrophication or acidification (Norton et al. 

1992; Karlen et al. 2009), or were studied to evaluate the effects of trace metals on 
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biota (Burger et al. 2000; Heinz et al. 2012). Escobar et al. (2013) investigated Pb 

accumulation in two south-central Florida lakes that were highly influenced by local 

agriculture and industry. In contrast to that study, I selected three small, closed-basin 

lakes in a relatively undisturbed area of north Florida to study the recent history of trace 

metal deposition. Given the relatively undisturbed surroundings and considerable 

distance from major anthropogenic sources, I surmised that these lakes record only 

regional atmospheric metal deposition. The main objectives were to: 1) define local 

reference conditions with respect to trace metal deposition, 2) establish the timing and 

quantify changes in atmospheric trace metal deposition resulting from human activities 

and 3) evaluate inter-basin differences with respect to the trace metal histories.  

Study sites: Lakes Sheelar, Pebble, and Little Johnson are located in Mike 

Roess Gold Head Branch State Park, north-central Florida (Figure 2-1). The park is 

about 8 km NE of the town of Keystone Heights. All three lakes are located in the 

Sandhill Lake District. Lakes in this region are underlain by deep quartz sands and in 

most cases occupy sinkholes formed by the dissolution and collapse of underlying 

limestone. The drainage basins are small and water enters primarily via direct rainfall 

and subsurface inflows. During particularly wet periods, Pebble Lake receives some 

inflow from an ephemeral stream (SFDEP 2010) and Little Johnson receives inflow from 

a small groundwater-derived stream. All three lakes lack outflows. This area is important 

for groundwater recharge and characterized by excessively well-drained Entisols 

(Weatherspoon et al. 1989). Lakes in the region have received much attention because 

of their astatic nature and recent declines in stage. They have not undergone nutrient 

enrichment.  



 

29 

Lake Sheelar (29°50’21”N, 81°57’58”W) is relatively deep (zmax = 21 m) and has 

held water continuously since the end of the last glacial period (Watts and Stuiver 

1980). The watershed is ~69.5 ha and the lake area is ~7.3 ha (SJRWMD 2013a). The 

north shore possesses inflow groundwater seeps that are visible at low lake levels. The 

lake is oligotrophic and has relatively stable water levels compared to many other lakes 

in the area. Recreation at Sheelar is limited to hiking around the lake. 

Pebble Lake (29°49’32” N, 81°57’25”W) is a small, mesotrophic sinkhole lake.  At 

its highest lake stage, the lake area is only ~4 ha. Pebble Lake is the most astatic water 

body in the area, with recorded water level decreases of 93 cm in one month, and a 

nearly 10-m stage range from 1948 to 1956. This high variability is attributed to changes 

in precipitation and artesian pressure, downward leakage (seepage), and perhaps 

excessive groundwater extraction (Deevey 1988; Motz and Heaney 1991).  

Little Lake Johnson (29°49’46”N, 81°57’15”W) is only a few hundred m from 

Pebble Lake and is larger and shallower than the other two lakes. It is oligotrophic to 

mesotrophic, with an average maximum depth and area of 4.5 m and 11 ha, 

respectively. Groundwater-fed Gold Head Branch Stream flows into Little Lake Johnson 

and at high stage the lake connects with larger Lake Johnson. In 1957 a dam was 

constructed to stabilize water levels for recreational activities, but was removed in 2002 

to restore the natural hydrology (Motz and Heaney 1991).  Both Little Lake Johnson and 

Pebble Lake are close to recreational centers in Goldhead Branch State Park.  

Camping, picnic, and parking facilities are only a few hundred m from these water 

bodies and may be local sources of metals to these two lakes.   
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Local bedrock consists of Pleistocene-age Trail Ridge Sands and the Pliocene-

age Cypresshead formation. Both formations consist of several hundred feet of semi-

consolidated marine and non-marine deposits of sand, clay, marl, gravel, limestone, 

dolomite and dolomitic limestone (SFDEP 2010). The Trail Ridge Sand also has 

economically important concentrations of zircon and staurolite, among other titanium 

minerals (Pirkle et al. 1984).  

The study lakes are located in a relatively rural area of north Florida, however 

there are historic and modern sources of atmospherically derived metals nearby.  The 

closest large city is Jacksonville, Florida, which lies ~65 km to the northeast. 

Gainesville, Florida is a smaller city, ~40 km to the southwest. The rail line that 

connected Fernandina, north of Jacksonville, to Cedar Key, on the Gulf Coast, was 

completed in 1860 and passed within 10s of km of these lakes. Another rail line, 

connecting Jacksonville and Orlando (central Florida) was completed ~1900 and also 

passed fairly close to the study area (Florida Memory 2013). Interstate highways I-95 

and I-75 were completed in northern Florida in the 1960s (Historic Florida Mainlines 

2013). A few heavy mineral, sand, and clay mining operations near Goldhead Branch 

State Park began operations as early as 1916 and continue today. The heavy mineral 

mines are wet mills and surficial mining operations that may emit limited dust, consisting 

primarily of sand and titanium-rich minerals (Pirkle et al. 1984). Phosphate mining 

began in northern Florida in the 1880s, however it was relatively short-lived there, and 

soon moved to richer deposits in south-central Florida (Florida Industrial and Phosphate 

Research Institute 2013).  There is a coal-fired power plant ~40 km southeast of the 

lakes that began operating in the mid-1980s and another in Jacksonville that began 
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burning oil in the mid-1960s and coal in 2002.  Although power plants are important 

potential sources of metals, they represent relatively recent potential contributors to the 

trace metal histories of this area. Florida’s earliest coal-fired power plant came online in 

1906 in Tampa.  Wind measurements taken at Lake Sheelar for the past 13 years show 

no dominant wind direction (SJRWMD 2013a), so it is difficult to discern the degree to 

which these sources contributed to fallout in this area.     

2.2 Materials and Methods 

2.2.1 Sample Collection 

I collected sediment cores from deep areas in each of the three lakes. I collected 

an 80-cm core from Lake Sheelar on 31 August 2009 using a sediment-water interface 

corer (Fisher et al. 1992). I collected cores at both Pebble Lake and Little Lake Johnson 

on 29 March 2012.  Both lakes had just gone dry and I obtained cores while standing on 

the lake bottom. A 134.5-cm core was retrieved from Pebble Lake and an 85-cm core 

was taken from Little Lake Johnson. I extruded the Sheelar core vertically and sampled 

at 2-cm intervals. I treated the uppermost sediments in Lakes Pebble and Little Johnson 

similarly, but I sectioned sediments below 30 cm depth in the two cores at 4-cm 

intervals.  

2.2.2 Dry Mass, Organic Matter Content and Bulk Density 

I used acid-cleaned containers and Optima-grade reagents for sample 

preparation and analysis. To determine percent dry mass, I weighed wet samples and 

then re-weighed them after freeze-drying. I ground the dry samples to a fine powder.  I 

estimated percent organic matter for dry samples by loss on ignition (LOI) at 550 °C 

(Håkanson and Jansson 1983). All elements of interest have boiling points >550 °C, so 
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ashing caused no elemental loss. I calculated sediment bulk density (g dry mass cm-3) 

from percent dry mass in wet sediment and the organic/inorganic proportion of dry 

sediment (Binford 1990).   

2.2.3 Geochronology 

I dated cores using 210Pb and measured radioisotope activities (210Pb, 226Ra 

[214Bi], 137Cs) by gamma counting (Appleby et al. 1986) using EG&G Ortec GWL High 

Purity Germanium coaxial well detectors attached to a 4096-channel pulse height 

analyzer (Schelske et al. 1994). Unsupported 210Pb activity was calculated as the 

difference between total 210Pb activity and supported 210Pb (226Ra) activity at each 

depth. Dates were determined using the constant rate of supply (CRS) model (Appleby 

and Oldfield 1978; 1983; Oldfield and Appleby 1984).   

2.2.4 Trace Metal Analysis 

I prepared and digested all samples from the three cores for geochemical 

analysis in a class 1000 clean lab, equipped with class 10 laminar flow hoods, at the 

Department of Geological Sciences, University of Florida.  All reagents used for sample 

preparation were Optima-grade.  About 0.05 g of sediment was weighed, transferred to 

acid-cleaned Teflon vials, and digested with 1 ml concentrated HF and 2 ml 

concentrated HNO3.  The samples were placed in an oven for 48 hours at 90 °C.  The 

vials were opened and the solution was evaporated to dryness on a hot plate.  After 

evaporation, samples were treated with 2 ml of 6 N HCl and vials were capped and 

heated on a hot plate overnight to ensure full dissolution.  The solution was evaporated 

again to dryness.  Five ml of 0.8 N HNO3, with 100 ppm HF spike with 8 ppb Rh and Re, 

were added to the samples to re-dissolve the residue.  A small aliquot of the solution 

was removed and diluted with the same spiked 0.8 N HNO3 for a final dilution of ~2,000x 
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for trace metal analyses (Kamenov et al. 2009). Procedural blank was prepared with the 

samples. Trace element analysis was performed on an Element2 HR-ICP-MS in 

medium resolution with Rh and Re used as internal standards. Quantification of the 

results was done with external calibration using USGS rock standards AGV-1, BIR-1, 

BCR-2. The following elements were analyzed for all samples and standards: Sc, V, Cr, 

Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y, Zr, Nb, Cd, Sn, Sb, Cs, Ba, Hf, Ta, Tl, Pb, Bi, Th and 

U. Analytic recovery was ensured by including subsamples of USGS certified reference 

standard AGV-1, with recovery between 95 and 103%. Precision was measured by 

replicate measurement of 10% of the samples, and was >90% for all elements. Only 

elements well above the detection limit and with satisfactory replicate values were 

included in the interpretation.  Metal concentrations are reported as g/g dry sediment.  

2.2.4 Pb Isotope Analysis 

The remaining sample solution was evaporated to dryness and dissolved in 1 N 

HBr and loaded onto columns packed with Dowex 1X-8 resin to separate Pb.  The 

sample was washed 3x with 1 ml of 1N HBr and the Pb fraction was collected in 1 ml of 

3N HNO3 (Kamenov et al. 2009). I determined Pb isotope composition on a Nu-Plasma 

MC-ICP-MS with Tl normalization following the procedure described in Kamenov et al. 

(2004).  The Pb isotope data are expressed relative to the following values of National 

Bureau of Standards (now National Institute of Standards and Technology) Standard 

Reference Material for native Pb - NBS 981: 206Pb/204Pb = 16.937 (±0.004, 2σ), 

207Pb/204Pb = 15.490 (±0.003, 2σ), and 208Pb/204Pb = 36.695 (±0.009, 2σ). 

2.2.5 Data Treatment 

Trace metal concentrations in bulk dry sediment may vary due to changes in 

metal delivery and shifts in the accumulation of mineral matter. To correct for the 
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variability in mineral sedimentation, I normalized metal concentrations of interest (M) to 

a conservative element (X) that is thought to be unaffected by anthropogenic inputs 

and/or recent disturbance of hydrological processes. I assumed that this conservative 

element represents mineral material originating from local rock or atmospheric soil/rock 

dust. Geochemical normalization is often used to distinguish unenriched, historical 

baseline conditions from those of modern environmental impacts (Wu et al. 2010; Boës 

et al. 2011). Calculated enrichment factors (EFs) reflect the degree of anthropogenic 

atmospheric contribution compared to metals from natural origin. The EF is the 

concentration ratio of a metal (M) to a conservative element (X) in a recent, enriched 

sample, divided by the same ratio in a pre-industrial, i.e. baseline sample, which lacks 

enrichment. 

EF = (M/X)sample / (M/X)baseline       (1-1) 

Often, upper continental crust (UCC) trace metal concentrations are used for 

baseline ratios. This, however, may not reflect local bedrock chemistry accurately and is 

more appropriate for large systems, not small catchments (Reimann and Caritat 2000; 

N'guessan et al. 2009). Another commonly used baseline value is the ratio in regional 

bedrock, however, that has not been well established for this region.  Some studies 

determined the baseline or natural background using ratio values from the base of the 

core, however this requires cores that extend well beyond the period of human 

influence.  Bindler et al. (2011) argued that background concentrations in Europe are 

found in deposits >3,000 years old.  Given the recent development in Florida, I 

established the average baseline concentration for each core using unenriched, pre-

1900 conditions, as discussed below.  
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2.3 Results 

2.3.1 210Pb Chronology 

In all three cores, 210Pb and 226Ra activity profiles showed relatively consistent 

decreases in unsupported 210Pb activity with depth, suggesting that the CRS modeled 

dates are reliable. There was low unsupported 210Pb activity at a depth of 14-16 cm in 

the Little Lake Johnson core, and the 12 cm depth was assigned the 

supported/unsupported 210Pb boundary. Age-depth relations are shown in Figure 2-2. 

2.3.2 Physical Properties of the Sediment Cores 

Percent organic matter (LOI 550 °C) differed among the cores from the three 

lakes (Figure 2-3).  In Sheelar sediments, OM content was fairly constant, with an 

average of 24%.  Organic matter in the Pebble core averaged 20% from 4 to 58 cm 

depth, but below that OM increased to 80% in the peaty, organic-rich sediments formed 

the base of the core. Percent OM in the Little Lake Johnson core averaged 48% in the 

top 26 cm, but declined down-core to only 2%, with the base of this core largely 

composed of sand.   

2.3.3 Sediment Geochemistry 

Table 2-1 lists the mean concentration, standard deviation, and maximum value 

for Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y, Zr, Nb, Cd, Sn, Sb, Cs, Ba, Hf, Ta, Tl, 

Pb, Bi, Th and U in modern (~1900 to present) sediments, and the mean and standard 

deviation for those elements in baseline intervals (pre-1900, unenriched deposits) of the 

Sheelar, Pebble, and Little Johnson cores. Baseline values are considered to be largely 

unaffected by anthropogenic influence. Metal variability is discussed from the core 
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bottom to the sediment surface and metals with similar stratigraphic profiles were 

grouped to display major trends.  Complete data are in Appendix A Table A-1. 

2.3.3.1 Lake Sheelar sediment core 

Based on obtained results, metals were subdivided in 3 groups based on 

concentration trends. The first group of metals, group 1, included V, Cr, Ni, Cu, Zn, Sn, 

Sb, Pb and Bi (Figure 2-4).  These metals maintained relatively constant concentrations 

from the core bottom, but displayed increased concentrations between the 48-46 cm 

and 26-24 cm intervals.  Many of these metals increased steadily to the core top.  Pb 

increased and peaked in the 12-10 cm interval, then decreased slightly at the top of the 

core.  Zn concentrations increased gradually towards the core top with an extreme 

increase in the surface sample.  Group 2 metals included Co, Ga, Ge, Zr, Nb, Cd, Hf, 

and U. These metals displayed little variability in concentration over the whole length of 

the core.  Ga, Zr, Nb, Hf, U, however, show slight variability and trend together.  Group 

3 metals included Sc, Rb, Sr, Y, Cs, Ba, Ta, Tl, and Th.  They showed variable 

concentrations throughout the core and generally trended together.    

2.3.3.2 Pebble Lake sediment core 

Metal concentrations recorded in the Pebble Lake core were also divided into 

three groups.  Group 1 consisted of V, Cr, Co, Ni, Ga, Zr, Nb, Sn, Sb, Sc, Hf, Ta, Tl, Pb, 

Bi, and U (Figure 2-5).  Many of these elements exhibited their lowest concentrations at 

the base of the core and increased gradually to higher concentrations ~66 cm depth, but 

remained relatively constant from 62-58 cm to the 16-14 cm interval.  At 16-14 cm the 

concentrations increased, then peaked between 10 and 6 cm depth, and decreased 

slightly at the core surface. Group 2 elements included Cu, Zn, Cd, and Sb. They 
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showed a pattern slightly different at the base and surface than did Group 1 trace 

metals. Concentrations for group 2 were relatively high and then decreased to relatively 

low and constant values from the 62 to 14 cm and then increased again toward the core 

top. Group 3 elements included Y, Rb, Th, Cs, Sc, Sr, Ba and showed relatively variable 

concentrations, varying as much as two-fold in concentration from one sample depth to 

the next, but generally trended together. Concentrations were relatively low at the base 

of the core and peaked at 66-64 cm and again at 6-4 cm.  

2.3.3.3 Little Lake Johnson sediment core 

I divided trace metal concentrations in the Little Johnson sediment core into two 

main groups.  Group 1 metals, comprising most of the measured elements, displayed 

low and fairly constant concentrations in the lower part of the core, 54 to 34 cm, and 

increased above that depth.  The rate of change of concentration differs among the 

elements, many of which exhibit the steepest increase and peak concentrations in the 

top 10 cm.  Elements in Group 1 included V, Cr, Co, Ni, Cu, Ga, Rb, Sr, Y, Zr, Nb, Cd, 

Sn, Sb, Cs, Ba, Hf, Tl, Pb, Bi, Th and U (Figure 2-6). Group 2 elements Sc, Zn, Ge, and 

Ta displayed fairly constant concentrations throughout most of the sediment core, but 

increased from 8 cm to the core top.  

2.3.4 Normalization and Enrichment Factors (EFs) of Trace Metals 

Normalization and calculation of EFs required that a conservative element be 

chosen.  This element must reflect geogenic sources, have no anthropogenic source, 

and be unaltered by post-depositional biogeochemical processes. Sources of these 

elements can include weathering of local lithology or longer-range transport of other 

mineral soil dust.   Commonly used conservative elements include Al (Tylmann 2005), 
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Sc (Shotyk et al. 2002; Weiss et al. 1999) and Ti or Zr (Koinig et al. 2003).  I selected 

Sc for both normalization and EF calculations, because the concentrations were fairly 

constant over the lengths of the cores compared to the highly variable concentrations of 

Zr, the latter a possible consequence of the “nugget effect” (i.e. the presence/absence 

of zircons in a sample from a given interval). The area is mined for heavy, Zr-rich 

minerals, so it was not surprising to find Zr in the lake sediments. Use of Zr for 

normalization, however, yields high variability in the record that obscures the changes in 

concentrations of other metals. For this reason, I selected Sc for normalization.  

In the Sheelar core, Sc-normalized values exhibited similar trends to non-

normalized profiles, and Zn, Sn, Sb, Pb, and Bi still exhibited enrichment towards the 

top of the core.  In the Pebble core, Sc-normalization removed some of the variability 

seen in many elements, especially those in Group 3 (Y, Rb, Th, Cs, Sr, Ba). Normalized 

metals V, Cr, Ni, Cu Ba, Zn, Sr, and Cd, had relatively high, in some cases highest 

values, at the base of the core, then decreased and remained relatively constant toward 

the core top.  I observed enrichment of Cr, Zn, Sn, Sb, Bi, and Pb towards the top of the 

core. Only Nb, Th, and Ta concentrations were relatively constant throughout the core. 

In the core from Little Lake Johnson, Sc-normalization eliminated the increasing trends 

from ~38 cm to the core top seen for most elements.  Sc-normalized metal values 

increased from the 34 to 22 cm, however most remained relatively constant for the 

remainder of the core. Values of Zn, Sn, and Pb increased from 10 cm depth to the top 

of the core. Complete data can be found in Appendix A Table A-3.  

Enrichment factors (EFs) were calculated to determine the degree of 

anthropogenic contribution of metals. The calculations required defining the baseline 
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concentration.  For this study, baseline metal concentrations were defined as 

concentrations in sample intervals that pre-date metal enrichment, i.e. before 1900.  

Development in Florida began in earnest after 1900 and population growth, along with 

industry, saw rapid growth only after the 1930s. Given the limits of 210Pb dating, I cannot 

pinpoint a common pre-1900 age in each core. I thus defined a unique baseline metal 

concentration for each core.  Establishing baseline conditions in the Sheelar core was 

fairly straightforward because the relatively low metal concentrations were quite 

constant below 46 cm depth (Figure 2-4). Element concentrations were averaged for 

intervals from 46 cm depth to the base of the core.  Baseline concentrations in the 

Pebble and Little Lake Johnson cores were determined differently because metal 

concentrations in these cores did not reach an asymptotic value at depth.  Both cores 

exhibited large changes in lithology, with deep sediments becoming more organic in 

Pebble Lake and more quartz-rich in Little Lake Johnson.  These changes in lithology 

may dilute or concentrate metals.  The sediment character change was accompanied by 

changes in metal trends, so my conservative approach was to compare modern metal 

concentrations to values in deep sediments of similar character to the modern (post-

1900) sediment. Baseline metal concentrations were determined as averages of values 

at depths that pre-date anthropogenic influence, i.e. before 1900, but are above depths 

at which there was significant change in sediment physical properties. Baseline 

concentrations were defined as the mean metal concentrations for the interval of 58-24 

cm in the Pebble core and 26-10 cm in the Little Lake Johnson core, the shaded regions 

in Figures 2-5 and 2-6.  Although these baselines may include sediment deposited in 

the 19th century, relatively late development in Florida compared with other areas of the 
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United States, suggests that anthropogenic influence on local or regional metal 

deposition was minimal at that time.  Furthermore, this conservative approach accounts 

for Florida pre-development concentrations and variability in watershed lithology that 

affects metal concentrations. The baseline means for most elements are comparable 

among the three lakes, with most variability likely a consequence of in-lake 

characteristics. 

Stratigraphic trends in trace metal EFs (Figure 2-7; Appendix A Table A-2) were 

different from trends exhibited by concentrations.  An EF<1.5 reflects natural variability 

of sample mineralogical composition (N'guessan et al. 2009), whereas an EF>1.5 can 

be interpreted as reflecting enrichment. In the Lake Sheelar core, metals that have peak 

EFs ≥1.5 are Zn, Sn, Pb, Bi and Sb. EFs in the Pebble core show strongest 

enrichments in Zn, Pb, Sn, and Cd, followed by Sb and Cu. In the Little Lake Johnson 

core, EFs exhibited greatest enrichment in Pb, Sn, Bi, Zn, and V.  

2.4 Discussion 

2.4.1 Pre-Anthropogenic Trace Metal Delivery  

Despite my inability to determine accurately the pre-anthropogenic time period in 

each of the cores, the 210Pb dates, along with historical information on development in 

Florida, enabled me to estimate trace metal concentrations in sediments that pre-date 

local human disturbance of trace metal cycles.  In the Sheelar core, pre-anthropogenic 

deposits are below 46 cm depth, in the Pebble core, below 24 cm, and in the Little 

Johnson core, below 12 cm. The baseline means (Table 1) are similar among the lakes 

and slight differences reflect variability in the relative contribution of erosional material 

and atmospheric inputs to the basins.  Pre-anthropogenic trace metal delivery sources 
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include erosion and atmospheric dust, from local or more distant sources.  All three 

lakes lie in similar geologic terrain of the Trail Ridge and Cypresshead Formations and 

as a consequence of their small catchment size, local erosion is limited to these 

sources.  

The influence of morphology and hydrology on recorded metal trends was also 

evident from these sediment lake records. In the Pebble Lake core, the change in 

sediment character from peaty, 80% organic matter at the base of the core, to ~20% 

OM from 54 cm to the top of the core (Figure 2-2), suggested that the lake was 

historically a shallow-water, marsh system and over time became a true lake, receiving 

more mineral material from local weathering processes. The mineral component of 

ombrotrophic peat bogs or marshes comes primarily from atmospheric dust, with little to 

no input from local soil erosion (Shotyk et al. 2002). By contrast, lakes receive more 

geogenic material from local erosion.  In this core, Zn, Cu, Cd, and Sb exhibited the 

highest concentrations at the base of the core and decreased to 66 cm (Figure 2-5).  

Using trace metals recorded in a peat core, Shotyk et al. (2002) argued that enrichment 

in these elements reflects increased supply of airborne dust or the fine fraction of 

weathered rock to the bog. At the time when Pebble was a shallow, marshy 

environment, there was little to no supply of locally sourced, coarse heavy minerals. 

Instead, mostly fine dust particulates, enriched in Cu, Zn, Cd, and Sb, were delivered to 

the basin. Sc-normalization removes the effects of variable bulk density and/or changes 

in the amount of mineral matter. The Sc-normalized Zn, Sr, V, Cu, Ni, Cd, and Sb 

values were high at the base of the core and decreased toward the sediment surface, 

suggesting that the dust was enriched in these elements compared to the local 
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geogenic sediments that later infilled Pebble Lake (Figure 2-8). This can be compared 

to the Zr/Sc trend, which is relatively constant above a depth of 114 cm. Zr and Sc are 

both thought to be abundant in the local sediments. The transition of Pebble Lake from 

a marsh system to a lake is supported by the shifts in Sc and Zr concentrations, as 

these metals are geogenically sourced and conservative during weathering. Zr, 

especially, is expected to be highly elevated in the heavy fraction of local sands due to 

the presence of zircons (Pirkle et al. 1984). The steep increase in Zr, nearly five times 

the concentration at the base and double the concentration in Lake Sheelar, and the 

increases in many of the other metal concentrations from the base of the core to the 66-

64 cm interval, suggest increasing heavy mineral delivery to the lake over that time 

period. Stream input to Pebble Lake during high stands, as well as highly astatic water 

levels may be mechanisms for increased sediment delivery.  Throughout the middle of 

the core and the transition to a lake system, Sc-normalized values of Zn, Sr, V, Cu, Ni, 

Cd, and Sb decreased and leveled out, possibly a consequence of dilution by increased 

input of coarser-grained, locally sourced geogenic sediment, rather than decreasing 

dust deposition.  Concentrations of metals such as Zr, Sc, Sn, Ta, U and Th increase 

from the base of the core to 50 cm depth.  These metals are most likely from local 

geogenic sources.  

In Sheelar, metal concentrations were relatively constant over the time period 

recorded by the core and suggest a relatively invariable lithology and mechanism of 

sediment delivery.  This is supported by Sc-normalization that only slightly smoothed 

individual metal variability, but did not alter up-core trends (Figure 2-8). As mentioned, 

Lake Sheelar is relatively deep, with water supplied by groundwater and precipitation. 
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Its lack of overland inflow and relatively stable water levels may limit delivery of locally 

sourced mineral material, compared to Pebble Lake.  I assume that the dust that 

supplied material to the Pebble wetland, and continues to enter the lake, also entered 

Lake Sheelar.  Much of the mineral component of Sheelar was probably sourced from 

atmospheric dust, having only changed in the recent past as a consequence of 

anthropogenic influence.  These early elemental concentrations represent reference 

atmospheric metal concentrations for this region.  

Similar to Pebble, the metal concentrations in the Little Lake Johnson core co-

vary with sediment composition.  In the Little Johnson core, trace metal concentrations 

increase from the 38-34 cm interval to the core surface. Sc-normalization, however, 

constrains this increase to only 38 to 24 cm, whereas values remain constant to the 

anthropogenically-influenced portion (Figures 2-6 and 2-8). The Sc-normalized metal 

profiles were similar to the pattern exhibited by the OM percentage, which changed from 

<10% below 38 cm, to ~50% from 38 cm to 24 cm, and remained at 50% to the core 

surface. This transition represents the inception of this lake and consequent increased 

organic matter production.  Little Johnson has an overland input stream during high 

stands that may be a mechanism for water and sediment delivery.  Sheelar and Pebble 

have small catchments with steep banks, creating relatively deep lake basins compared 

with shallow, pan-shaped basin of Little Johnson.  This arguably could limit sediment 

distribution, however changing water levels most likely increased sediment delivery to 

the lake basin.  This is supported by the Sc-normalized Zr, known to be concentrated in 

local sediments, that was relatively constant at the base of the core, and increased over 

the infilling of the lake, and remained relatively constant once the lake was established 
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(Figure 2-8). There does seem to be a slight signature of atmospheric dust in the early 

Little Johnson sediments, but it was diluted by quartz mineral sediment.  At the base of 

the core, Sc-normalized Zn values were relatively high (similar to anthropogenically 

influenced values) and decreased as the other metal values increased.  This is 

consistent with higher Zn values in the other lakes, hypothesized to be from Zn-enriched 

atmospheric dust deposition.   

2.4.2 Anthropogenic Trace Metal Delivery and Timing 

The trace metal trends from each study lake contain evidence of anthropogenic 

influence.  In the Sheelar core, V, Ni, Cu, Zn, Sn, Sb, Bi and Pb concentrations 

increased in the upper section of the core and peak at or near the surface.  In Pebble 

Lake and Little Lake Johnson cores, Sc normalization and EFs reduced up-core 

increases in concentrations of most metals, but showed enrichment in Cr, Zn, Sn, Cd, 

Sb, Bi, and Pb in Pebble and Pb, Sn, V, Zn, Bi, Cd, and Sb in Little Johnson (Figure 2-7 

and Figure 2-8).  All metals that showed enrichment may be attributed to anthropogenic 

activities, commonly as products of fossil fuel combustion (Nriagu and Pacyna 1988; 

Kamenov et al. 2009).  V, Zn, Pb, Sn, Cd, Sb, and Bi are all relatively volatile (Toutain et 

al. 2003) and readily enter the atmosphere during combustion.  Copper and Ni are 

slightly less volatile and therefore less readily transported in the atmosphere, perhaps 

explaining their lower degree of enrichment. Coal combustion releases a number of 

metals, including those enriched in these sediments, but in a recent study it was 

significantly correlated with Sn and Sb (Landing et al. 2010). The increase in Sn and Sb 

~1900 may be associated with coal-powered rail lines or regional coal-fired power 

plants. 
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In all three lake cores, the onset of increasing concentrations and EFs for all 

anthropogenically influenced metals occurred slightly before 1900.  This is in agreement 

with findings at Blue Cypress Marsh, east-central Florida (Kamenov et al. 2009) and in 

17 New England lakes, which showed that the first major increase in metals derived 

largely from atmospheric pollutants (Pb, Zn, Cu, V) occurred between 1870 and 1930 

(Davis et al. 2006). Lacking good age constraints on sediments deposited before ~1900, 

I suggest that anthropogenic influence on the flux of these metals coincided with the 

onset of the major human activities in Florida, beginning in the late 19th century and 

continuing to present.  The state experienced rapid population growth after 1930, 

followed by increased electrical production in the 1940s.  Increasing concentrations of 

trace metals toward the tops of the cores are consistent with these activities. 

2.4.3 Metal Inventories and Accumulation Rates 

I hypothesized that because of the close proximity of these lakes to each other, 

they should display similar anthropogenic metal accumulation if the metals were 

sourced only from atmospheric fallout.  To test this, I calculated inventories for metals 

attributable to anthropogenic activities.  Only sediment intervals from ~1900, or the 

oldest 210Pb date, were used, representing ~110 years of metal accumulation.  Baseline, 

mean concentrations (Table 2-1) were subtracted from the metal concentrations for 

these intervals, to remove the contribution from pre-disturbance inputs and control for 

natural, inter-lake variability.  The resulting concentrations (μg/g) were multiplied by bulk 

density (g dry/cm3 wet) and the interval length (2 cm) for each interval, and values 

extending back to ~1900 were then summed to yield the integrated value in μg/cm2 for 

the last ~110 years (Table 2-2).  I found an order-of-magnitude difference in sediment 
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bulk densities, a consequence of lower percent dry mass in Sheelar compared to 

sediments in Pebble and Little Johnson. The inventories of metal accumulation in Lakes 

Pebble and Little Johnson are comparable, but higher than the inventories for Lake 

Sheelar.  Natural system variability could account for these discrepancies. For instance, 

Norton et al. (1992) measured up to 20% variation in Pb accumulation rates in multiple 

cores from a single lake in New York State, noting variability in sediment character, e.g. 

amount of clay or organic matter.   

Individual watershed characteristics, such as catchment size, slope, soil type, 

faunal density and type, may also play a role in metal accumulation. During storms and 

other erosional events, soils and associated metals are moved into the lake from the 

catchment (Blake et al. 2003; Landre et al. 2010). I speculate that sediment focusing, 

given the contrasting morphometries of the basins, might be responsible for the 

differences in metal inventories. But the inventory for atmospherically derived 210Pb was 

comparable among the three lakes (Table 2-2) and similar to the global average of 39.3 

dpm/cm2 (Appleby and Oldfield 1983), suggesting that sediment focusing could not 

account for differences in metal inventories between Sheelar and the other two lakes.   

Another possibility for the discrepancies among metal inventories is the extreme 

water fluctuations experienced by Lakes Little Johnson and Pebble. Drying and wetting, 

even of littoral sediments, could arguably alter metal delivery and accumulation at the 

lake center, or the ability of the sediments to preserve a continuous, unaltered record.  

Both of these lakes have surface inflows that potentially carry local geogenic material to 

the lake, along with metals that were atmospherically deposited in the watershed. If 
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these processes had a significant effect on metal accumulations, however, I would 

expect to see large inter-lake discrepancies in the 210Pb inventories, but I do not.  

Water-level fluctuations could potentially change redox conditions of the 

sediments, which in turn could alter element mobility in the sediments and pore waters 

and cause redistribution of the metals. The onset of increasing metal accumulation 

~1900, and subsequent increases, especially in Pb, however, suggest that sediments of 

all three basins have preserved an accurate record of metal deposition.  Additionally, 

similar EFs for most of the metals across the three lakes suggest that the lakes have 

experienced similar changes in fluxes.   

Alternatively, the higher metal inventories in Lakes Pebble and Little Johnson 

suggest the possibility of a local metal source for those lakes.  Both lakes are very close 

to the recreational facilities in the park. A large parking lot, camping sites and picnic 

areas are within a few hundred m of both lakes. Because the lakes are in a state park, 

far from urban and industrial activities, a strictly atmospheric source for metals was 

assumed. The large metal inventories in these two lakes, however, suggest an 

additional input from local anthropogenic sources, only revealed because I had a 

sediment core from more remote Lake Sheelar. This suggests that Lake Sheelar 

provides a more accurate record of atmospheric trace metal deposition in this region. 

I calculated the total amounts of metals that had accumulated in the sediments of 

each lake since ~1900.  I also examined the accumulation rates of metals in each lake 

over two time intervals.  Because of the limited number of samples in the Pebble and 

Little Johnson cores, I calculated the average mass accumulation rate from ~1900 to 

1970 and from 1970 to 2009 (Sheelar) or 2012 (Pebble and Little Johnson) (Table 2-2). 
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Distinguishing these two time periods enabled us to examine changes in accumulation 

rate over the past century as population grew and development expanded in Florida.  

Not surprisingly, accumulation rates for metals in Pebble and Little Johnson were 

greater than those calculated for Lake Sheelar, over the two time periods. Average 

metal accumulation rates for the period up to 1970, however, were more comparable 

among the lakes than rates since that date. This suggests that all three lakes received 

comparable metal inputs through the first two-thirds of the century, but as localized 

recreational activity around Pebble and Little Johnson increased, so too did metal 

accumulation in those two lakes.  Even though the rates for the later part of the 20th 

century are generally twice those for earlier times, they fall within the range of urban 

and reference lake sediments from across the United States (Mahler et al. 2006).   

2.4.4 Anthropogenic Pb Concentration and Pb Isotopes 

Natural sources, in-lake processes and post-depositional physico-chemical 

transformations of metals must be considered to constrain anthropogenically sourced 

deposition (Outridge et al. 2005; Augustsson et al. 2010). Such processes can include 

redox-related concentration gradients, precipitation and co-precipitation, cation 

exchange, and adsorption to organic matter and/or Fe and Mn oxides (Sigg et al. 1987; 

Tessier et al. 1996; Boyle 2001a; Pearson et al. 2010) as well as incorporation by plants 

and bioaccumulation in consumers (Anicić et al. 2011; Hargreaves et al. 2011). 

Because lead is relatively immobile after sedimentation, it is not significantly influenced 

by post-depositional processes, and is thus an ideal pollution indicator (Ault et al. 1970).  

Additionally, Pb has four stable isotopes (204Pb, 206Pb, 207Pb, 208Pb) that can be utilized 

to fingerprint Pb sources (Shirahata et al. 1980; Gallon et al. 2005; Escobar et al. 2013).     
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In all three lakes there was evidence of anthropogenic influence on Pb 

accumulation. The initiation of increasing Pb concentrations occurred before ~1900.  

This early increase was probably from burning of fossil fuels and smelting, and later 

increments probably came from gasoline additives, with the use of tetraethyl lead and 

tetramethyl lead commencing ca. 1923 (Norton et al. 1992; Davis et al. 2006). Initiation 

of accelerated Pb accumulation occurred between 1800 and 1850 in New England and 

about 1900 in Florida (Norton et al. 1992). I could not constrain sediment ages before 

~1900, but the increase in Pb deposition began somewhat earlier than 1900 in Florida 

(Kamenov et al. 2009). 

In all cores, peak Pb concentration occurred below the surface, at 10-12 cm 

depth in Lake Sheelar and 4-6 cm depth in both Pebble and Little Johnson, and 

coincides with sediments deposited ~1975 (+/-5) (2-9). Similarly, in Blue Cypress Marsh 

(Kamenov et al. 2009) and Little Lake Jackson, southern Florida (Escobar et al. 2013), 

Pb concentration peaked in the 1970s (Figure 2-9). The Sc-normalized Pb 

concentrations from the lake sediments in this study do exhibit slight decreases in 

concentration at the surface (Figure 2-8). This subsurface concentration peak, with 

slight declines at the surface, is common in Pb studies in the USA, with higher Pb 

concentrations in the 1970s than the 1990s or later.  In Connecticut lakes, peak Pb 

concentrations occurred from 1971 to 1990 (Siver and Wozniak 2001). Similarly, peak 

Pb concentrations occurred in the Great Lakes during the early 1970s (Graney et al. 

1995). Overall, peak sediment Pb concentrations coincide with peak leaded gasoline 

use. Subsequent concentration declines are associated with regulations that removed 

this additive (Shen and Boyle 1987).  In some Florida lake cores, peak Pb 
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concentrations range from 57 to 70 g/g and are within the range measured in other 

lightly impacted lakes (Mahler et al. 2006). Peak values in cores from these three study 

lakes were low compared to concentrations in other Florida lake cores, perhaps a 

consequence of the relatively remote location of this study and the proximity of high-

impact land uses in the other studies (Escobar et al. 2013; Sweets et al. 1990). 

A shift in Pb isotopes from non-radiogenic before 1960 to more radiogenic after 

1960 was identified in a number of studies (Figure 2-8, Appendix A Table A-3), and 

signified the appearance of a new source of anthropogenic Pb.  The shift was attributed 

to the transition from relatively non-radiogenic Pb from Idaho ore deposits to more 

radiogenic Pb from Mississippi Valley Type (MVT) (Graney et al. 1995; Kamenov et al. 

2009).  Use of MVT ore began in the 1960s and increased through to the 1980s, as 

reflected by higher radiogenic values.  This shift was identified elsewhere in Florida, at 

Little Lake Jackson and Little Lake Bonnet (Escobar et al. 2013) and Blue Cypress 

Marsh (Kamenov et al. 2009) (Figure 2-8).  The shift is also synchronous with a Pb 

isotope record for mean atmospheric Pb deposition over the Caribbean (Desefant et al. 

2006). In sediments from Lake Sheelar, this same shift is seen in 206Pb/207Pb and 

supports the conclusion that the lead deposited at the study site is influenced by the 

anthropogenic use of lead additive in gasoline. The return of 207Pb/204Pb to pre-

anthropogenic values in the topmost intervals reflects the phasing out of leaded 

gasoline, however the 208Pb/204Pb has a distinct value at the core surface, indicating 

continued presence of anthropogenic Pb at this location. Total Pb concentrations 

support this interpretation, as they decreased only slightly at the top of the core, but are 

elevated relative to background levels. 
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The 206Pb/207Pb values in the Little Lake Johnson core are fairly constant from 

1900 to present, and in Pebble Lake there is only a very slight shift to higher values in 

the 1970s.  This could be a result of post-depositional Pb mobilization or sediment 

mixing. However, neither of these two possibilities is supported by the 210Pb data. 

Another explanation is that because of low sampling resolution the sampled intervals 

failed to capture the shift in isotopic ratios.  Both Little Lake Johnson and Pebble have 

samples that fall above and below the large isotope shift from 1960 to 1980 (Figure 2-9) 

and the samples that bound that shift fall within the appropriate range for the 206Pb/207Pb 

value for these dates. In Little Johnson there is a slight shift towards lower 

anthropogenic values ~1940, and in both lakes values increase below 1900, evidence 

against sediment mixing in this lake. Additionally, in both lakes, the Sc-normalized Pb 

concentrations display increasing trends through the 1970s and decreases in the 

surface sediments, arguing that these sediments were not mobilized since deposition.   

2.4.5 Anthropogenic Zn 

Zinc in atmospheric dust is often associated with fossil fuel combustion, but is 

also associated with vehicle tires, brake pads, and engine oil additives (Zn 

dialkyldithiophosphate) (Mckenzie et al. 2009; Fujiwara et al. 2011).  The Zn 

concentrations in the Sheelar and Pebble cores increased dramatically in the surface 

sample and EFs were 6.8 and 3.5, respectively, more than double the underlying 

interval.  This drastic increase in surficial Zn concentrations was also measured in a 

peat core from Blue Cypress Marsh, Florida (Kamenov et al. 2009). Commonly with Zn 

increases, one might expect to see increases in other metals associated with vehicle 

emissions (Cu, Mn, Mo, Ni, Pb, and Sb).  However, in a study by Kreider et al. (2010), 
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the physical and chemical properties of particles generated from the interaction between 

tires and road surfaces were examined and results showed Zn concentrations ranging 

from 3,000-9,000 ppm, two orders of magnitude greater than other trace metals. This 

suggests that the drastic increases could be attributable to anthropogenic activities.   

Another hypothesis is that the Zn in surface samples may have also been 

influenced by diagenesis and metal mobility. The sediment-water interface is dynamic, 

with chemical and biological activity.  Metals often accumulate to relatively high 

concentrations in topmost sediments, and compared to the water column, have a long 

residence time to undergo reactions (Zhang et al. 1995). Zinc and other chemically 

similar metals such as Cd, Pb, and Cu, have high affinity for humic and fulvic acids and 

Fe- and Mn-oxides (Carignan and Tessier 1985; Bilali et al. 2002).  Previous studies 

investigated elevated Zn concentrations at the anoxic/oxic sediment-water interface and 

attributed it to redox reactions.  Under reducing conditions, Zn, one of the most mobile 

heavy metals, is mobilized from decomposing biological material and dissolution of 

oxides. In pore waters, metals diffuse through the sediment and precipitation is 

controlled by pH and the presence of stable sulfide minerals (Carignan and Tessier 

1985; Norton and Kahl 1987;  Hamilton-Taylor et al. 1995 and 1996; Drever 1997). The 

sulfur concentration in these lakes is relatively low, averaging 0.25%.  Calmano et al. 

(1993) found that the proportion of Zn, compared to Cu, Cd, and Pb, is lower in the 

sulfidic fraction of sediment and that Zn has the weakest binding stability, because of 

competitive adsorption onto surface sites by other metals (Hamilton-Taylor et al. 1997). 

Additionally, Calmano et al. (1993) found that after repeated anoxic and oxic cycling, the 

proportion of Zn in the sulfide fraction decreases, but increases in the more easily 
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reducible fractions, such as metal oxides. During reducing conditions, Zn will 

preferentially go into the pore waters that diffuse upwards, thereby increasing the Zn 

concentrations in the surface sediment.  

Ultimately I must question whether these sediment cores provided trace metal 

accumulation records that accurately reflect atmospheric trace metal deposition to the 

study lakes.  Other studies documented metal migration within sediments, suggesting 

that metal profiles do not necessarily reflect metal deposition (Augustsson et al. 2010; 

Pearson et al. 2010).  In contrast, it has been argued that if there is metal migration at 

the sediment-water interface, it does not significantly influence the long-term sediment 

concentration record (Boyle 2001a, 2001b; Sakata 1985).  Although it seems that Zn 

concentrations in the sediment cores did not accurately reflect metal deposition at the 

sediment surface, the onset of enrichment in all the lakes, pre-1900, was consistent with 

the onset of industrialization in Florida, suggesting the trends reflect true metal 

deposition rates.  The Pb concentration isotope records, which correspond well with the 

timing of leaded gasoline use, also indicated that these sediment records of trace metal 

accumulation accurately reflect trace metal deposition to the study lakes.  

2.5 Conclusions 

Trace metal profiles in sediment cores from three north Florida Lakes provided 

information on local erosion and deposition, regional atmospheric trace metal 

deposition, and anthropogenic influence on trace metal accumulation.  At the base of 

the cores, metal concentrations were controlled by sediment source and lake 

morphology.  Natural sources of metals to these lakes include the local geology and 

atmospherically transported dust. Many metals do not show enrichment from the bottom 
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to the top of the cores (Sc, Li, Co, Ga, Ge Cs, Ba, Hf, Ta, Th, and U), indicating that 

they were not influenced by human activities.  Metals including V, Cr, Ni, Cu, Zn, Sn, 

Sb, Bi, Pb show increased up-core enrichment beginning ~1900, as a consequence of 

anthropogenic activities. Increases in metal concentrations were a consequence of 

deposition of atmospheric dust containing high metal concentrations and coincide with 

population growth and development in Florida.  One known source of these metals is 

fossil fuel combustion, recorded by Pb concentrations and isotope records.  Lead 

profiles in the sediments reflect the increased use and later prohibition of Pb additives in 

gasoline, with peak concentrations in the mid-1970s and declines by the 1990s.  Pb 

concentrations in the study lakes were similar to concentrations measured in lightly 

impacted lakes elsewhere in the United States. Even though these lakes are in very 

close proximity to one another and are located in a relatively rural environment, 

localized anthropogenic activities may have resulted in increased metal delivery to two 

of the lakes, Little Johnson and Pebble.  I suggest that more isolated Lake Sheelar may 

better reflect modern reference metal accumulations for this area. Trace metals 

measured in lake sediment cores from this remote location of north Florida, USA, 

provide records of; 1) the supply of pre-anthropogenic metals, a baseline reference for 

this location, and 2) a record of modern metal accumulation governed by 

anthropogenically influenced atmospheric dust deposition.
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Figure 2-1. Map of Florida showing the location (star) of Mike Roess Gold Head Branch 
State Park.  The detailed map indicates the park boundary (solid line), 
locations of Lakes Sheelar, Pebble, and Little Johnson, and roads (dashed 
line) 
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Figure 2-2. Sediment depth (cm) versus 210Pb dates (solid lines) and sediment 

accumulation rate (g cm-2 yr-1) versus 210Pb dates (dashed lines) for the Lake 
Sheelar, Pebble Lake, and Little Lake Johnson cores.  Error bars are 2σ error 
on age calculations  

  

Date 
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Figure 2-3. Percent organic matter versus depth in sediment cores from Lake Sheelar, 

Pebble Lake, Little Lake Johnson 
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    Sc V Cr Co Ni Cu Zn Ga Ge Rb Sr Y Zr 

Lake Sheelar              

Modern mean* 2.94 16.5 24.5 2.21 11.2 9.69 24.7 7.32 0.87 4.20 29.1 5.19 60.1 

Modern S.D. 0.28 0.58 1.16 0.09 0.87 1.14 24.1 0.74 0.14 1.40 3.84 1.31 3.10 

Modern max 3.46 17.5 26.9 2.37 12.8 12.0 118 8.94 1.09 6.27 35.7 6.64 65.0 

Baseline mean^ 2.43 15.1 20.1 2.14 8.85 8.43 14.3 5.78 1.00 2.55 26.9 3.72 49.5 

Reference S.D. 0.27     0.61 1.44 0.12 0.50 0.26 0.20 0.60 0.11 0.73 3.75 1.35 4.52 

               

Pebble Lake              

Modern mean 2.65 20.3 27.2 1.96 13.8 12.4 33.2 10.8 1.18 7.28 32.6 7.31 82.4 

Modern S.D. 0.84 5.12 6.56 0.29 3.13 3.26 18.3 2.94 0.14 4.03 9.31 2.18 8.44 

Modern max 3.72 28.2 36.4 2.35 17.9 20.1 77.7 15.1 1.39 12.2 43.5 9.63 98.4 

Baseline mean 2.59 17.2 22.9 1.85 10.6 11.2 21.0 8.12 1.03 7.70 32.2 8.64 92.2 

Reference S.D. 0.24 1.58 1.92 0.24 0.99 0.86 1.38 0.74 0.04 1.46 2.08 0.59 9.78 

               

Little Lake Johnson             

Modern mean 1.67 22.2 20.4 0.60 8.92 13.2 28.8 6.99 0.70 6.02 45.2 10.3 58.0 

Modern S.D. 0.58 1.16 5.65 0.19 2.52 3.61 13.8 1.81 0.08 1.79 5.88 1.64 15.7 

Modern max 2.28 23.6 26.6 0.87 11.8 17.2 45.7 8.93 0.80 8.20 51.9 12.2 77.6 

Baseline mean 1.14 15.8 15.2 0.78 6.10 8.73 14.8 4.80 0.62 4.48 32.0 7.40 47.7 

Baseline S.D. 0.22 2.09 1.39 0.16 0.53 0.61 0.86 0.76 0.04 0.56 5.19 0.96 5.40 

Table 2-1. Statistical analysis of trace elements in the Sheelar, Pebble and Little Lake Johnson sediment cores.               

All concentration values are g/g. 
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Table 2-1. Continued 

Nb Cd Sn Sb Cs Ba Hf Ta Tl Pb Bi Th U 

             

5.23 0.07 1.30 0.20 0.39 46.4 1.67 0.41 0.08 38.9 0.23 4.45 1.61 

0.36 0.01 0.60 0.04 0.18 10.0 0.08 0.12 0.01 11.9 0.04 0.45 0.13 

5.84 0.10 2.08 0.24 0.66 58.9 1.81 0.85 0.11 56.9 0.27 5.40 1.79 

4.76 0.07 0.40 0.12 0.22 49.6 1.33 0.34 0.07 18.7 0.14 4.04 1.53 

0.56 0.01 0.04 0.01 0.09 8.24 0.12 0.08 0.01 1.80 0.01 0.81 0.18 

             

             

8.74 0.09 1.38 0.21 1.22 76.4 2.34 0.63 0.19 40.8 0.21 5.96 1.57 

0.91 0.03 0.65 0.06 0.60 23.2 0.23 0.06 0.06 22.2 0.07 1.60 0.30 

10.2 0.13 2.26 0.30 1.97 110 2.72 0.72 0.31 71.1 0.31 8.40 2.01 

9.87 0.06 0.81 0.15 1.27 98.3 2.67 0.73 0.17 19.5 0.15 6.47 1.55 

0.78 0.01 0.04 0.01 0.19 9.06 0.27 0.08 0.07 1.66 0.03 0.44 0.09 

             

             

7.17 0.15 1.64 0.22 0.99 98.5 1.70 0.53 0.17 41.0 0.25 5.77 2.25 

1.44 0.05 0.98 0.02 0.25 7.45 0.38 0.10 0.04 23.1 0.07 1.23 0.34 

8.74 0.21 2.95 0.25 1.28 109 2.18 0.63 0.22 66.3 0.33 7.21 2.64 

6.36 0.08 0.68 0.15 0.73 74.5 1.44 0.48 0.10 14.9 0.12 4.68 1.57 

0.63 0.01 0.12 0.03 0.10 13.3 0.16 0.05 0.02 2.96 0.02 0.45 0.21 

* Modern mean is the average concentration of values from intervals spanning from the earliest 210Pb date (~1900) to the core 
surface.  ^Baseline average is the average concentration of values in intervals below a depth considered influenced by 
anthropogenic activities, but above a depth where there are large changes in sediment properties. Baseline values come from the 
following intervals; Sheelar 80-48 cm, Pebble 58-26 cm, and Little Johnson 26-14 cm.  The bolded paired modern and baseline 
means are significantly different based on the Wilcoxon rank-sum test. 
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Figure 2-4 Concentration profiles of Sc, V, Ni, Cu, Zn, Sr, Zr, Sn, Sb, and Pb in the Lake 

Sheelar sediment core.   The shaded area indicates the segment of the core 
from which samples were used to calculate average baseline concentrations. 

The line at 24 cm depth marks 1885.  Note change in scale at 5 g/g 
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Figure 2-5 Concentration profiles of Sc, V, Ni, Cu, Zn, Sr, Zr, Sn, Sb, and Pb in the 

Pebble Lake sediment core.   The shaded area indicates the segment of the 
core from which samples were used to calculate average baseline 
concentrations. The line at 10 cm depth marks 1900. Note change in scale at 

5 g/g 
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Figure 2-6 Concentration profiles of Sc, V, Ni, Cu, Zn, Zr, Sn, Sb, and Pb in the Little 

Lake Johnson sediment core.   The shaded area indicates the segment of the 
core from which samples were used to calculate average baseline 
concentrations. The line at 10 cm depth marks 1900. Note change in scale at 

10g/g 
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Figure 2-7 Enrichment factor (EF) profiles for selected metals from the Lake Sheelar, Pebble, and Little Johnson sediment 

cores with selected 210Pb dates 
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Figure 2-8 Sc-normalized trace metal concentrations for V, Cu, Zn, Sr, Zr and Pb in the Lake Sheelar, Pebble Lake, and 

Little Lake Johnson sediment cores.  The line at 26 cm (Sheelar) and 10 cm depths (Pebble and Little Johnson) 
represent 210Pb dates of 1885 and 1900, respectively 
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  Sheelar Pebble 

 
110-yr inventory a 

Mean annual 
accum. rate           
1885-1970 b 

Mean annual 
accum. rate 
1970-2009 

110-yr 
inventory 

Mean annual 
accum. rate 
1900-1970 

Mean annual 
 accum. rate 
1970-2012 

  g/cm2 g/cm2 g/cm2 g/cm2 g/cm2 g/cm2 

V   4.03   0.034   0.033    38.2 0.27 0.46 

Cr 12.5 0.10   0.093    51.5 0.31 0.71 

Ni   7.1   0.048   0.075    29.0 0.17 0.40 

Cu     4.01   0.020   0.057     17.9   0.066 0.32 

Zn 22.9 0.10 0.31 120 0.52 2.00 

Cd     0.02     0.0003      0.00001         0.26   0.001   0.004 

Sn     3.07   0.018  0.037        5.62   0.031   0.082 

Sb     0.27   0.002  0.002        0.53   0.003   0.007 

Pb 64.9 0.39 0.80 200 1.17 2.83 

Bi     0.34   0.003  0.003        0.62   0.004   0.008 

Excess 210Pb 
(dpm/cm2) 

34.9 -- -- 40.1 -- -- 

 
 
  

Table 2-2. Inventories g/cm2) of selected anthropogenic metals for the last ~110 years, excess 210Pb (dpm/cm2) 
inventories (~1900 to present) and mean annual accumulation rates for metals during the intervals from 1885 
(Sheelar) or 1900 (Pebble and Little Johnson) to 1970 and 1970 to 2009 (Sheelar) or 2012 (Pebble and Little 
Johnson). 
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Table 2-2. Continued  

 Little Johnson 

Reference 
accum. rate 
1970-1990 c 

 
110-yr 

inventory 

Mean annual 
accum. rate. 
1900-1970 

Mean annual 
accum. rate 
1970-2012 

 g/cm2 g/cm2 g/cm2 g/cm2 

V  23.9 0.17 0.29  

Cr  27.4 0.11 0.48 0 – 4.1 

Ni  14.4   0.064 0.23 0.2 - 8 

Cu  22.2 0.11 0.35 0 - 14 

Zn  76.6 0.36 1.23 1 - 14 

Cd    0.3   0.001   0.005 0.01 - 0.16 

Sn    5.2   0.022   0.087  

Sb      0.29   0.002   0.004  

Pb 136 0.66       2.14 0 - 30 

Bi       0.59   0.004  0.008  

Excess 210Pb 
(dpm/cm2) 

   44.7 -- -- -- 

a To calculate inventories, baseline, mean metal concentrations (Table 2-1) were first subtracted from 
total metal concentrations.  Resulting concentrations (μg/g) were multiplied by sediment bulk density 
(g dry/cm3 wet) and the interval length (2 cm) for each interval, and values were summed back to 
~1900. b To calculate the accumulation rates, inventories for the given sample intervals were divided 
by the number of years in the interval.  In cores for which there was not a 210Pb date of 1970, samples 
above and below were used to calculate the concentration at that time, assuming constant 
accumulation. c Ranges of metal accumulation rates in reference (background) and lightly urbanized 
lakes (Mahler et al. 2006) 
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Figure 2-9. Pb concentration and 206Pb/207Pb isotope ratios versus date in sediment cores from Lake Sheelar, Pebble 

Lake, Little Lake Johnson. 206Pb/207Pb isotope ratio versus date in sediment cores from Lake Sheelar, Pebble 
Lake, Little Lake Johnson, Little Lake Jackson, south-central FL (Escobar et al. 2013), and Blue Cypress 
Marsh, southeastern FL (Kamenov et al. 2009)
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CHAPTER 3 
IMPLICATIONS OF TRACE METAL DISTRIBUTIONS IN FLORIDA LAKE SEDIMENTS 

DURING EXTREME LAKE LEVEL LOWS 

3.1 Introduction 

Sediments are sinks for trace metals that enter lakes from the atmosphere and in 

input waters. Accumulating lake sediments typically remain undisturbed and trace 

metals within them become permanently buried. However, declines in lake level may 

make these lacustrine sediment deposits sources of legacy metal pollution. This project 

was designed to constrain the indirect effect of climate change (drought) on trace metal 

fate and transport in sediments of shallow Florida lakes. Declining water levels are 

associated with sediment transport and drying, as well as organic matter decomposition, 

factors that influence the fate of trace metals in the sediments. I assessed the effects of 

the severe 2012 winter-spring dry period on two shallow lakes in north Florida, Little 

Lake Johnson and Lake Geneva (Figure 3-1). I constrained the distribution of trace 

metals in exposed lake bottom sediments during the period of historic water-level lows, 

using total metal concentrations, grain-size distribution and sediment lithology. Results 

from this study have environmental management implications, given predicted climate-

change scenarios. 

There has been extensive research on the fate of heavy and trace metals in the 

environment.  Much of this work was prompted by health concerns associated with high 

concentrations of some metals in the environment (Batterman et al. 2011; Hargreaves 

et al. 2011; Luo et al. 2011).  In many systems, these metals are introduced through 

atmospheric deposition, making corrective management difficult. There is, however, 

some evidence for decreasing emission and deposition over the past few decades 
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(Nriagu 1996; Siver and Wozniak 2001). With respect to undisturbed lake systems, 

however historically accumulated metals still reside in the sediments.  This is perhaps 

best exemplified by Pb, for which the peak concentration in lake sediments, which 

coincides with peak Pb use as a gasoline additive in the mid-1970s, is typically several 

cm below the sediment surface (Shotyk et al. 1998; Siver and Wozniak 2001; Blair et al. 

in review). Blair et al. (in review) showed evidence for anthropogenically sourced metal 

deposition in north Florida.  The primary sources of metals are thought to be 

atmospheric dust deposition from mining operations, power generating stations, and 

vehicle emissions. Additionally, local activities, including recreation in and around lakes, 

may be sources of metals. In the study by Blair et al. (in review), sediments from lakes 

in north Florida showed enrichment of V, Cr, Ni, Cu, Zn, Sn, and Pb above defined 

background concentrations, compared to conservative elements such as Sc and Nd.  

These same metals are the focus of this study.   

3.1.1 Climate Change in Florida  

The predicted effects of climate change in Florida include increasing 

temperature, sea level rise, and changing rainfall patterns, all of which will influence 

lake hydrology throughout the state. Temperature data throughout the 20th-century 

across Florida show an increase in air temperature of 3-4 oC associated with a doubling 

of pre-industrial atmospheric CO2 levels (Martinez et al. 2012). Most research on 

climate change in Florida has focused on coastal impacts, especially sea level rise.  

Florida has the longest coastline of any state in the contiguous United States, and 

because of its low coastal topography, even slight increases in sea level will influence 

large land areas.  Estimates for future sea level rise range from 85 cm (IPCC 2007) to 
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300-400 cm by 2100 (Obeysekera et al. 2010).  Rising sea level will also cause 

saltwater intrusion into freshwater aquifers in coastal regions (Ferguson and Gleeson 

2012).  

Predictions for changing rainfall patterns in Florida show mixed outcomes 

because the scales of most climate models are too coarse to predict hydrologic 

changes for small regions (Mulholland et al. 1997; Martinez et al. 2012). In a study 

examining water resources in south Florida, Obeysekera et al. (2010) found that many 

General Circulation Model (GCMs) do not capture the statistical characteristics of 

regional rainfall because of the poor resolution of grid cells. Model predictions are 

further complicated by uncertainties with respect to future behavior of the El Nino-

Southern Oscillation (ENSO), the Atlantic Multidecadal Oscillation (AMO), and the 

Pacific Decadal Oscillation (PDO), all of which affect precipitation on the Florida 

peninsula (Moses et al. 2012). GCMs suggest both lower and higher likelihoods of 

increasing annual precipitation, but agree that individual rain events will be more 

intense. Significant decreasing trends in October and May precipitation, and increasing 

trends in July through August rainfall were measured in Florida over the last century 

(Martinez et al. 2012). Projections suggest increased storm intensity and clustering in 

the summer months, resulting in extreme hydrographs, with larger peaks in flow, but 

lower baseflow conditions and longer periods of drought (Mulholland et al. 1997). Most 

models show that drought periods will be longer and more frequent (Yates and Towler, 

2011).   
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3.1.2 Indirect Effects of Climate Change 

Direct effects of climate change in Florida, including increasing temperature, 

changes in the severity and frequency of droughts and precipitation, and shifts in the 

timing and character of seasonal precipitation, continue to be defined.  Little, however, 

is known about the indirect effects of climate change on humans and the environment. 

These indirect effects are defined as the interactions between climate-change variables 

such as temperature or hydrology, with ecosystems.  Indirect effects also include the 

consequences of human activities that alter ecosystem characteristics, e.g. 

channelization as a response to climate change (Mulholland et al. 1997). Interactions 

between changing rainfall patterns and pollution can thus be considered indirect effects 

of climate change. 

Increased or decreased precipitation can alter the fate and transport of pollutants 

(Mimikou et al. 2000; Batterman et al. 2011; Vorosmarty 2000). The changing frequency 

and duration of precipitation events may mobilize and transport legacy contaminants, 

thereby increasing the delivery of contaminants to water bodies (Kistemann et al. 2002; 

Hilscherova et al. 2007). The predicted increased duration of drought events in Florida 

will also affect pollutant transport. For instance, drying of soils increases surface dust, 

leading to increased atmospheric particulates (Hargreaves et al. 2011; Zobeck and Van 

Pelt 2006), some of which negatively affect human health (Smith and Lee 2003; Luo et 

al. 2011).  Greater soil temperatures and lower moisture will speed decomposition, 

causing soil carbon to decrease (Nriagu 1996; Siver and Wozniak 2001; Smith et al. 

2005).  Organic matter in soils and sediments sequesters sorbed contaminants, such as 

metals, so a loss of organic carbon will alter contaminant fate and transport (Shotyk et 
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al. 1998; Grybos et al. 2007). Future risks associated with these contaminants may be 

different from those today, and it is important to assess the implications of climate 

change with respect to how these chemicals might affect human and environmental 

health in the near term. 

3.1.3 Florida Lakes 

Florida has about 7800 lakes, which cover at least 9270 km2, about 6% of the 

state’s landscape (Brenner et al. 1990). Three-fourths of the 625 lakes in the Florida 

Lakes Data Base (FLADAB) have maximum depths <5 m (Brenner et al. 1990). 

Because of the shallow nature of most Florida lakes, extreme dry conditions lower water 

levels and often expose large areas of lake bed (Schiffer 1999). An estimated 70% of 

Florida lakes are seepage lakes, losing water only to evapotranspiration and 

groundwater, not via drainage in surface outflows (Schiffer 1999; Martinez et al. 2012).  

The combined effects of low precipitation and intensified groundwater use, and the 

ever-increasing water demand with population growth, will further lower water tables, 

causing additional stress on lake systems (Annable et al. 1996; Mulholland et al. 1997; 

Obeysekera et al. 2010; Ferguson and Gleeson 2012).  Water-level fluctuation is natural 

and even necessary for the survival of some species. Climate-driven changes in the 

frequency, duration, and severity of water-level fluctuations, however, will impair 

ecosystem functioning (Mulholland et al. 1997; Zohary and Ostrovsky, 2011) and affect 

water quality (White et al. 2008; Martinez et al. 2012), particularly in shallow lakes 

systems.  

Lake Geneva and Little Lake Johnson are strongly influenced by local 

groundwater levels and during the regional dry period in winter and spring 2012 the 
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lowest water levels in recorded history were measured in both lakes (Figure 3-2), which 

resulted in large expanses of exposed sediment (Figure 3-3). In March 2012 I sampled 

surface sediment along transects from the lake edge (at high stage) toward the lake 

center. Surface sediments were analyzed for total metal concentrations, grain size 

distribution and composition to constrain the factors that influence metal distribution 

along this gradient. I hypothesized that during dry periods, lower lake levels lead to 

mobilization of flocculent and fine-grain sediments, which accumulate in topographic 

lows and concentrate anthropogenically sourced trace metals. The goals of my research 

were to 1) quantify the distribution of trace metals in exposed lake sediment; 2) 

determine grain size distribution in surficial lake sediment and assess its relation to 

metal concentrations; and 3) evaluate implications of dry periods on metal geochemistry 

in lake sediments. The rise and fall of lake level and mobility of sediment is a dynamic 

process. This study focused on metal distribution during historic low water levels. This 

study explored how drought conditions affect metal distributions in sediments of shallow 

Florida lakes, and the implications of such distribution in light of anticipated future 

climate changes. 

3.2 Methods 

3.2.1 Study Sites 

Lakes Geneva and Little Johnson are located in the Sandhill Lake District of 

north Florida. Lakes in the region are surrounded by thick quartz sands and in most 

cases occupy sinkholes formed by dissolution and collapse of underlying limestone. The 

drainage basins are small and water enters primarily via direct rainfall and subsurface 

inflow. The area is important for groundwater recharge and characterized by 
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excessively well-drained Entisols (Weatherspoon et al. 1989).  Local bedrock consists 

of Pleistocene-age Trail Ridge Sands and the Pliocene-age Cypresshead formation, 

composed of several hundred feet of semi-consolidated marine and non-marine 

deposits of sand, clay, marl, gravel, limestone, dolomite and dolomitic limestone 

(FLDEP 2010; Obeysekera et al. 2010). Lakes in the region have received much 

attention because of their astatic nature and recent pronounced declines in stage 

(SJRWMD 2013b).  

Lake Geneva (29°45’54”N, 82°01’22”W) is adjacent to the town of Keystone 

Heights and covers approximately 6.6 km2, with a watershed of 117 km2. The city of 

Keystone Heights stretches along the north shore and maintains a public beach and 

park, whereas private residences surround the remainder of the lake.  This oligotrophic 

shallow-groundwater-fed lake has displayed very low water levels since the early 1990s, 

leaving many private docks 10s of meters from the water’s edge. This study focused on 

the northernmost area of the lake, which has a public access. Because of recent low 

water levels, this area has been disconnected from the main water body to the south. I 

collected sediments from transect 1 on the southwest side and transect 2 on the 

southeast side of this northern sub-basin of the lake (Figure 3-1). 

Little Lake Johnson (29°49’46”N, 81°57’15”W) is located in Mike Roess Gold 

Head Branch State Park, five miles NE of the town of Keystone Heights. It is a relatively 

small and shallow, oligotrophic to mesotrophic lake.  It has an average maximum depth 

of 4.5 m and an area of 0.11 km2. Groundwater-fed Gold Head Branch Stream flows 

into Little Lake Johnson and at high stage the lake connects with larger Lake Johnson. 

In 1957 a dam was constructed to stabilize water levels for recreational activities, but it 



 

75 

was removed in 2002 to restore the natural hydrology (Motz and Heaney 1991; Moses 

et al. 2012). I collected one northeast-trending transect starting on the southwest side of 

the lake (Figure 3-1). 

3.2.2 Sample Collection 

I used acid-cleaned, 4x water-rinsed, 20-ml plastic vials for sample collection, 

and collected surface sediments at Lake Geneva on 3 March 2012 and at Little Lake 

Johnson on 29 March 2012.  Both lakes were at their lowest recorded water levels 

(Figure 3-2), with no standing water at Little Lake Johnson and only a few small, 

disconnected pools in the north basin of Lake Geneva.  At each lake, the approximate 

location of a previous lake level highstand was determined visually.  The location was 

identified by the presence of dried, dark organic matter on top of quartz sand.  At Lake 

Geneva I collected samples every 10 m along the two 50-m transects.  Along both of 

these transects, the 50-m sample was collected at the water’s edge.  At each sampling 

location, three samples were collected, each 1 m from each other, perpendicular to the 

transect.  Sample A was taken on the transect line, whereas samples B and C were 

taken 1 m left and right of the transect (downslope), respectively.  At Little Lake 

Johnson I collected samples every 10 m over a 100-m transect.  Along this transect, 

three samples were collected at each location as described above.  At each sampling 

location, the 20-ml vial was pressed into the surface sediment and the top ~3 cm of 

sediment were collected.  Samples were placed in a cooler. Sediment pH was 

measured within 48 hours of collection, using a 1:1 mix of DI water and sediment. 
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3.2.3 Dry Mass and Organic Matter Content  

I used acid cleaned containers and Optima-grade reagents for sample 

preparation and analysis. To determine percent dry mass, I weighed wet samples and 

re-weighed them after freeze-drying. Dry samples were ground to a fine powder.  I 

estimated percent organic matter for dry samples by loss on ignition (LOI) at 550 °C 

(Håkanson and Jansson 1983; Martinez et al. 2012) . All elements of interest have 

boiling points >550 °C, so ashing caused no elemental loss.  

3.2.4 Grain Size Analysis 

One sample from each sampling location along all three transects was wet-

sieved to determine the fractions of sediment larger and smaller than 63 m.  I treated 

the <63-m fraction with hydrogen peroxide to remove organic matter and determine 

percent clay/silt.  The difference between the organic matter fraction estimated by LOI 

and hydrogren peroxide treatment was <10%. 

3.2.5 Trace Metal Analysis of Total Digested Sediment 

I completed preparation and total digestion of all the samples from the three 

transects for geochemical analysis in a class 1000 clean lab, equipped with class 10 

laminar flow hoods, at the Department of Geological Sciences, University of Florida.  All 

reagents used for sample preparation were Optima-grade.  About 0.05 g of sediment 

was weighed, transferred to acid-cleaned Teflon vials, and digested with 1 ml 

concentrated HF and 2 ml concentrated HNO3.  Samples were placed in a 90oC oven 

for 48 hours.  The vials were opened and the solution was evaporated to dryness on a 

hot plate. After evaporation, samples were treated with 2 ml of 6 N HCl and vials were 
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capped and heated on a hot plate overnight to ensure full dissolution.  The solution was 

evaporated again to dryness.  Five ml of 0.8 N HNO3 with 100 ppm HF spike with 8 ppb 

Rh and Re was added to the samples to re-dissolve the residue.  A small aliquot of the 

solution was removed and diluted with the same spiked 0.8 N HNO3 for a final dilution of 

~2,000x for trace metal analyses. Trace element analysis was performed on a Thermo 

Element2 HR-ICP-MS in medium resolution with Rh and Re used as internal standards. 

I calibrated results using USGS rock standards AGV-1, BIR, BCR-2 and a procedural 

blank following Kamenov et al. (2008). Duplicate samples were analyzed and results 

showed <10% variability. Metal concentrations are reported as ppm per gram dry 

sediment (μg g-1).  Errors for reported concentration values were between 4-17% based 

on replicate measurements of Canadian Certified Reference Materials Project lake 

sediment standard LKSD-4.  Table 3-1 shows recovery error percentage for each metal 

reported.     

3.2.6 Statistical Analysis 

All statistical analysis was conducted with JMP Pro Version 11.0. Prior to 

statistical analysis, I tested data distributions of sediment geochemical and physico-

chemical characteristics for normality.  I used the Shapiro-Wilks test to test for normality 

and found that the majority of distributions were not normal. To test for significant 

differences between lakes, I used the Wilcoxon text, which is similar to the Kruskal-

Wallis test, which is the non-parametric equivalent of a two-sample t-test. Significance 

was determined at the p < 0.05, and 0.01 levels. I used the Pearson’s correlation and 

associated significance to test for correlations between sediment characteristics and 

concentrations.   
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3.3 Results 

3.3.1 Water Levels 

Lake Geneva generally had higher water levels than Little Lake Johnson before 

the late 1980s. After that time, however, Little Lake Johnson had greater water 

elevations. During sediment sampling in March 2012, water levels in both lakes were 

extremely low (~81 ft NAVD 1988). Relative to the periods of record for Lake Geneva 

(55 years) and Little Lake Johnson (67 years), this was similar to the minimum historic 

lake elevation (Table 3-2). Past water levels did not fall this low often and there have 

been more lake-level lows after 1990. These water level minima occurred <2% of the 

time during the period of record (Figure 3-4), indicating that these extreme low water 

levels are rare.    

3.3.2 Sediment Characteristics 

Sediment organic matter content was much greater at Little Lake Johnson than 

Lake Geneva (Wilcoxon test; p<0.01). Median percent organic matter was 33% at Little 

Lake Johnson, while it was about half that (13%) in Lake Geneva. Percent water weight 

and organic matter tended to increase along transects from the shoreline (0 m) toward 

the lake centers (Figure 3-5). Organic matter in Little Lake Johnson increased gradually 

to about 50 m from the historic shoreline, after which it doubled and remained high (45-

50%). At Lake Geneva, the pattern was somewhat different. Organic matter content 

increased gradually with distance from the shoreline and sediments collected farthest 

from shore had only about 18% organic matter. 
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Sediment collected in Lake Geneva was generally wetter than the sediment 

collected in Lake Johnson. Wetness increased from about 8 to 56% with distance from 

the shoreline at Lake Geneva, whereas water content of sediments collected in Lake 

Johnson was relatively uniform, typically <10%. 

3.3.3 Sediment Geochemistry 

Physico-chemical and geochemical characteristics of Little Lake Johnson and 

Lake Geneva sediments are presented in Table 3-3.  Lake Geneva sediments had 

higher pH, greater percent water and ash content, but much less organic matter than 

Little Lake Johnson sediments (Wilcoxon test; p<0.01). Median organic matter content 

of Lake Geneva sediments was 13% (n=36), whereas the median organic matter 

content of sediments collected in Little Lake Johnson was 71% (n=33). Metal 

concentrations in sediments were quite similar between lakes. The only metals that 

differed significantly (Wilcoxon test; p<0.05) between lakes were V and Zn. 

Average pH, percent water and organic matter values for triplicate samples 

collected at each location along the three transects are shown in Table 3-3. Distance 

from shore is the distance from the historic shoreline (0 m) along the transect extending 

into the center of the lake. The pH values of sediments from Little Lake Johnson ranged 

between 4.73 and 5.30, with no systematic trend.  The pH values of sediments collected 

along transect 1 at Lake Geneva were lowest at the historic high water line (4.92) and 

increased to 6.09 at 50 m.  Sediments from transect 2 showed a similar increasing pH 

trend moving away from the old high-water line, from 5.25 to 6.04.   

 The average total metal concentrations for sediments collected from the three 

transects are shown in Table 3-3 and Figure 3-6. All metal concentrations measured in 
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sediments from Little Lake Johnson were lowest close to the historic shoreline (0 m) 

and increased with distance from shore. Metal concentrations generally reached 

greatest values around 60 m from the shoreline and remained relatively constant to the 

100-m sampling location. There was a 2x or greater increase in concentrations of V, Cr, 

Ni, Cu, Zn, Sn, Sc, and Nd concentrations and a more than 3x increase in mean Pb 

concentration along the transect.   

Sediments collected from the two Lake Geneva transects showed slightly 

different patterns from one another and from the Little Lake Johnson transect.  In 

transect 1, sediment metal concentrations were lowest closest to shore, increasing with 

distance from shore, and peaking at the farthest location.  Mean concentrations of Cr, 

Zn, and Sc increased 3x, Ni, Cu, and Nd increased >4x, and V, Sn, and Pb increased 

>5x along the transect. In transect 2, there was no systematic increase away from the 

shoreline, however for most metals, the lowest value was at the historic shoreline and 

the metal concentrations were comparable to the higher concentrations measured in 

transect 1.   

I used the Pearson’s correlation coefficient test to assess relationships between 

metal concentrations along each transect in each lake (Table 3-4). I found significant 

correlations between all anthropogenically sourced metals (V, Cr, Ni, Cu, Zn, Sn, and 

Pb) in all three lakes. In general, correlations between anthropogenic metals are 

stronger than those between anthropogenic and conservative metals. Along Lake 

Geneva transect 2, there was also no significant relationship between Sc and Cu, Nd 

and Cu, Nd and Pb (r range = 0.52 – 0.58). 
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3.3.4 Grain size and Organic Matter  

In Little Lake Johnson, sediments <63 m and organic matter increased with 

distance from shore, whereas the >63-m fraction percent decreased (Figure 3-7). 

Values for each variable were relatively constant from 60 to 100 m. For example, 

organic matter content was <20% at the shoreline and increased to about 25% at 40 m, 

but was about 45% from 60-100 m. In the sediments from Lake Geneva, organic matter 

content was much lower. At the old shoreline of transect 1, percent organic matter was 

<4%. With distance from the edge, however, organic matter and the <63-m fraction 

increased, while the >63 m fraction decreased by 50% from the historic shoreline (0 m) 

to the farthest point along the transect. In sediments from Lake Geneva transect 2, 

organic matter content, silt and clay fractions were smallest closest to the historic 

shoreline, but values were relatively constant from 10 to 50 m, with organic matter 

~15%, fine fraction ~35% and the >63 m fraction ~50%.  

Correlation coefficients between individual metals and organic matter content in 

sediments from Little Lake Johnson and transect 1 at Lake Geneva were significant, 

with r values between 0.75 and 0.91 (Table 3-4). There was, however, no significant 

relationship between organic matter and Sn, Pb, Sc, Nd in transect 2 from Lake Geneva 

(r values between 0.29 and 0.58). I also investigated the relation between grain-size 

and trace metal concentrations. Grain-size was analyzed on only one sample at each 

sampling location on each transect, so data from all three transects were pooled (n=23) 

for this statistical analysis (Table 3-5). Correlations between individual trace metals and 

the <63-m fraction were all positive and significant, (r = 0.61 - 0.92). Correlations 
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between individual metals and >63-m fraction were negative and significant except for 

Zn (r = -0.45; p<0.01) and V (r =-0.44; p<0.01). 

3.4 Discussion 

3.4.1 Metal Variability  

Mean concentrations of Sc and Nd in sediment samples are very similar between 

the two lakes (Table 3-3). These conservative elements reflect geogenic sources, have 

no anthropogenic source, and are unaltered by post-depositional biogeochemical 

processes.  Sources of these elements can include weathering of local lithology or 

longer-range transport of other mineral soil dust.  Sc is a common conservative element 

(Mulholland et al. 1997; Weiss et al. 1999; Mimikou et al. 2000; Shotyk et al. 2002) and 

Nd, a rare earth element (REE), also behaves conservatively (Kamenov et al. 2009). 

The two study lakes sit in the same geologic terrain so it was expected that metals 

derived from the local geology would display similar concentrations. 

The metals commonly attributed to anthropogenic activity (V, Cr, Ni, Cu, Zn, Sn, 

and Pb) also display similar mean concentrations in sediments of the two lakes. Most of 

these metals are enriched in recent deposits of lakes in this region of Florida. Blair et al. 

(in review) calculated enrichment factors above background (pre-anthropogenic) levels 

in sediment cores from three lakes in Goldhead Branch State Park, including Little Lake 

Johnson. An EF ≥1.5 reflects enrichment above the natural background value and is 

generally attributed to anthropogenic inputs (N’guessan et al. 2009). Peak enrichment 

factors were generally found within the top 10 cm of the sediment profile, and were V = 

2.05, Cr = 1.07, Ni = 1.44, Cu = 1.71, Zn = 6.67, Sn = 3.92, Pb = 2.54. Because recent 

deposits in the Little Lake Johnson core show anthropogenic enrichment of V, Cu, Zn, 



 

83 

Sn, and Pb, and concentrations of these elements in surface deposits from Lakes 

Geneva and Little Johnson are similar, I suspect that these metals are also enriched in 

the most recent Lake Geneva deposits. 

At Little Lake Johnson these anthropogenic metals most likely came from 

atmospheric deposition, however nearby recreational facilities, including picnic, camping 

and parking areas, may also be sources (Blair et al. in review). Despite the proximity of 

downtown Keystone Heights, lakeside residences, and a public beach area, 

concentrations of these anthropogenic metals are not higher in the sediments of Lake 

Geneva. This may suggest that this lake does not receive a significant amount of metal 

input from surrounding land uses, and that atmospheric deposition is the main input 

source. It is also possible that metal concentrations continue to increase in areas still 

covered by water.  

Triplicate samples were collected along each of the three transects, and standard 

deviations of values varied depending on the metal and sample location along the 

transect (Table 3-3). Along all transects, the standard deviation was generally higher in 

samples taken closest to the historic shoreline and decreased towards the lake center. 

Some variation may simply reflect natural system variability. For instance, Norton et al. 

(1992) measured up to 20% variation in Pb accumulation rates in multiple cores from a 

single lake in New York State, noting variability in sediment characters such as the 

amount of clay or organic matter. I noted litholigic variability during sediment sampling 

along the transects. Samples collected at the historic shoreline (0 m) were composed 

mostly of quartz sand grains, and fine-grain material (dark grey to brown, dry brittle 

clumps) was sporadically present. 
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Among the three transects from the two lakes, overall trends for the metals 

varied. Along the transect from Little Lake Johnson, metal concentrations increased 

from the historic shoreline toward the center of the lake, but remained fairly constant 

beyond about 60 m.  Values from sediments along transect 1 at Lake Geneva increased 

rather consistently with distance from the old shoreline.  Along transect 2, there was no 

systematic trend in the metal concentrations. These different patterns may reflect lake-

specific and even within-lake, site-specific responses of sediments and metals to 

declining water levels, but may also be a product of sampling strategy. Little Lake 

Johnson was completely dry at the time of sampling and the transect extended into the 

lowest topographic area of the lake bed.  At Lake Geneva, some water remained in the 

sampled sub-basin and because I did not collect sub-aqueous samples, I may not have 

sampled the full extent of the metal trend.  Since the early 2000s, water levels at Lake 

Geneva have caused the northern part of the lake to become separated from the 

southern basin. Transect 2 was located in an area of the lake that was disconnected in 

the last 10 years, but does not include the historic lake shoreline. This may account for 

different trends between transects.   

Although trends in metal concentration differed among the three lake sediment 

transects, most metals behaved similarly along each transect.  For instance, along the 

Little Lake Johnson transects, metals in the sediments increased to 60 m and then 

remained relatively constant thereafter. Conservative metals Sc and Nd followed the 

same pattern as the anthropogenic metals. Comparison of the anthropogenically 

sourced and conservative elements enables conclusions about the metal distributions 

along transects. 
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Correlations (Table 3-4) showed significant relationships between all metal 

concentrations in sediments from Little Lake Johnson and Lake Geneva transect 1.  

There were weaker relationships between most metals associated with anthropogenic 

activity (V, Cr, Ni, Cu, Zn, Sn, and Pb) and conservative Sc and Nd in sediments from 

all three transects. Conservative metals are commonly bound in crystalline minerals and 

do not undergo diagenesis under natural conditions. Positive correlation between 

anthropogenically sourced and conservative metals suggests that the factors controlling 

metal concentrations in the sediment do not discriminate between the two metal types. 

Because conservative metals are bound in mineral structures, increasing concentrations 

along the transects suggest that these minerals are concentrated toward the lake 

center. Lack of correlation between conservative and anthropogenic metals suggests 

that factors that control metal distributions in sediments affect the two metal groups 

differently.  

3.4.2 Sediment Character and Metal Distribution 

Concentrations and distributions of trace metals in wetland sediments are 

determined by the interacting processes of sedimentation, adsorption, co-precipitation, 

cation exchange, complexation, microbial activity, temperature, and plant activity 

(Matagi et al. 1998). In this study of lake sediments, plant activity can be excluded as a 

factor because at the time of sampling there were no plants growing from the 

sediments. The extent to which the above processes affect metal distribution is the 

result of metal equilibria with organic matter, clay minerals, and hydrous oxides, which 

are strongly affected by pH and redox potential (Foster and Charlesworth 1996; Matagi 

et al. 1998; Schulz-Zunkel and Krueger 2009). All of these processes are mutually 



 

86 

dependent, and it is difficult to determine which reactions are occurring.  Investigation of 

each potential factor, however, can constrain the mechanism(s) that control metal 

concentrations and distribution in the sediment.  

3.4.3 Organic Matter 

Anthropogenic metals introduced into the aquatic environment occur in 

particulate form or are rapidly sorbed to particles. They are deposited in sediments or 

remain as suspended particulate matter, depending on the particle size and composition 

(Regnier and Wollast 1993; Stecko and Bendell-Young 2000). Therefore, sediment 

characteristics, namely organic matter and grain-size distribution, are important factors 

that influence metal distribution. Organic matter plays a large role in trace metal cycling, 

by 1) complexing with metals and keeping them in solution, or 2) enhancing the 

association of metals with particulate matter by becoming adsorbed to the particulate 

surface (Hart 1982; Kabata-Pendias 2001; Olivie-Lauquet et al. 2001). Aerobic and 

anaerobic incubation experiments on wetland soils found organic matter to be the 

primary driver in trace metal release from soils (Grybos et al. (2007), and high metal 

concentrations were associated with high organic content in sediment from a river flood 

plain (Kruger et al. 2005).  

Sediments from Little Lake Johnson and transect 1 from Lake Geneva show 

significant positive relationships between all metals and percent organic matter in the 

sediments (Table 3-4). This suggests metals are bound to organic matter and that 

increasing organic matter in sediments nearer the center of the lakes accounts for the 

higher concentrations of metals. Furthermore, dry conditions closest to the historic high 

lake level probably caused organic matter degradation. Oxidization and mineralization 
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of the exposed deposits may have resulted in metal mobilization, even via aeolian 

processes, decreasing metal concentrations in these sediments (Calmano et al. 2005). 

In transect 2 from Lake Geneva there was no significant correlation between percent 

organic matter and Sn, Pb, Sc, and Nd suggesting that other factors, such as chemical 

variability, controlled metal distribution.  

Although sediments from Little Lake Johnson contain more than twice the 

percent organic matter in sediments from Lake Geneva, the metal concentrations are 

comparable between the two lakes. This suggests that although there is a correlation 

with relative amounts of organic matter present and increasing metal concentrations, 

higher organic content does not necessarily equate to higher metal concentrations.  

This is illustrated in Figure 3-8 with V and Zn concentrations and percent organic 

matter.  The percent organic matter in Little Lake Johnson is greater but the highest 

metal concentrations measured are slightly less.  

Concentrations reported in Table 3-3 are ppm per sediment dry weight and were 

corrected for the amount of organic matter measured using values obtained from LOI. 

Trends of metal concentrations along the transects were examined without this organic 

matter correction and results were very similar to the corrected values. This suggests 

that organic matter is not the only variable determining metal distributions along the 

transects.  

3.4.4 Grain Size 

Gunawardana et al. (2014) confirmed that sediment characteristics favorable for 

metal adsorption, such as specific surface area, organic carbon content, effective cation 

exchange capacity and clay-forming minerals, decrease with an increase in particle 
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size. Metals have relative potential for sorption onto clay minerals, hydrous oxides, and 

organic matter surfaces, all of which tend to be found in the smaller grain sizes 

(Förstner and Patchineelam 1980; Calmano et al. 1993; Ikem et al. 2003). Generally, 

sediment of smaller grain-size has decreased quartz content and higher clay-forming 

minerals (Gunawardna et al. 2014). Because of large surface area, surface chemical 

and mechanical reactions of clay minerals are very important for collection and transport 

of inorganic constituents (Horowitz 1985). Not only the quantity of clay, but also the type 

of clay present controls metal adsorption, as each clay mineral has a specific cation 

exchange capacity.    

The correlation coefficient test showed significant relationships between grain 

size and metal concentrations. Correlation coefficients were significant between the 

<63-m sediment grain size fraction and the trace metal concentrations. There were 

significant negative relationships between percent the >63-m grain size and metal 

concentrations, except for Zn and V. One explanation for the lack of relationship 

between grain size and Zn is the very low concentration of Zn in the local geology (Blair 

et al. in review). The >63-m grain size fraction is primarily composed of quartz sand. 

Zinc in this area is primarily attributed to anthropogenic sources and is likely bound to 

finer grain sizes. There is a positive correlation between the relative amount of fine-

grain material and metal concentration; however, the more fine grain material does not 

equate to higher metal concentrations.  

Organic matter and fine particulate matter are often associated with one another. 

Small particles that make up the suspended matter primarily consist of clay and silica 

substrates that are coated with metal oxides and organic matter (Hart 1982). Early work 
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by Tipping (1981) and Hunter (1980) suggests that an organic film present on oxide and 

clay surfaces has carboxylic acid and phenolic functional groups available for binding 

trace metals.  Although I addressed organic matter and fine particulate matter 

separately in this study, they are generally associated with one another in lake 

sediments.  

Sediments from the Little Lake Johnson transect and transect 1 from Lake 

Geneva display systematic increases in trace metal concentrations from the historic 

shoreline to the center of the lake. There are correlations between anthropogenic trace 

metals, conservative trace metals, and both amounts of organic matter and fine grain 

material. Trace metals bound to flocculent material or organic matter and/or fine-grained 

material, are more easily suspended in the lake water column (Nguyen et al. 2005) and 

become concentrated as water level falls. Conservative elements Sc and Nd, present in 

lithogenic minerals, undergo this same sediment mobilization and concentration process 

and exhibit the same increasing concentration trends. This same concentrating 

mechanism was seen in a partial drawdown of another shallow northern Florida lake in 

the spring of 1989. The St. Johns River Water Management District conducted a partial 

drawdown of Newnans Lake, FL (zmax = 3.6 m) to expose organic-rich littoral sediment 

in an effort to improve water quality. It was hypothesized that oxidation and compaction 

of the exposed littoral sediment would improve the establishment of littoral plant 

communities and that resuspended nutrient-rich flocculent organic matter would be 

flushed downstream through the outlet stream. Results of this study showed that large 

amounts of organic matter were eroded from the littoral zone in some areas and there 
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was evidence of material redistribution to the deeper portions of the lake (Gottgens and 

Crisman, 1992).    

3.4.5 Other Factors Controlling Metal Distribution 

Although much of the variability in metal concentrations along the sediment 

transects can be attributed to the amounts of organic matter and fine-grain sediments, 

other factors can also control metal distributions. Gradients along the transects in pH 

and redox potential can affect metal phases, inhibiting or enhancing metal mobility 

within lake water, pore water, and sediments (Salomans and Förstner 1984; Calmano et 

al. 1993). Most trace metals become increasingly mobile under acidic conditions and pH 

is a principal factor governing metal solubility (Brallier et al. 1996). The pH values of the 

sediments ranged from 4.92 to 6.09. In sediments from Lake Geneva, pH increased 

from 4.92 to 6.09 (transect 1) and 5.25 to 6.04 (transect 2) from the historic shoreline to 

the lake center. The decreasing pH in these low buffered oxidized sediments most likely 

resulted from the oxidation of sulfides (Calmano et al. 1993). Although pH along both 

transects increased toward the lake center, metal concentrations increased along 

transect 1, but were relatively constant over transect 2. If pH were a main control of 

metal concentrations, I would expect metal trends along the two transects to be similar. 

There was no systematic change in pH along the Little Lake Johnson transect (Table 3-

1), suggesting that pH had little role in the increasing metal trends along this transect.  

Most cationic metals (Pb, Cd, Cu, Zn) become more mobile with decreasing pH (2-8) 

because the dissolution of metal hydroxides and carbonates increases and the 

adsorption at sediment cation exchange surfaces decreases. In other studies, a pH <4.5 

was necessary to mobilize metals within soils (Calmano et al. 1993). Although pH can 
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alter metal solubility it does not act independently on metal behavior. Complex 

interactions between redox potential, organic matter content, concentrations of other 

ions (sulfate and chloride) and pH complicate interpretations.   

Trace metals are primarily distributed over clay minerals and fine-grain 

sediments such as organic carbon, sulfides and/or iron- and manganese-hydroxides, 

which are all susceptible to phase changes under variable redox conditions (Hamilton-

Taylor and Davison 1995).  The behavior of trace metals is to a large extent controlled 

by redox cycles of major elements such as N, S, O, Fe and Mn, and the availability of 

organic matter (Shaw et al. 1990; Olivie-Lauquet 2001). A transition from oxidized to 

reduced conditions can destabilize chemical phases and cause metal mobility within 

sediments (Calmano et al. 1993). Therefore, a large redox gradient over the length of a 

transect would result in different metal mobility at each site. Redox conditions were not 

measured, however some inferences can be made regarding the role of redox in this 

study. All sediments were exposed to atmosphere and samples were limited to 3 cm 

depth.  Although oxidizing conditions prevailed at the sediment surface, reducing 

conditions can persist in wet conditions, even at shallow depths in the sediment (Reddy 

and DeLaune 2008). It is likely that sediments closest to the historic high water line 

were most oxidized and reducing conditions increased with greater distance from shore 

and increasing water content.  

Within the measured range of pH, metals commonly complex with Mn and Fe 

oxides under oxidizing conditions. The hydrous oxides of Fe, Mn, and Al are important 

for controlling the retention of metals in soils and individual metal ions have greater 

affinities to binding with oxides (e.g. Pb>Cu>Zn) (Trivedi and Axe 2000). Under 
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oxidizing conditions these oxides become stable crystalline structures, immobilizing 

metals (Alloway 1997). Alternatively, under reducing conditions metals can be released 

into solution because of the dissolution of Fe- and Mn-oxides (Grybos et al. 2007) and 

metals are often present as stable metal sulfides. The redox conditions and individual 

metal characteristics determine the rate at which the reactions occur (Trivedi and Axe 

2000).   

As water levels fell, exposing previously submerged sediments to atmosphere, 

conditions likely became increasingly oxidizing. The process of oxidation releases 

sulfate and associated metals as cations (Chesworth et al. 2006). Nickel, Cu, and Zn 

are considered relatively mobile because of this reaction (Reddy and DeLaune 2008). In 

studies that have measured metal diffusion between sediments and pore water, metals 

generally diffuse downward following the redox boundary and/or groundwater interface 

(Carignan and Tessier 1985). This process may explain the lack of correlation between 

the concentration of some metals and percent organic matter, in transect 2 from Lake 

Geneva.  

Both pH and redox gradients play a role in trace metal distribution. Nevertheless, 

predicting the behavior of a specific element under given conditions is not 

straightforward. Often, basin-specific conditions, reflecting variations in factors such as 

availability of competing scavenging phases (oxides, sulfides, and organic matter) and 

the specific chemical composition of the water and sediments, can affect metal 

distributions (Hamilton-Taylor et al. 2005; Schulz-Zunkel and Krueger 2009).  

Finally, I consider whether metal trends measured in the sediments would be 

similar under high-water conditions and whether declining water levels influenced trace 
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metal distributions. In all lakes there are post-depositional sediment transport 

processes, such as focusing.  Waves, currents, and slope control this process of 

erosion, transport and deposition, which ultimately moves sediment to the deepest 

portions of the lake (Lehman 1975; Likens and Davis 1975). In shallow lakes, focusing 

occurs, however sediment resuspension is common, as wind-driven waves create shear 

stress at the lakebed and return suspended sediment to the littoral zone (Luettich et al. 

1990; Tao et al. 2011). Wind and storm events can move large amounts of suspended 

sediments around the basin, increasing the concentration of suspended particulate 

matter. This would suggest sediment and metals become widely distributed under 

higher water levels in shallow lakes, and suspended matter is entrained, altering metal 

distributions along the lake bottom under lower water conditions.  

3.5 Future Implications 

The aim of this study was to examine the distribution of metals and sediment 

characteristics in bottom deposits of two north Florida lakes during a period of historic 

low water levels. Lake systems are dynamic and the chemical and hydrologic conditions 

of these lakes will change constantly, and in turn, alter metal distributions (Hamilton-

Taylor et al. 1996; Stecho and Bendell-Young 2000; Anshumali et al. 2009). 

Nevertheless, this study suggests several environmental implications and raises several 

questions for future investigation.  The implications pertain to the indirect effects of 

climate change on metal distributions in lake sediments, particularly under dry 

conditions.   
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3.5.1 Sediment Quality Concerns 

It has been established that many trace metals are highly correlated to organic 

matter and fine grain particulates in lake sediments. Water-level fluctuations enhance 

sediment erosion and focusing, especially with respect to fine-grained particles, 

fundamentally changing littoral sediment and its biogeochemical characteristics 

(Gottgens and Crisman 1992). This, however, is much more evident in deep lakes 

(Boyle and Birks 1999; Furey et al. 2004). The results of this study show that under 

extreme water-level lows, metal-laden organic matter and fine-grain particulates can be 

concentrated in the topographic lows of even shallow lakes. This may have adverse 

effects on bottom-dwelling organisms or those that feed on suspended sediment. There 

are also possible human health implications if water levels fall and expose sediments 

with high metal concentrations. Rhodes and Wiley (1993) reported that declining water 

levels in the Great Lakes may cause contaminated sediments to be resuspended and/or 

exposed at the lake margins, representing potential, long-term environmental 

remediation problems. In my study, metal concentrations did not approach levels 

identified by the Florida Department of Environmental Protection as “Soil Cleanup 

Target Levels” in residential areas” (V =67 mg/kg; Cr = 210 mg/kg; Ni = 340 mg/kg; Cu 

= 150 mg/kg; Zn = 26,000 mg/kg; Sn = 47,000 mg/kg; Pb = 400 mg/kg). In urban lakes 

or water bodies that receive polluted runoff, it is possible that these concentrations may 

be measured. Also, even if sediments have been monitored prior to lake level fall, 

higher metal concentrations may be measured after levels fall because of focusing of 

fine particulate matter.  
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The lakes studied here are hydrologically closed systems, however in lakes with 

out-flows, wind stress can re-suspend fine-grained particles and their associated 

metals, enabling them to be transported downstream (Kazancı et al. 2009).  In such 

lakes, higher lake levels, combined with the windy conditions move metals out of the 

lake basin and into outflow rivers, posing potential pollution risks for those downstream.     

3.5.2 Water Quality Concerns  

Climate change projections for rainfall variability suggest longer drought periods, 

alternating with periods of heavy precipitation, so long-term, continued atmospheric 

exposure of these and other lake sediments in Florida is unlikely. It is more likely that in 

these shallow lakes, this sediment will be mobilized and redistributed over the basin 

during water-level highs (Nguyen et al. 2005). It is also possible that during water-level 

increases, changing water chemistry, including pH and redox conditions, will change the 

bioavailability of elements in these sediments.  In wetland environments, following 

drought periods, stored sulfur in the soil is oxidized, generating SO4
-2, and during 

rewetting it is mobilized as H2SO4. In lakes this process can cause peak metal 

concentrations in years with pronounced summer droughts because of metal mobility 

from soils in the lake catchment (Adkinson et al. 2008). Increased soil acidity releases 

sulfur-bound metals back into the water column and pore waters. White et al. (2008) 

investigated the relationship between water-level fluctuations and water quality in the 

Great Lakes and Boreal Shield regions and found correlations between water quality 

variables (DOC, Ca2+, conductivity, pH, and SO4
2-) and water levels. Variability of these 

factors can affect metal mobility between sediments and the water column. Again, metal 
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concentrations measured in this study were relatively low and do not pose concern, 

however the same cannot be said for highly contaminated lakes.  

3.5.3 Sediment Dust 

Dust, as an aerosol, significantly impacts the energy balance on Earth through 

adsorption and scattering of radiation in the atmosphere, as recognized by the IPCC 4th 

Assessment Report (IPCC 2007), which highlighted the net global cooling effect of 

aerosols. The role of dust, however, extends beyond the impact on radiation.  Dust may 

affect aqueous productivity, influence nutrient cycling, and alter regional and global 

climate (Tegen et al. 1996; Chadwick et al. 1999; Kawahata et al. 2000; Maher et al. 

2010). Some studies indicate that mineral aerosols affect air quality and human health. 

This airborne particulate matter can lead to respiratory and cardiopulmonary morbidity 

and mortality (Pope and Dockery 2006). Aeolian dust is generated by human activities 

such as industrial emissions and by natural phenomena such as wind erosion of soils 

(Tanaka and Chiba 2006).  Soil-derived dust is one the largest contributors to the global 

aerosol load (Tegen et al. 2002). Both sources can contain metals at levels high enough 

to be dangerous to both human and ecosystem health (Galloway et al. 1982).  

Playas and other typically dry areas, such as the southwest US, are primary 

source areas for soil dust because of sparse vegetation and low soil moisture (Pope 

and Dockery 2006).  Dust emissions are also high in areas where recent 

geomorphological history has concentrated fine-grain material and where there is low 

surface roughness (Tegen et al. 2002).  Dry lake-beds are excellent examples of these 

source areas (Pye 1987; Prospero et al. 2002).  Lake bottoms have little to no 

vegetative cover and low soil surface roughness, both limiting factors in dust dispersal, 
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because of their flat bottoms.  Paleolake beds such as the Bodele depression north of 

Lake Chad, Africa and others in central Australia are large modern sources of dust 

(Middleton 1984; Livingston and Warren 1996). Declining water tables, a consequence 

of changing climate patterns and increased groundwater pumping, will increase 

windblown dust emissions (Pelletier 2006). For example, the dry Owens Lake bed has 

had the highest long-term dust flux of any area in the U.S. since 1913, when water from 

the lake was diverted to Los Angeles, California (Reheis et al. 2002).   

Although Florida will not be an area of high dust emissions, compared to the 

southwest U.S., climate change scenarios may alter the dust flux in the region. Regional 

hydrologic modeling suggests that if rainfall amount decreases by 10% and temperature 

rises by 1.5 oC, there will be a significant reduction in water supply for south Florida 

over a 50-year period. Because of decreased water supply and increased demand, a 1-

m lowering of Lake Okeechobee and 0.3-m mean decrease in water levels in natural 

areas, including the Everglades region, is expected (Obeysekera et al. 2010). Lakes 

cover ~6% and wetlands cover ~30% of the landscape in Florida and both ecosystems 

have accumulated anthropogenically sourced metals over the last 100 years (Kamenov 

et al. 2009; Escobar et al. 2013; Blair et al. in review). Atmospheric exposure of fine-

grain, organic-rich sediments in the systems may be a source for legacy metal pollution.   

3.6 Conclusions  

I measured metal distributions in transects of lake sediments in two north Florida 

lakes, exposed during extreme dry conditions.  In two of three transects, metals 

associated with anthropogenic activities V, Cr, Ni, Cu Zn, Sn, Pb, and conservative 

elements Sc and Nd, exhibited increasing concentrations from deposits near the historic 
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high water level to sediments near the center of the lake.  Some basin-specific 

differences in the metal trends were demonstrated, however significant relationships 

were determined between metals and some sediment characteristics. Conservative 

metals are often bound in the crystalline structure of minerals, whereas metals sourced 

from anthropogenic activities are often adsorbed onto sediments in hydrous oxides, 

organic matter, or sulfates. Significant positive relationships were found between 

anthropogenic and conservative metal concentrations, suggesting that the same 

mechanism(s) influence dispersal of mineral grains and adsorbed material. Metal 

concentrations were significantly correlated with percent organic matter and relative 

amount of fine-grain material. I suggest that the main mechanism influencing metal 

concentrations along the sediment transects, was focusing of both fine-grain material 

and organic matter toward the lake center when water levels fell. These sediment 

components, commonly found as flocculent material, are easily suspended into the 

water column, and as water levels fell, these components were concentrated in exposed 

deposits. It is also possible that metals were mobilized within the sediments because of 

changing pH, redox conditions, and degradation of organic matter.  

Climate change scenarios for Florida predict more intense rainy periods, 

alternating with more severe droughts. Falling groundwater, combined with increased 

water need, will likely lead to lower water levels in shallow Florida lakes. Metal 

concentrations in lake and wetland sediments across the world have increased for the 

last century. The combined effects of changing hydrology and relic metal pollution may 

create future management concerns, including legacy metal pollution in sediments and 

water, as well as the potential for increased metal-laden dust. 
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Figure 3-1. Maps of study locations. a) Map of Florida; star indicates study location. b) Map view of Lake Geneva and 

Little Lake Johnson. c) Outline of average water levels of Little Lake Johnson. Dashed link indicates location of 
sampling transect with the measured distance from shoreline (0-100 m) marked. d) Outline of average water 
levels of Lake Geneva, with the location of the enlarged northern end of the sampled basin. Fine dashed line on 
enlarged map was lake level in March 2012. Numbered dashed lines indicate location of sampling transects 1 
and 2 with the measured distances from shoreline (0-50 m) marked.
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Figure 3-2. Lake stage (ft NAVD88) for Lake Geneva and Little Lake Johnson since 1957 and 1945, respectively. Lake 

stage measurements from 2005 to 2013 are shown in the second panel and arrow indicates the date lake 
sediment samples were collected. Data from SJRWMD.   
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Figure 3-3. Photographs of Little Lake Johnson (left) and Lake Geneva (right) during sampling events. Photo credit: 
Mark Brenner 
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Lake 

Number of 
days in 

period of 
record 

Minimum Q1 Mean Median Q3 Maximum 

    ------------------------------------ft NAVD 1988-------------------------------------- 

Little Lake 
Johnson 

3371 80.6 92.3 93.8 94.0 94.5 103.3 

Lake 
Geneva 

7353 81.1 86.6 92.3 88.6 99.5 106.4 

 

Table 3-1.  Measured Canadian Certified Reference Materials Project lake sediment standard LKSD-4 concentrations 
compared with reported values  

Element 
Measured * 

g/g 

Measured 
SD 

Reported 

g/g 

Reported 
SD 

Recovery (%) 

V 46.0 1.64 49 8 93.9 

Cr 31.2 1.93 33 6 94.5 

Ni 33.3 1.50 31 5 107 

Cu 30.8 1.27 31 4 99.4 

Zn 161 14.4 194 19 82.9 

Sn 4.81 0.421 5 -- 96.2 

Pb 101 4.49 91 6 111 

Sc 6.73 0.548 7 -- 96.1 

Nd 24.0 2.26 -- -- -- 

 *n = 10;  -- = not reported    

Table 3-2. Summary statistics for water levels from Little Lake Johnson and Lake Geneva 



 

103 

 
Figure 3-4.  Cumulative distribution function of water levels from Little Lake Johnson and Lake Geneva from 1957 and 

1945 to 2013, respectively. Red line is a distribution of water level data, and the blue line is a normal distribution 
curve fitted to the water level data.   
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Figure 3-5. Percent water by weight and percent organic matter by dry weight in sediments collected from Little Lake 

Johnson transect and Lake Geneva transects 1 and 2. Values are the average of three samples collected and 
error bars are one standard deviation. 

 
 
 

 
 pH  

Water 
weight (%) 

Organic 
matter (%) V Cr Ni Cu 
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Distance 
from 

shore (m) ± SD ± SD ± SD g/g ± SD g/g ± SD g/g ± SD g/g ± SD 

Little Lake 
Johnson 

all 5.12 0.18 6.35 7.45 33.3 15.6 16.1 5.51 20.4 6.21 9.08 2.69 12.9 4.12 

Lake 
Geneva 

all 5.53 0.44 29.5 16.7 13.1 4.69 20.8 7.59 22.5 6.56 8.98 2.76 12.2 3.86 

Little Lake 
Johnson 

0 5.29 0.15 1.22 0.68 19.9 14.0 9.67 5.56 10.8 4.74 5.73 1.96 7.16 4.02 

10 5.30 0.11 0.93 0.39 10.1 5.16 5.15 3.81 10.3 4.29 4.42 1.75 6.21 3.24 

 20 5.20 0.08 1.64 0.20 20.3 3.89 11.4 4.04 17.1 0.688 6.75 1.76 9.09 1.11 

 30 4.73 0.16 2.80 1.27 20.0 6.03 13.7 4.25 17.2 4.17 7.84 2.03 11.3 2.12 

 40 5.05 0.20 2.44 1.03 25.9 3.92 17.2 6.32 18.9 8.48 8.43 3.60 12.2 4.77 

 50 5.24 0.16 4.75 4.01 25.2 3.17 15.4 3.72 19.6 3.64 8.81 1.03 12.4 2.74 

 60 5.11 0.14 4.52 1.70 47.7 1.39 20.2 1.91 25.2 0.291 11.3 0.426 16.4 0.714 

 70 4.97 0.11 23.3 5.52 48.8 0.24 21.0 2.30 26.2 0.576 11.8 0.526 17.3 0.900 

 80 4.95 0.09 4.29 1.10 49.5 0.57 20.6 2.00 28.6 3.58 12.0 0.782 16.5 0.868 

 90 5.23 0.17 5.33 3.15 50.0 0.16 21.2 1.46 25.9 0.612 11.7 0.280 17.1 0.335 

  100 5.24 0.15 18.6 9.66 49.4 1.36 21.2 2.13 24.2 2.28 11.2 1.24 16.5 2.60 

Lake 
Geneva 1 

0 4.92 0.14 7.66 0.78 3.6 0.27 5.0 2.16 11.9 6.44 3.08 0.369 4.07 1.73 

10 4.93 0.11 8.52 0.21 8.3 1.72 19.3 9.75 19.0 6.16 8.62 3.05 11.4 2.72 

 20 5.09 0.16 20.3 4.28 10.6 1.68 13.9 5.40 17.0 4.65 6.52 1.42 9.00 1.68 

 30 5.80 0.26 39.4 1.82 11.3 0.42 16.7 4.12 17.1 0.886 7.41 0.638 9.87 0.481 

 40 5.96 0.14 45.9 1.55 14.8 2.04 23.6 7.90 23.4 4.65 9.92 2.44 13.8 2.59 

  50 6.09 0.13 57.0 3.69 19.9 2.42 31.9 0.488 36.2 2.38 12.9 0.381 18.3 0.392 

Lake 
Geneva  2 

0 5.25 0.06 16.0 4.89 10.0 2.62 14.5 5.99 17.8 6.68 6.97 2.23 9.58 2.41 

10 5.25 0.27 16.5 2.55 19.2 5.61 31.7 5.30 30.2 2.57 13.1 1.51 17.8 1.64 

 20 5.44 0.06 22.9 2.01 14.4 0.60 23.6 3.90 23.7 5.33 10.3 1.93 13.3 3.82 

 30 5.55 0.09 28.3 4.57 12.7 1.55 22.5 9.83 25.8 9.41 9.73 4.54 13.1 6.91 

 40 6.01 0.08 42.2 1.56 15.9 1.27 23.6 3.32 22.8 1.51 9.62 0.664 12.7 1.02 

  50 6.04 0.12 49.4 0.63 16.8 1.27 23.7 1.91 25.5 3.18 9.61 0.144 13.5 0.507 

Table 3-3. Descriptive statistics for pH, percent water and organic matter, and metal concentrations (g/g) from 
all samples and from Little Lake Johnson (n=33) and Lake Geneva (n=36). Descriptive statistics for pH, 

percent water and organic matter, and metal concentrations (g/g) from sampling locations at 10-meter 
intervals along transects from this historic high water shoreline (0 m) at Little Lake Johnson and Lake 
Geneva (n=3). Values are means ± one standard deviation. 
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Table 3-3. Continued          

Lake 

Distance 
from 
shore 
(m) 

Zn Sn Pb Sc Nd 

 g/g± SD g/g ± SD g/g ± SD g/g ± SD g/g ± SD 

Little Lake 
Johnson 

all 33.0 9.10 1.63 0.625 41.0 15.9 2.40 0.870 10.2 2.92 

Lake 
Geneva 

all 41.1 11.0 1.40 0.509 40.3 15.5 2.62 0.904 8.30 2.81 

Little Lake 
Johnson 

0 19.0 6.68 0.703 0.502 17.6 13.0 0.788 1.34 6.96 4.64 

10 21.6 4.22 0.632 0.426 17.6 8.84 1.87 0.381 4.96 2.23 

 20 23.9 4.83 1.20 0.277 24.4 4.85 1.34 0.046 7.80 2.60 

 30 28.6 7.69 1.41 0.228 33.8 6.54 1.97 0.185 8.86 1.40 

 40 29.5 11.3 1.50 0.894 39.4 19.3 2.43 1.17 10.0 5.09 

 50 31.3 3.34 1.52 0.396 40.3 11.4 2.11 0.937 9.45 2.43 

 60 41.4 3.54 2.30 0.057 53.7 5.64 3.13 0.097 12.4 1.02 

 70 43.0 3.71 2.38 0.082 57.8 7.93 3.43 0.121 14.1 1.32 

 80 40.2 6.96 1.91 0.363 59.9 2.73 2.86 1.65 11.0 7.62 

 90 43.0 3.99 2.31 0.053 54.9 6.99 3.26 0.046 13.1 0.147 

  100 41.0 6.76 2.11 0.392 51.1 2.02 3.26 0.157 13.3 0.061 

Lake 
Geneva 1 

0 19.7 2.06 0.394 1.12 9.11 1.12 1.62 0.562 3.41 0.830 

10 35.4 12.1 1.10 10.0 33.6 10.0 1.78 0.376 6.72 2.13 

 20 32.5 9.56 0.872 8.27 30.2 8.27 2.59 0.780 7.30 2.49 

 30 35.1 8.78 1.32 1.78 30.3 1.78 1.67 0.347 6.60 0.708 

 40 43.9 12.3 1.57 6.91 44.0 6.91 2.17 0.593 8.11 1.82 

  50 61.2 5.07 2.25 4.32 70.4 4.32 4.62 0.384 14.7 0.974 

Lake 
Geneva  2 

0 34.4 11.7 0.969 13.6 30.5 13.6 2.64 1.15 7.02 3.19 

10 56.1 9.20 2.01 1.15 56.1 1.15 2.90 0.987 8.49 4.06 

 20 42.4 7.93 1.51 17.5 41.8 17.5 2.04 0.539 6.69 1.40 

 30 47.9 15.7 1.67 30.7 50.2 30.7 3.78 1.16 10.2 5.77 

 40 41.2 3.84 1.57 6.85 40.9 6.85 2.41 0.513 10.9 2.20 

  50 42.8 2.85 1.58 2.38 46.9 2.38 3.23 0.449 9.50 0.729 
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Figure 3-6. Concentrations (g/g) of V, Cr, Ni, Cu, Zn, Sn, Pb, Sc and Nd measured in sediments collected along a 

transect from a) Little Lake Johnsons and b) two transects from Lake Geneva 
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Figure 3-6. Continued 

b 
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Figure 3-7. Percent distribution of grain size (>63 m<) and organic matter in sediment from Little Lake Johnson transect 

and transects 1 and 2 from Lake Geneva 
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  V Cr Ni Cu Zn Sn Pb Sc Nd 

Little Lake Johnson      

Cr 0.93         

Ni 0.97 0.97        

Cu 0.95 0.97 0.98       

Zn 0.93 0.94 0.96 0.95      

Sn 0.93 0.95 0.96 0.97 0.95     

Pb 0.89 0.96 0.95 0.95 0.89 0.93    

Sc 0.84 0.81 0.84 0.88 0.86 0.84    

Nd 0.85 0.83 0.84 0.83 0.85 0.87 0.80 0.89  
% organic 
matter 

0.89 0.88 0.90 0.90 0.87 0.87 0.88 0.75 0.75 

Lake Geneva 1      

Cr 0.91         

Ni 0.99 0.91        

Cu 0.94 0.90 0.97       

Zn 0.95 0.93 0.95 0.91      

Sn 0.89 0.86 0.90 0.90 0.92     

Pb 0.93 0.94 0.95 0.97 0.93 0.90    

Sc 0.70 0.87 0.71 0.72 0.80 0.65 0.84   

Nd 0.90 0.92 0.90 0.90 0.93 0.89 0.96 0.88  

% organic 
matter 

0.84 0.86 0.87 0.91 0.88 0.86 0.93 0.78 0.88 

Table 3-4. Pearson's correlation coefficients among trace elements and percent 
organic matter from Little Lake Johnson and Lake Geneva sediment 
transects 
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Table 3-4. Continued       

  V Cr Ni Cu Zn Sn Pb Sc Nd 

Lake Geneva 2 

Cr 0.90         

Ni 0.97 0.94        

Cu 0.91 0.94 0.97       

Zn 0.93 0.95 0.95 0.91      

Sn 0.89 0.96 0.94 0.95 0.91     

Pb 0.79 0.94 0.88 0.93 0.86 0.95    

Sc 0.48 0.69 0.51 0.52* 0.70 0.60 0.68   

Nd 0.64 0.63 0.60 0.56* 0.69 0.63 0.58* 0.74  
% organic 
matter 0.81 0.62 0.71 0.65 0.67 0.58* 0.44** 0.29** 0.51* 

* Not signficant at p<0.01, ** Not significant at p<0.05 
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  V Cr Ni Cu Zn Sn Pb Sc Nd 

% <63 m 0.61 0.76 0.83 0.87 0.62 0.92 0.85 0.68 0.87 

% >63 m -0.44* -0.62 -0.73 -0.79 -0.45* -0.86 -0.75 -0.57 -0.84 

* Not significant at p<0.01      
  

 
 

Table 3-5. Pearson’s correlation coefficients (n=23) among trace elements 
and grain-size distribution of sediment transects from Little Lake 
Johnson and Lake Geneva   
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Figure 3-8. Scatter plots of percent organic matter and Vanadium and Zinc concentrations (g/g) measured from 

sediments transects from Little Lake Johnson and Lake Geneva
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CHAPTER 4 
LEAD CONCENTRATIONS AND ISOTOPE RATIOS IN FLORIDA LAKE SEDIMENTS 

EXPOSED DURING LOW LAKE LEVELS: IMPLICATIONS FOR LEGACY PB 
POLLUTION IN LIGHT OF FUTURE CLIMATE CHANGE SCENARIOS 

4.1 Introduction 

Lead is an important environmental contaminant because of its known toxicity to 

humans and other organisms (Forstner and Wittmann 1981; Needleman and Bellinger 

1991). Over the past century, the major source of Pb in the environment was particulate 

emissions from vehicles that used leaded gasoline. Leaded gasoline was introduced in 

the U.S. in the 1920s and use increased until it was phased out by the Clean Air Act in 

the 1970s.  Since then, Pb emissions from vehicles in the U.S. have decreased by 

~99.8% (USEPA 2000). Other sources of Pb include coal combustion, natural geologic 

sources, smelting, waste incineration and Pb-based paint (Nriagu and Pacyna 1988). 

Dust from legacy Pb in soils is also recognized as a significant source of modern Pb 

pollution (Kamenov 2008; Zahran et al. 2013). 

Lead is commonly introduced into the environment as an atmospheric particulate 

and transferred from the atmosphere to water bodies, soils and sediments. In aqueous 

systems, both specific adsorption and ion exchange mechanisms transfer Pb onto 

suspended particles. Over the past century, Pb has accumulated in sediments to levels 

up to several times background concentrations (Nriagu 1996; Callender and Van Metre 

1997; Siver and Wozniak 2001). From concentration data alone, however, it is difficult to 

evaluate the relative importance of different Pb sources, discriminate between geogenic 

background and non-geogenic components, as well as determine the potential toxicity 

of the accumulated Pb. Stable Pb isotope ratios and sequential extraction methods, 

however, have the potential to address these questions. Pb isotope ratios can be used 
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to “fingerprint” sources of anthropogenic Pb (Shotyk et al. 1998; Escobar et al. 2013). 

The isotopic signature of Pb in the environment is derived from three major sources: 

natural, gasoline additives, and metal industries/smelters (Abi-Ghanem et al. 2009). The 

isotopic composition of Pb ore often differs significantly from the lead isotopic 

composition of local bedrock and soils (Shirahata et al. 1980). Sequential extraction 

procedures are used to track Pb mobility and potential toxicity. Anthropogenically 

sourced Pb commonly adsorbs to more labile sediment fractions (carbonates, hydrous 

metal oxides, and organic matter), and is potentially mobile under changing chemical 

conditions (Pearson et al. 2010), whereas geogenically sourced Pb is sequestered in 

the mineral fraction (Tessier et al. 1979).   

Lake sediments can be sinks for trace metals, as these deposits typically remain 

undisturbed and permanently buried. Dredging or dam failure/removal, however, can re-

mobilize these sediments and associated contaminants (Saeki et al. 1992; Juracek and 

Ziegler 2006). In light of climate change predictions, changing hydrologic patterns may 

also be a mechanism for either physical or chemical redistribution of legacy Pb 

pollution. The frequency, intensity and duration of precipitation events may cause 

sediments in lake catchments to mobilize, disperse and become sources of legacy 

metal pollution (Foulds et al. 2014). Intense dry conditions will lead to decreased water 

levels in lakes, and thus impact sediment transport, especially in littoral zones (Rhodes 

and Wiley 1993).  Additionally, the consequences of dry conditions, such as sediment 

drying, organic matter decomposition, and changes in sediment chemistry, will lead to 

diagenetic changes in sediments and possible mobilization of associated metals (Foster 

and Charlesworth 1996; Matagi et al. 1998; Schulz-Zunkel and Krueger 2009). 
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Predicted effects of climate change in Florida, especially increasing temperature 

and changing rainfall patterns, will influence hydrologic patterns across the state. 

Conflicting outputs of general circulation models suggest both lower and higher future 

annual precipitation. A significant decreasing trend in October and May precipitation, 

and an increasing trend in July through August rainfall, were measured in Florida over 

the last century (Martinez et al. 2012). Projections suggest increased future storm 

intensity and clustering in the summer months, resulting in extreme hydrographs, with 

large peaks in flow, but lower baseflow conditions (Mulholland et al. 1997). Most models 

agree that drought periods will be longer and more frequent (Yates and Towler 2011).   

About three-fourths of Florida’s 7,800 lakes, which overall cover ~6% of the 

state’s landscape, have maximum depths <5 m (Brenner et al. 1990). Because of the 

shallow nature of these lakes, lake level lows stands often have severe effects, 

exposing large areas of lake bed (Schiffer 1999). An estimated 70% of Florida lakes are 

seepage lakes, losing water only to evapotranspiration and the groundwater system, not 

via drainage in surface outflows (Schiffer 1999).  The combined effects of decreased 

precipitation and intensified groundwater use, and the ever increasing water demand 

associated with increasing population growth, will further lower the water table, causing 

additional stress on these lake systems (Mulholland et al. 1997; Obeysekera et al. 2010; 

Annable et al. 1996; Ferguson and Gleeson 2012).  

Lake Geneva and Little Lake Johnson, two lakes in north Florida (Figure 4-1) are 

highly influenced by local groundwater levels. During the regional dry period in the 

winter and spring 2012, these lakes experienced record low water levels (Figure 4-2). 

Little Lake Johnson was completely dry and an estimated 25% of the previously 
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inundated lake bottom of Lake Geneva was exposed. The goal of this study was to 

investigate the effect of extreme lake level low stands on the distribution of Pb in 

exposed lake sediments. Pb concentrations in lake sediments in north Florida are 

enriched above background levels (Blair et al. in review), but there is uncertainty 

concerning the fate of anthropogenically sourced Pb when these sediments are 

exposed during extreme low water levels. Specific objectives of this study were to: 1) 

determine total Pb concentration along transects of exposed lake sediments, from the 

old shoreline toward the basin center; 2) determine the distribution of Pb among 

sediment fractions using sequential extraction methods and; 3) identify the source of 

anthropogenically sourced Pb in the exposed lake sediment using radiogenic Pb 

isotopes.   

4.2 Methods 

4.2.1 Study Sites 

Lakes Geneva and Little Johnson are located in an area known as the Sandhill 

Lake District of north Florida. Lakes in the region have received much attention because 

of their astatic nature and recent, pronounced declines in stage (SJRWMD 2013). The 

lakes are surrounded by deep quartz sands and in most cases occupy sinkholes formed 

by dissolution and collapse of underlying limestone. The drainage basins are small and 

water enters primarily via direct rainfall and subsurface inflow. Local bedrock consists of 

Pleistocene-age Trail Ridge Sands and the Pliocene-age Cypresshead formation, 

composed of several hundred feet of semi-consolidated marine and non-marine 

deposits of sand, clay, marl, gravel, limestone, dolomite and dolomitic limestone 

(FLDEP 2010).  
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Lake Geneva (29°45’54”N, 82°01’22”W) is adjacent to the town of Keystone 

Heights and covers approximately 6.6 km2 (when full) and has a watershed of about 

117 km2. The city of Keystone Heights stretches along the northern shore and maintains 

a public beach and park, whereas private residences surround the remainder of the 

lake.  This oligotrophic, shallow-groundwater-fed lake has displayed very low water 

levels since the early 1990s, leaving many private docks tens of meters from the water’s 

edge.  This study focused on the northernmost area of the lake, which has a public 

access.  Because of the recent low water levels, this area of the lake has been 

disconnected from the main water body to the south. I collected surface sediments from 

the southwest side (transect 1) and southeast side (transect 2) of this northern sub-

basin of the lake (Figure 4-1). 

Little Lake Johnson (29°49’46”N, 81°57’15”W) is located in Mike Roess Gold 

Head Branch State Park, about five miles NE of Keystone Heights. It is a relatively 

small, shallow, oligotrophic to mesotrophic lake.  It has an average maximum depth of 

4.5 m and an area of 0.11 km2. Groundwater-fed Gold Head Branch Stream flows into 

Little Lake Johnson and at high stage the lake connects with larger Lake Johnson. I 

collected surface sediments along one SW/NE-trending transect, starting on the 

southwest side of the lake (Figure 4-1). 

4.2.2 Sample Collection 

I collected surface sediments at Lake Geneva on 3 March 2012 and at Little Lake 

Johnson on 29 March 2012. At that time, water elevations were extremely low (~81 ft 

NAVD 1988). Relative to the periods of record for Lake Geneva (55 years) and Little 

Lake Johnson (67 years), water levels were similar to the minimum historic lake 
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elevation (Little Lake Johnson – 80.6 ft; Lake Geneva – 81.1 ft) (Figure 4-2). These low 

water levels occurred less than 2% of the time during the period of record. There was 

no standing water at Little Lake Johnson and only a few small, disconnected pools in 

the north basin of Lake Geneva. At each lake, the approximate location of a previous 

lake-level highstand was identified by the presence of dried, dark organic matter on top 

of quartz sand. At Lake Geneva, I collected samples every 10 m along two 50-m 

transects, using acid-cleaned, 4x-water-rinsed, 20-ml plastic vials. Along both transects, 

the 50-m sample was collected at the water’s edge. At each sampling location, three 

samples were collected, one on the transect, and one each, a meter either side of the 

transect.  

At Little Lake Johnson, I collected samples every 10 m over a 100-m transect.  

Along this transect, three samples were collected at each location as described above.  

At each sampling location at the two lakes, the 20-ml vial was pressed into the surface 

sediment and the top ~3 cm of sediment were collected.  Samples were placed in a 

cooler and sediment pH was measured within 48 hours of collection, using a 1:1 mix of 

DI water and sediment. 

One sample from each sampling location along all three transects was wet-

sieved to determine the fractions of sediment >63 m and <63 m. I treated the <63-m 

fraction with hydrogen peroxide to remove organic matter and determine percent 

clay/silt. To determine percent dry mass, I weighed wet samples and re-weighed them 

after freeze-drying. Dry samples were ground to a fine powder.  
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4.2.3 Total Pb Analysis of Digested Sediment 

I prepared samples for total digestion and geochemical analysis in a class 1000 

clean lab, equipped with class 10 laminar flow hoods, at the Department of Geological 

Sciences, University of Florida.  All reagents used for sample preparation were Optima-

grade. About 1 g of sediment was weighed in an acid-cleaned ceramic crucible and 

ashed at 550 °C to remove organic matter and determine weight loss on ignition (LOI) 

(Håkanson and Jansson 1983). All elements of interest have boiling points >550 °C, so 

ashing caused no element loss. About 0.05 g of the mineral ash was weighed, 

transferred to acid-cleaned Teflon vials, and digested with 1 ml concentrated HF and 2 

ml concentrated HNO3.  The samples were placed in a 90oC oven for 48 hours.  Vials 

were opened and the solution was evaporated to dryness on a hot plate. After 

evaporation, samples were treated with 2 ml of 6 N HCl and vials were capped and 

heated on a hot plate overnight to ensure full dissolution.  The solution was evaporated 

again to dryness.  Five ml of 0.8 N HNO3 with 100 ppm HF spike with 8 ppb Rh and Re 

was added to the samples to re-dissolve the residue.  A small aliquot of the solution was 

removed and diluted with the same spiked 0.8 N HNO3 , for a final dilution of ~2,000x for 

trace metal analyses. Trace element analysis was performed on a Thermo Element2 

HR-ICP-MS in medium resolution with Rh and Re used as internal standards. I 

calibrated results using USGS rock standards AGV-1, BIR, BCR-2 and a procedural 

blank following Kamenov et al. (2008). Duplicate samples were also analyzed and 

results showed <10% variability. Metal concentrations are reported as ppm per gram dry 

sediment. Replicated mean Pb measurements (n=11) of Canadian Certified Reference 

Materials Project lake sediment standard LKSD-4 were 103 g/g with a standard 
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deviation of 4.36 and an average recovery of 113% based on the reported value of 

91g/g.  

4.2.4 BCR Sequential Extraction Procedure  

Table 4-1 summarizes the BCR extraction procedure used in this study (See 

Rauret et al. 1999 for complete procedure). I used a starting weight of 1 g dried 

sediment for analysis.  After each step, I centrifuged the sample and removed 5 ml of 

extractant for analysis. Between steps, I washed each sample with 4x distilled water. 

Each extractant was evaporated to dryness and 4.5 ml of 0.8 N HNO3 with 100 ppm HF 

spike and 8 ppb Rh and Re was added to the samples to re-dissolve the residue. The 

final dilution for the first three extracted fractions was ~5.5x. The residue was treated as 

described above for total rock digestion. Instrumental analysis was performed as 

described above. 

Duplicate samples, reagent blank, procedural blanks, and standard reference 

materials were analyzed for quality control.  Standard reference material LKSD-4 

(Canadian Certified Reference Materials Project Lake Sediment Standard) was used to 

verify the accuracy of the sequential extraction method. Concentrations from each 

extraction step were summed and compared to total digestion concentrations.  Percent 

recovery was 138% based on the certified value of Pb concentration (91 g/g) in LKSD-

4, and 119% based on the long-term average (103 g/g; n=11). Reliability of the 

sequential extraction was determined by reproducibility of multiple leachings (Table 4-

2). Additionally, for each of the sediment samples the measured Pb concentration from 

total digestion was compared to the sum of the leached fractions. The percent recovery 

of the summed leached fractions compared to the total digestion averaged 109.4%.   
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4.2.5 Pb Isotope Analysis 

After measurement of Pb concentrations, remaining sample solutions, both total 

digested and four extractants, were evaporated to dryness and dissolved in 1 N HBr 

and loaded onto columns packed with Dowex 1X-8 resin to separate Pb. The sample 

was washed 3x with 1 ml of 1N HBr and the Pb fraction was collected in 1 ml of 3N 

HNO3 (Kamenov et al. 2009). I determined Pb isotope composition on a Nu-Plasma 

MC-ICP-MS with Tl normalization following the procedure described in Kamenov et al. 

(2004).  The Pb isotope data are expressed relative to values of reference material from 

the National Bureau of Standards (now National Institute of Standards and Technology): 

NBS 981: 206Pb/204Pb = 16.937 (±0.004, 2σ), 207Pb/204Pb = 15.490 (±0.003, 2σ), and 

208Pb/204Pb = 36.695 (±0.009, 2σ). 

4.3 Results and Discussion 

Pb concentrations in Little Lake Johnson sediments were lowest at the historic 

shoreline (0 m) and increased with distance from shore (Figure 4-3 and Appendix B 

Table B-1). Concentrations reached greatest values, ~3x increase, at 60 m and 

remained relatively constant to 100 m from shore. In Lake Geneva transect 1, sediment 

Pb concentrations were lowest closest to the historic shoreline, increased with distance 

from shore, and peaked at the location farthest from the old shore, an increase of >5x 

along the transect. In transect 2, there was no systematic increase in Pb concentration 

with distance from the old shore, but metal concentrations were comparable to the high 

concentrations measured in transect 1.  

Blair et al. (in review) determined a baseline, pre-anthropogenic Pb concentration 

of 15 g/g from a 210Pb-dated sediment core in Little Lake Johnson, whereas modern 
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values reached a peak of 65 g/g in the 1980s. In this study, mean Pb concentrations in 

surface sediments from lakes Little Johnson and Geneva were 41.0 and 40.3 g/g, 

respectively, indicating anthropogenic enrichment above baseline concentrations.   

Anthropogenic metals introduced into the aquatic environment occur in 

particulate form or are rapidly sorbed to particles and are deposited or remain in 

suspension, depending on the particle size and composition (Regnier and Wollast 1993; 

Stecko and Bendell-Young 2000). Metals have potential for sorption onto clay minerals, 

hydrous oxides, and organic matter surfaces, all of which tend to be found in the smaller 

grain sizes (Förstner and Patchineelam 1980; Calmano et al. 1993; Ikem et al. 2003). 

Lead is known to form stable compounds with organic matter in peat (Logan et al. 1997) 

and Pb2+ has a relatively high binding constant of -0.81 with humic substances (Drever 

1997). Therefore, sediment characteristics, namely organic matter and relative 

proportion of fine grain material, are important factors that influence metal distribution.  

Organic matter content in Little Lake Johnson surface sediment increased 

gradually from 25% to a distance about 50 m from the old shoreline. Thereafter, it 

increased abruptly and remained high (45-50%). At Lake Geneva, the pattern was 

different. Organic matter content in transect 1 increased gradually with distance from 

the old shoreline, from 4 – 18%.  In transect 2, organic matter content averaged 15%, 

with no trend (Figure 4-3, Appendix B Table B-1). Sediments from Little Lake Johnson 

and transect 1 from Lake Geneva show significant (p<0.05) positive relationships 

between percent organic matter and Pb total concentrations, r = 0.81 and r = 0.86, 

respectively (Figure 4-4). As organic matter content in sediment increased toward the 

center of the lake, Pb also increased. In transect 2 from Lake Geneva there was no 
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significant correlation between percent organic matter and Pb concentration, suggesting 

that other factors controlled Pb distribution.  

In Little Lake Johnson and Lake Geneva transect 1, sediments the <63-m 

sediment fraction increased with distance from shore and the >63-m fraction percent 

decreased (Figure 4-3). In sediments from Lake Geneva transect 2, grain-size 

distribution was relatively constant, with the <63-m constituting ~35% and the >63-m 

fraction ~50%. Because of the limited amount of grain-size data, data from all three 

lakes were pooled. The combined data showed a significant correlation (r = 0.87) 

between the <63-m fraction and total Pb concentration (Figure 4-5). 

Trace metals bound to flocculent material, organic matter, or fine-grained 

sediments, are easily suspended into the lake water column (Nguyen et al. 2005) and 

can become mobilized and concentrated in sediments elsewhere in the basin when 

water level declines (Gottgens and Crisman 1992). Given the relationships between 

total Pb concentration and both organic matter and grain size in my study lakes, I 

suggest this resuspension mechanism accounts for the greater Pb concentrations in 

surface sediments with increasing distance from shore.   

Lead is relatively immobile once sorbed to particulate matter and deposited. 

Indeed, widespread successful application of 210Pb-dating of lake sediments provides 

evidence against post-depositional mass transport of Pb in sediment porewaters 

(Appleby et al. 1986). Both pH and redox, the main variables that control Pb adsorption 

onto organic matter and hydrous metal oxides (Foster and Charlesworth 1996; Matagi 

et al. 1998; Schulz-Zunkel and Krueger 2009), must be considered in these sediments 

where chemical alteration is likely to have occurred. The most important “sinks” for Pb in 
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aerobic waters are colloidal hydrous ferric and manganese (Fe-Mn) oxides (Harrison 

and Laxen 1984). The scavenging process is relatively rapid and mostly irreversible, but 

strongly pH-dependent (Tipping et al. 2003; Förstner et al. 1994). Lead, like most cation 

metals (Cd, Cu, Zn) becomes more mobile at lower pH (2-4.5) because dissolution of 

hydrous Fe-Mn oxides and carbonates increases and adsorption at sediment cation 

exchange surfaces decreases (Calmano et al. 1993). In simple systems, most Pb2+ 

cations are strongly adsorbed to metal oxides above pH 5 (Drever 1997). At high pH (9-

11), Pb solubility also increases because metals can form stable and soluble complexes 

with hydroxyl ions and dissolved organic carbon, or is released by dissolution of sulfide 

minerals (Tack et al. 1996; Ho et al. 2012). In my study, pH values in surface sediments 

were between 5 and 6 (Figure 4-3), and therefore unlikely to promote Pb solubility.  

Lead mobility under changing redox conditions must also be considered (Gallon 

et al. 2004; Pearson et al. 2010). Under reducing, anoxic conditions, hydrous Fe-Mn 

oxides are readily reduced and soluble, and release associated metals. Soluble Pb is 

removed from porewaters by re-adsorption onto solid sulfides. Under oxidizing 

conditions, sulfide minerals become oxidized and release adsorbed metals. It is 

probable that reducing conditions in uppermost sediments increased toward the lake 

center, as water content increased (Figure 4-3). All surface sediments were exposed to 

atmosphere and sampling was limited to 3 cm depth. Although oxidizing conditions 

prevailed at the sediment surface, reducing conditions can persist in wet, sub-surface 

deposits, even at shallow depths in the sediment (Reddy and DeLaune 2008). In Lake 

Geneva, pH values increased from the historic shoreline to the lake center, providing 

evidence of changing redox conditions. The higher pH at the lake center likely resulted 
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from reductive dissolution of hydrous Fe-Mn oxides, whereas the low pH at the historic 

lake shoreline resulted from oxidation of sulfide minerals (Calmano et al. 1993; Şengör 

et al. 2007).   

The question remains whether the redox gradient caused mobility of Pb along the 

sediment transects. A study by Ho et al. (2012) investigated mobility of trace metals 

under oxic and suboxic conditions. The authors measured the amount of Pb that was 

easily leachable under these conditions and showed there is very little difference in 

percent mobile Pb between the oxic and suboxic sediments at pH 5-6. This suggests 

that under slightly reducing conditions Pb is not very mobile. Sequential Pb extraction 

methods can be used to provide additional evidence of potential redox mobilization and 

evaluate potential metal toxicity.  

4.3.1 Pb Concentrations from Sequential Extractions 

The toxicity and fate of trace elements is dependent on their chemical form. 

Therefore, quantification of the different forms is often more meaningful than estimates 

of total concentration (Tessier et al. 1979).  One approach that is widely applied is 

fractionation of elements using sequential extractions. This approach has been criticized 

because it is operationally defined and extracted fractions do not necessarily 

correspond to specific mineralogical or chemical phases in the sediment (Sutherland 

2010). Nevertheless, if each extracted metal fraction is defined by the chemical process 

used to isolate it (e.g. reduction or oxidation), each fraction can be related to chemical 

processes within the sediment. These processes control the release and mobilization of 

the metals and can provide information about the geochemistry of the sediment 

(Förstner et al. 1994). 
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In the absence of anthropogenic influences, trace elements are primarily 

associated with silicates and primary minerals, and display limited mobility. Elements 

that are introduced into the environment by human activity bind with other sediment 

phases, such as carbonates, oxides, hydroxides, sulfides and/or organic matter.  These 

phases are more readily extractable (Tessier et al. 1979, Zimmerman and Weindorf 

2010). The hypothesis underlying these sequential extraction techniques is that mobile 

metals are removed in the first, easily extractable fraction, and the metals obtained from 

subsequent extractions are more securely bound and less mobile.   

The Pb concentrations in surface sediments of my study lakes are enriched 

relative to baseline, pre-anthropogenic values. Sequential extraction procedures, 

combined with Pb isotopic analysis, yielded additional information about Pb source, 

potential toxicity and redox conditions. Using the BCR sequential extraction procedure, 

Pb concentrations were measured in four sediment fractions: 1) water/acid soluble or 

exchangeable (carbonates and phosphates), 2) reducible hydrous metal oxides, 3) 

oxidizable organic matter or sulfides, and 4) the residual mineral fraction (Table 4-2). 

For all three transects, Pb concentrations were highest in the reducible hydrous metal 

oxide fraction, followed by the residual mineral fraction, the oxidizable fraction, and a 

minor contribution from the exchangeable fraction. This order of distribution is 

comparable to that measured in organic-rich soils, river and lake sediments and is 

indicative of a large anthropogenic component of Pb in the sediments (Monna et al. 

2000; Bacon et al. 2006; Ho et al. 2012).  

Pb concentrations in all four fractions increased with greater distance from shore. 

Sediments closest to the historic shoreline were dominated by quartz sand, which 
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contains low geogenic Pb concentrations. This accounts for the low concentrations in 

the residual fraction at these locations. Little Lake Johnson and Lake Geneva have very 

low water-column alkalinity, - 0.8 and -1.7 mg/L as CaCO3, respectively (Florida 

Lakewatch 2005), which may account for the low Pb concentrations in the 

exchangeable fraction, which includes metals bound to carbonates. Higher 

concentrations in both the reducible hydrous metal oxide fraction and oxidizable 

organic/sulfide fraction suggest that conditions along transects were neither extremely 

reducing or oxidizing. Lead concentrations in all fractions increased along transects with 

greater distant from the old shoreline, suggesting that all Pb phases were concentrated 

toward the lake center. This is consistent with the hypothesis that an increase in fine-

grain and organic material toward the lake center is responsible for the higher 

concentrations of adsorbed metals at those sites.  

The percent distribution of Pb fractions along transects gives an indication of Pb 

mobility (Figure 4-6). In all three transects, percent Pb in the residual fraction was 

relatively consistent, indicating the proportion of minerals that contain Pb did not 

change. Along the length of the Little Lake Johnson and Lake Geneva 1 transects, the 

proportion of Pb in the more mobile fractions varied slightly. The change in proportion is 

close to the percent variability measured in replicate samples, but there is a trend along 

the transects. The proportion of Pb in the exchangeable fraction decreased from >2% to 

~1% in both lakes, whereas the oxidizable fraction increased from 5 to 17% in the Little 

Lake Johnson transect and 7 to 15% in Lake Geneva transect 1. The reducible fraction 

decreased from 60 to 44% in Little Lake Johnson and 67 to 56% in Lake Geneva 1. The 

relative proportion of oxidizable organic matter or sulfide sediment increased with 
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increasing distance from shore, but the proportion of exchangeable and metal-

hydroxide-bound Pb decreased. Dry conditions closest to the historic high lake level 

could have caused organic matter degradation, decreasing the proportion of oxidizable 

organic matter and the exchangeable fraction (Prica et al. 2009). Exposure, oxidization 

and mineralization of the deposits may have resulted in Pb mobilization, even via 

aeolian processes (Calmano et al. 2005). The increase in the proportion of Pb in the 

reducible fraction towards the center of the lake may indicate the reduction of oxides 

under anoxic conditions (Chesworth et al. 2006).   

Although variability between Pb concentrations in the four sediment fractions was 

slight along the transects, I conclude: 1) the proportion of Pb in the most mobile 

fractions (exchangeable and reducible) was greatest closest to the historic shoreline, 2) 

there was a slight change in redox conditions along the transects indicated by the 

change in proportion of Pb in the oxidizable vs. the reducible fraction, however 3) Pb 

concentrations increased in both the reducible and oxidizable fractions towards the 

center of the lake, indicating that extreme redox conditions did not occur and probably 

did not influence Pb mobilization. Other studies found that Pb, compared to Cd, Cu, and 

Zn, is less affected by changing redox conditions (Saeki et al. 1992; Nemati et al. 2011). 

Thus, changing redox conditions along the transects probably did not influence the Pb 

distribution. Instead, concentrations of organic matter and fine particulate matter, which 

display greater concentrations in topographic lows nearer the lake center, had the most 

influence on Pb distribution.  
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4.3.2 Pb Isotopes 

Radiogenic Pb isotopes were measured from the four sequential extracted 

sediment fractions (Appendix B Table B-2). I will focus on 208Pb/204Pb, but similar spatial 

trends are seen for each of the Pb isotope ratios. The residual fraction had values 

between 38.6 – 38.9, similar to the other three fractions, with values in the range 38.3 – 

38.5 (Figure 4-7).  

Pb isotope ratios can be used to fingerprint the source of Pb in sediments. Pb ore 

used as a gasoline additive, Pb released during coal combustion, and Pb from local 

geologic sources, have different isotopic ratios. Studies of wetland and sediment cores 

from Florida show two major shifts in 208Pb/204Pb pre-1900 to present (Figure 4-8) 

(Kamenov et al. 2009; Escobar et al. 2013; Blair et al. in review). The first gradual shift 

was from values >38.7 pre-1900 to values of 38.3 - 38.45 by 1960. After 1960, there 

was a shift to higher values of 38.4 - 38.6, which are found today. Pre-1900, the Pb 

signature was controlled primarily by geogenic Pb both from local sources and Saharan 

dust (Kamenov et al. 2009). Total Pb concentrations over the last century increased 

dramatically as a consequence of Pb inputs from leaded gasoline. The initial increase in 

concentration was accompanied by a decrease in 208Pb/204Pb, reflecting the 

composition of the Idaho Pb ore that was originally used to make the gasoline additive. 

The second shift is attributed to the transition from Idaho ore to Mississippi Valley Type 

(MVT) deposits, used as the gas additive from the 1960s through the 1980s (Graney et 

al. 1995; Kamenov et al. 2009).  

One assumption of sequential leaching procedures is that anthropogenic metals 

are sorbed to the more labile fractions. Pb isotope measurements support this 
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assumption, as isotope ratio values in the leached sediment fractions (exchangeable, 

reducible, and oxidizable) show distinct Pb isotopic ratios compared to the residual 

fraction (Figure 4-9). Where values for three most labile fractions overlap with the 

residual fraction indicates a geogenic Pb component. Recent (1970s to 2010) 

anthropogenic Pb isotopic signature modeled from bulk measurements of Florida lake 

sediments (Escobar et al. 2013) are similar to the three most labile fractions, and 

provide further evidence of the anthropogenic source of the Pb found in these lake 

sediments. The Pb isotope measurements show that anthropogenically sourced Pb 

dominates in exposed surface deposits, even in sediments with relatively low Pb 

concentrations (<20 g/g).  

In these lake sediments, Pb concentrations were low compared to the Florida 

Department of Environmental Protection’s “Soil Cleanup Target Level” for residential 

areas, which is 400 g/g. There may, however, be human health implications 

associated with the exposure to Pb in these sediments. Tegen et al. (2002) documented 

high dust emissions from recently dried lake beds, a consequence of the high proportion 

of fine-grain material and low surface roughness. Lakes in my study are surrounded by 

quartz sand and the major mechanisms for dust generation is saltation or sandblasting 

across the sediment surface (Grini and Zender 2004). A number of studies concluded 

that modern human Pb exposure occurs primarily through inhalation and oral ingestion 

(Mielke and Reagan 1998; Kamenov 2008; Hu et al. 2014). Zahran et al. (2013) found 

that atmospheric soil and atmospheric Pb concentrations show near-identical seasonal 

properties, and vary with children’s blood-lead levels in Detroit, MI USA. Blood-lead 

levels are higher in summer and autumn and lower during winter and spring. The 
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authors concluded that resuspended soil is a significant source of atmospheric Pb and 

that a Pb concentration of only 0.0069 g/m3 in the air can increase blood lead levels in 

a one-year-old child by 10%. Although the problem of atmospheric Pb exposure is more 

acute in urban environments, my study shows that dry lake beds are potential sources 

of legacy anthropogenic Pb. 

4.4 Conclusions 

Lead concentrations in sediments of lakes and wetlands worldwide have 

increased over the last 150 years. This is mostly attributed to combustion of gasoline 

containing Pb additive. Throughout the US, Pb concentrations in sediments peaked in 

the 1970s, after which Pb additive was prohibited (Siver and Wozniak 2001; Escobar et 

al. 2013). Climate change scenarios for Florida predict periods of more intense rainy 

seasons followed by periods of more intense droughts. Protracted dry conditions in 

north Florida caused severe decreases in lake levels and winter 2012, some lakes 

desiccated completely. Exposed sediments were collected along the dry lake beds to 

determine the fate of anthropogenic Pb that had accumulated in the lake deposits. 

Lead concentrations increased with greater distance from the historic high water 

level and highest Pb concentrations were found in surface sediments closest to the 

topographic low (center) of the lake. Concentrations in these deposits were up to 3x 

higher than pre-anthropogenic, background concentrations. Lead distribution was 

primarily controlled by the distribution of fine-grain sediments and organic matter. This 

material was concentrated toward the lake center as water levels fell. Although redox 

conditions are known to change in drying sediments, sequential extractions on these 

sediments provided no evidence for a strong redox gradient along the transects. 
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Therefore, redox potential is thought to have had little influence on Pb distribution. 

Sequential extraction showed that most Pb is associated with the relatively mobile 

hydrous Fe-Mn oxide sediment fraction, followed by the residual mineral phase and the 

organic matter/sulfide phases. Very little Pb is present in the acid exchangeable 

carbonate fraction. Pb isotopes in the extracted sediment fractions confirmed that Pb in 

the exposed sediments was sourced from anthropogenic activity, namely gasoline 

additive. Although the Pb concentrations measured in this study were relatively low, 

they show the potential of lake sediments as sources of legacy Pb pollution. 
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Figure 4-1. Maps of study locations. a) Map of Florida; star indicates study location. b) Map view of Lake Geneva and 

Little Lake Johnson. c) Outline of average water levels of Little Lake Johnson. Dashed link indicates location of 
sampling transect with the measured distance from shoreline (0-100 m) marked. d) Outline of average water 
levels of Lake Geneva, with the location of the enlarged northern end of the lake. Finely dashed line on 
enlarged map was lake level in March 2012. Numbered dashed lines indicate location of sampling transects 1 
and 2 with the measured distances from shoreline (0-50 m) marked. 
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Figure 4-2. Lake stage (ft NAVD88) for Lake Geneva and Little Lake Johnson since 1957 and 1945, respectively. Lake 

stage measurement from 2005 to 2013 are shown in the second panel and arrow indicates the date lake 
sediment samples were collected. Data from SJRWMD.   
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Step Sediment   
phase 

Extractant Shaking time 
and temperature 

EXT 
Water and acid 
soluble, and 
exchangeable 

40 mL of 0.11 M 
CH3COOH 

16 hr at room temperature 

    

RED 
Reducible metal 
oxides 

40 mL of 0.5 M HONH2
 

HCl (pH 1.5) 
16 hr at room temperature 

    

OXI 
Oxidizable 
organic 
matter/sulfides 

10 mL of 8.8 M H2O2 
(pH 2) 
10 mL of 8.8 M H2O2 
(pH 2) add 50 mL of 1 
M NH4OAc (pH 2) 

1 h at room temperature 
and 1 hr at 85oC  
1 hr at 85oC (after second 
10mL) 
16 hr at room temperature 

    

RES Residuala 
1 mL HF and 2 mL 
HNO3 

36 hr at 90oC oven 

aDigestion of the residual is not a step of the BCR  protocol. 
 

 

 

 

 

 

 

 

 

 

 

 

Table 4-1.  Modified BCR sequential extraction scheme used for metal speciation 
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Lake 
 

Distance 
from shore 

(m) 
Exchangeable Reducible Oxidizable Residual 

Sum of 
fractions 

Total 1 

Little Lake 
Johnson 

0 0.142    4.00  0.373    2.08     6.60    5.52 
10 0.724 20.7      4.12    6.40 32.0 22.6 

 20 0.374 12.9      2.78    9.55 25.6 24.4 
 30 0.436 17.5      3.13    9.69 30.7 32.6 
 40 0.422 18.1      3.79 10.9 33.2 35.6 
 50 0.385 15.4      3.34 10.0 29.2 36.9 
 60 0.535 29.6    11.6 26.7 68.4 53.7 
 70 0.565 29.5    13.1 26.2 69.3 57.8 
 80 0.447 27.6    10.9 26.0 65.0 59.9 
 90 0.424 27.9    12.0 25.5 65.8 54.9 
 100 0.443 28.6    11.6 25.0 65.7 56.9 

Lake 
Geneva 1 

0 0.280    5.66   0.742     3.52 10.2     9.10 
10 0.674 17.7 2.76     5.17 26.3 28.1 

 20 0.718 19.8 3.13     7.36 31.0 30.2 
 30 0.778 29.4 6.78 11.5 48.4 30.3 
 40 0.860 27.8 5.97 10.9 45.6 44.0 
 50 0.937 36.2 9.79 17.7 64.7 70.4 

Lake 
Geneva 2 

0 0.647 16.9 3.55    7.06 28.2 30.5 
10 0.799 27.2 6.22 10.2 44.4 56.0 

 20 0.827 29.8 7.39 12.5 50.5 41.8 
 30 0.788 30.3 7.11 11.1 49.3 50.2 
 40 0.806 29.9 6.80 15.1 52.6 40.9 
 50 0.866 30.9 8.52 12.2 52.5 48.2 

LKSD-4 mean       3.54 90.5     19.6     9.23       123   103 
 stnd. dev. 0.405     7.02 1.43      0.547    6.33 -- 
  % variability     11.4    7.76 7.29    5.89    5.15 -- 
1Total - bulk digestion       

Table 4-2. Lead concentration (g/g) in sediment fractions from BCR sequential extraction and total 
digestion in sediment samples from Little Lake Johnson and Lake Geneva transects, and 
LKSD-4 lake sediment standard 
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Figure 4-3.  Average pH, percent water weight, percent organic matter, and total Pb concentrations (n=3), and measured 

percent distribution of grain size (>63 m<) measured at 10-m intervals along sediment transects from Little 
Lake Johnson and Lake Geneva. Distance from shore indicates distance from the historic lake level high (0 m) 
to the lake center.  Error bars represent one standard deviation. Lake Geneva Transect 1 is represented by 
solid lines, whereas Transect 2 is represented by dashed lines. 
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Figure 4-4. Percent organic matter vs. total Pb concentration (g/g) in surface sediments from Little Lake Johnson and 
Lake Geneva. Correlation coefficients are shown for each transect and are significant at p<0.05 for Little Lake 
Johnson and Lake Geneva 1, but not significant for Lake Geneva 2 (p=0.069).   
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Figure 4-5. Percent <63 m grain size fraction vs. total Pb concentration (g/g) in sediments from Little Lake Johnson and 
Lake Geneva. Combined data from all three lakes (n=23) yield an r value of 0.87 (p<0.01). 
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Figure 4-6. Relative abundance of Pb in surface sediment fractions, determined by the BCR sequential extraction 

procedure along transects in Little Lake Johnson and Lake Geneva, from the historic high shorelines (0 m) 
towards the center of the lakes. Stacked bar graphs indicate the percent of Pb in the residual, oxidizable metal 
oxide, reducible organic matter/sulfides, and exchangeable fractions of sediment along the transects.   
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Figure 4-7. 208Pb/204Pb measured in sequentially extracted sediment fractions from Little Lake Johnson and Lake Geneva 

transects from the historic high lake level (0 m) towards the lake center. Error bars are shown, but in some 
cases are smaller than the data point symbol. 
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Figure 4-8 208Pb/204Pb measured in total digested sediment from FL lake and peat cores over the last century. Lake 

Sheelar, FL - black squares (Blair et al. accepted), Little Lake Jackson – red circles (Escobar et al. 2012), and 
Blue Cypress Marsh, FL – blue triangles (Kamenov et al. 2009).  
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Figure 4-9 Comparison between 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb in leached sediment fractions (exchangeable, 

reducible, oxidizable), residual fraction from this study, and modeled recent (1970s to present) anthropogenic 
values from Florida lake sediments and peat from Escobar et al. (2013).  
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CHAPTER 5 

PRESERVATION OF TRACE METAL STRATIGRAPHY IN FLORIDA LAKE 
SEDIMENTS AFTER LOW LAKE STAGE EVENTS  

5.1 Introduction 

 Paleolimnological studies are used to quantify anthropogenic influences 

on the environment. The approach has documented human alteration of trace metal 

cycling (e.g. Pb), as a consequence of smelting practices that began thousands of years 

ago (Norton and Kahl 1987; Shotyk et al. 2001; Bindler et al. 2008; Thevenon et al. 

2011; Cooke et al. 2007). Today, trace metals are found in lake sediments worldwide, 

delivered via atmospheric deposition. Since the mid-1850s, many studies have shown a 

significant increase in trace metal accumulation in lake sediments. This increase is 

attributed to the Industrial Revolution, increasing automobile usage, and for Pb 

specifically, the widespread use of Pb as a gasoline additive.   

 Lake sediments accurately preserve a record of trace metal deposition in 

water bodies (Siver and Wozniak 2001; Bindler et al. 2008). Several studies, however, 

have investigated the degree to which early diagenetic alteration and sediment transport 

may alter the metal profiles (Winderlund et al. 2002; Schottler and Engstrom 2006; 

Rydberg et al. 2008). Sediment records have been used to study pre-anthropogenic and 

anthropogenic metal loadings, deterioration of watersheds as a consequence of land-

use change, and the effectiveness of remediation practices (Van Metre et al. 2006). If 

paleolimnological data are to be reliably interpreted, then sediment metal concentrations 

must not change appreciably after burial (Boyle et al. 2001b). This study focused on this 

requirement, with special attention to post-depositional metal migration. Mechanisms 

responsible for metal mobility are both physical and chemical. Physical mechanisms 
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include wave-generated turbulence from storm events and sediment focusing, which 

translocate sediments and associated bound elements (Lehman 1975; Foulds et al. 

2014). Other factors that may promote post-depositional metal mobility include chemical 

changes, e.g. shifts associated with seasonal stratification and turnover (Anshumali et 

al. 2009), or biological processes at the sediment water interface that cause redox and 

pH changes (Santschi et al. 1990; Şengör et al. 2007).  

Future climate scenarios include predicted changes in seasonal hydrologic 

patterns, namely the duration and frequency of wet and dry events. In light of the 

potential future severity of these events, I address their potential for altering trace metal 

accumulation records in the sediments of shallow lakes. Specifically, I determine if 

drying events that cause extreme lake level declines and exposure of large swaths of 

lake sediment, cause enough sediment mobility, either physically or chemically, to alter 

the recorded history of trace metal accumulation.  

Most of Florida’s 7,800 lakes have maximum depths < 5 m. There has been 

some concern that sediment stratigraphy may not be well preserved in these shallow 

systems. It has been suggested that in large, shallow, wind-stressed water bodies such 

as Lake Okeechobee (area ~1,800 km2, mean depth ~2.7 m), south Florida, hurricanes 

and tropical storms may exert strong effects on the sediments (Havens et al. 2001; 

Bachman et al. 2003).  Schottler and Engstrom (2006), however, used multiple dated 

markers and determined that sediments in Lake Okeechobee have not been severely 

mixed for at least the last ~75 years. Similarly, Kenney et al. (2010) showed that 

sediments of four other shallow Florida lakes (max depth <10 m) had accumulated in an 
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orderly fashion, with little evidence for sediment mixing. What is less well understood is 

the effect of lake level variability on sediment mobility in these shallow lakes.  

Lake level fluctuation is natural and beneficial for some biological functions, but 

extreme dry conditions and precipitous declines in lake level can impair ecosystem 

function (Zohary and Ostrovsky 2011) and affect water quality (White et al. 2008; 

Martinez et al. 2012), particularly in shallow lake systems.  Extreme dry conditions may 

cause stage reductions that result in physical mobilization and focusing of sediments 

(Gottgens and Crisman 1992, Brezonik and Engstrom 1998). Other consequences of 

dry conditions, such as sediment exposure and drying, organic matter decomposition, 

and changes in sediment chemistry, may lead to diagenetic changes in sediments and 

their associated metals (Foster and Charlesworth 1996; Matagi et al. 1998; Schulz-

Zunkel and Krueger 2009). From a paleolimnological perspective, it is important to 

determine if Florida’s shallow lakes maintain accurate records of trace metal 

accumulation or if sediment drying alters these long-term records. With respect to metal 

contamination, future management of lake sediment and water quality will require 

accurate records of previous metal loading and hence quantification of potential metal 

mobility. 

To address the question of how lake level decreases may impact the integrity of 

trace metal stratigraphy in the sediments of shallow Florida lakes, I utilized repeat cores 

from Lake Harris, cored in 1999 and 2013, and Newnans Lake, cored in 1997 and 2005 

(Figure 5-1). The lakes experienced periods of lake stage decline between the years 

when the repeat cores were collected (Figures 5-2 and 5-3). Metals commonly 

attributed to anthropogenic activities, V, Ni, Cu, Zn, and Pb, and conservative elements 
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Sc and Nd, were measured in the cores. Metal concentration profiles and inventories 

were compared between the repeat cores in each lake to determine the degree of 

similarity. Additionally, radiogenic Pb isotopes were measured to assess Pb mobility. I 

used these measurements to determine if protracted drying events altered the record of 

metal deposition in shallow Florida lakes. 

Re-coring efforts have been used elsewhere to determine the effectiveness of 

management efforts in a watershed (Bennion and Battarbee 2007), assess carbon and 

nitrogen loss over time (Gälman et al. 2008), and evaluate mercury stability in 

sediments (Rydberg et al. 2008). In Florida, Engstrom et al. (2006) used repeat coring 

to quantify nutrient enrichment of Lake Okeechobee. Stratigraphic patterns obtained 

from the second coring effort confirmed results from the first study and showed that 

except for the addition of new material, underlying sediments remained virtually 

unchanged with respect to the values found 15 years earlier. Effective re-coring studies 

must have an accurate and precise way to match the two sediment cores, such as 

scans of magnetic susceptibility (Blumentritt et al. 2013), diatom biostratigraphy 

(Battarbee 1978), or pollutant markers (Rose and Yang 2007). In this study, I used 

210Pb dates to match sediment ages between cores.  

5.2 Materials and Methods 

5.2.1 Study Sites 

Lake Harris (28o46’12”N, 81o48’21”W) is located in Lake County, FL (Figure 5-1, 

Table 5-1). It is one of seven large lakes in the Harris Chain of Lakes, which discharge 

into the Ocklawaha River. The major inflow into the lake is Palatlakaha River. The Dead 

Head River is the major outflow, however, depending on stream discharge and wind 
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direction, this river can also function as a lake inflow.  The Dead Head River connects 

Lake Harris with other water bodies in the Oklawaha chain of lakes (SJRWMD 2014). 

The lake basin in underlain primarily by the Pliocene Cypresshead formation, however 

Tertiary-Quaternary undifferentiated Reworked Cypress, and Holocene sediments are 

also found in the watershed.  A mixture of commercial, industrial, and private uses 

dominates land use on the north edge of the lake.  The city of Leesburg is located on 

the northwest shore, whereas the south and east shores are a mixture of private 

residences, citrus groves, and wetlands.  

Newnans Lake (29o38’31”N, 81o13’32”W) is located in Alachua County, FL just 

east of the city of Gainesville (Figure 5-1, Table 5-1). The northern extent of the 

drainage basin is largely undeveloped and supplies surface water inflow via Hatchet 

Creek, Little Hatchet Creek, and several smaller input streams.  Prairie Creek, at the 

southwest corner of the lake is the only surface water outlet. The lake lies in the Bone 

Valley Formation, made up of phosphatic sand, clayey fine sand and clay, and the 

Hawthorne Formation, composed of phosphatic sand, silty sand and clay (Brenner and 

Whitmore 1998). 

5.2.2 Sample Collection 

Repeat cores in each lake were taken at approximately the same mid-lake 

location as the original, determined using a hand-held GPS. Methods for collection and 

dating of the 1999 Lake Harris core are described in Schelske et al. (2001). The 1999 

Harris core was extruded and sampled at 5-cm intervals. Methods for collecting and 

dating the 1997 Newnans Lake are described in Brenner and Whitmore (1998).  The 

1997 Newnans core was extruded and sampled at 4-cm intervals.  The 2013 Lake 
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Harris and 2005 Newnans Lake cores were collected using a sediment-water interface 

corer (Fisher et al. 1992) and both repeat cores were extruded and sectioned into 4-cm 

intervals.  

5.2.3 Dry Mass, Organic Matter Content, and Bulk Density 

For the earlier extracted cores dry mass and bulk density were already 

determined. I used acid-cleaned containers and Optima-grade reagents for preparation 

and analysis of samples from the cores. For the two more recent cores I followed the 

same protocol for measurement of dry mass, and bulk density that had been used in 

analysis of the original cores.  To determine percent dry mass, wet samples were 

weighted and then re-weighed after freeze-drying. I ground the dry samples to a fine 

powder.  For samples from all four cores I estimated percent organic matter for dry 

samples by loss on ignition (LOI) at 550 °C (Håkanson and Jansson 1983). All elements 

of interest have boiling points >550 °C, so ashing caused no elemental loss. I calculated 

sediment bulk density (g dry mass cm-3) from percent dry mass in wet sediment and the 

organic/inorganic proportion of dry sediment (Binford 1990).   

5.2.4 210Pb Chronology 

All cores were dated using 210Pb and measured radioisotope activities (210Pb, 

226Ra [214Bi], 137Cs) by gamma counting (Appleby et al. 1986) using EG&G Ortec GWL 

High Purity Germanium coaxial well detectors attached to a 4096-channel pulse height 

analyzer (Schelske et al. 1994). Unsupported 210Pb activity was calculated as the 

difference between total 210Pb activity and supported 210Pb (226Ra) activity at each 

depth. Dates were determined using the constant rate of supply (CRS) model (Appleby 

and Oldfield 1978, 1983; Oldfield and Appleby 1984).  
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Total 210Pb represents the sum of supported and unsupported 210Pb activity in the 

sediments. Supported 210Pb is produced by the decay of 226Ra from erosional inputs 

and is assumed to be in secular equilibrium with 226Ra in the sediment.  Total 210Pb and 

226Ra activities become equal at depths where excess or unsupported 210Pb is not 

measurable because of unsupported 210Pb decay. Unsupported 210Pb is deposited from 

the atmosphere and its decay provides the basis for estimating the sediment age. With 

a half-life of 22.3 years, it is immeasurable beyond ~120 years ago. To compare 

unsupported 210Pb activity profiles between cores within lakes, the original activities in 

the 1999 Lake Harris and 1997 Newnans Lake cores were adjusted for radiogenic 

decay between the core collection dates. I assume that unsupported 210Pb profiles and 

inventories, after correction, should be similar between the two within-lake cores if there 

was not significant sediment mobilization.  

5.2.5 Trace Metal Analysis 

I prepared and digested all samples from the four cores for geochemical analysis 

in a class 1000 clean lab, equipped with class 10 laminar flow hoods, at the Department 

of Geological Sciences, University of Florida.  All reagents used for sample preparation 

were Optima-grade.  About 0.05 g of sediment was weighed, transferred to acid-

cleaned Teflon vials, and digested with 1 ml concentrated HF and 2 ml concentrated 

HNO3.  The samples were placed in an oven for 48 hours at 90 °C.  The vials were 

opened and the solution was evaporated to dryness on a hot plate.  After evaporation, 

samples were treated with 2 ml of 6 N HCl and vials were capped and heated on a hot 

plate overnight to ensure full dissolution.  The solution was evaporated again to 
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dryness.  Five ml of 0.8 N HNO3, with 100 ppm HF spike with 8 ppb Rh and Re, was 

added to the samples to re-dissolve the residue.  A small aliquot of the solution was 

removed and diluted with the same spiked 0.8 N HNO3 for a final dilution of ~2,000x for 

trace metal analyses (Kamenov et al. 2009). A procedural blank was prepared with the 

samples. Trace element analysis was performed on an Element2 HR-ICP-MS in 

medium resolution with Rh and Re used as internal standards. Quantification of the 

results was done with external calibration using USGS rock standards AGV-1, BIR-1, 

BCR-2. The following elements were analyzed for all samples and standards: Sc, V, Ni, 

Cu, Zn, Nd, and Pb. Analytic recovery was ensured by including subsamples of USGS 

certified reference standard AGV-1, with recovery between 95 and 103%. Precision was 

measured by replicate measurement of 10% of the samples, and was <85% for all 

elements. Metal concentrations are reported as g/g dry sediment.  

5.2.6 Stable Pb Isotope Analysis 

The remaining sample solution was evaporated to dryness and dissolved in 1 N 

HBr and loaded onto columns packed with Dowex 1X-8 resin to separate Pb.  The 

sample was washed 3x with 1 ml of 1N HBr and the Pb fraction was collected in 1 ml of 

3N HNO3 (Kamenov et al. 2009). I determined Pb isotope composition on a Nu-Plasma 

MC-ICP-MS with Tl normalization, following the procedure described in Kamenov et al. 

(2004).  The Pb isotope data are expressed relative to the following values of National 

Bureau of Standards (now National Institute of Standards and Technology) Standard 

Reference Material for native Pb - NBS 981: 206Pb/204Pb = 16.937 (±0.004, 2σ), 

207Pb/204Pb = 15.490 (±0.003, 2σ), and 208Pb/204Pb = 36.695 (±0.009, 2σ). 
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5.2.7 Statistical Analysis and Inventory Calculations 

All statistical analysis was conducted with JMP Pro Version 11.0. Prior to 

statistical analysis, I tested data distributions of sediment geochemical and physico-

chemical characteristics for normality. I used the Shapiro-Wilks test to test for normality 

and found that the majority of distributions were not normal. To test for significant 

differences between cores, I used the Wilcoxon text, which is similar to the Kruskal-

Wallis test, which is the non-parametric equivalent of a two-sample t-test. Significance 

was determined at the p < 0.05 levels.  

Inventories or total accumulation were calculated for unsupported 210Pb, 

sediment bulk density, organic matter, and for the seven trace metals.  The inventories 

reported are from 1950 to 1999 for Lake Harris cores and 1951 to 1997 for Newnans 

Lake cores. The 1950 cut-off date was chosen as a conservative approach because of 

the high dating error (± 30 years) associated with older sediments. Inventory errors 

would be very large if these older sediments were included. Inventories were calculated 

by multiplying the concentration value in each interval back to 1950 (μg g-1 dry) by the 

bulk density (g dry cm-3 wet) and the length of each interval, i.e. 4 or 5 cm depending on 

the core. These values were then summed to yield the amount under a cm2 of sediment 

surface. Errors were calculated using the 2 error from 210Pb ages and concentration 

measurements. If intervals were not dated to 1950 values, were interpolated to desired 

date.  
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5.3 Results 

5.3.1 Water Levels 

Over the period of record, the average lake stage at Lake Harris was 61.5 ft asl, 

corresponding to 3.7 m average water depth (Table 5-2). Minimum lake stage 

corresponds to a water level decrease of slightly more than 1 m. Between sampling 

events in 1999 and 2013, lake stage decreased to near-record lows during the low-

rainfall years of 2000 and 2006 (Figure 5-2). Lake stage was lower during this 14-year 

interval compared to the entire period of record (Figure 5-4).  

Average depth at Newnans Lake was 1.3 m, which corresponds to a lake stage 

of 64 ft asl (Table 5-2). The minimum lake stage recorded in 2001 resulted in near 

drying of the whole lake. The cumulative distribution of lake stage was not very different 

between the entire period of record and the eight years between coring events, however 

the lowest lake level occurred between the 1997 and 2005 coring events, during the 

2000-2001 dry spell (Figure 5-4).  

5.3.2 210Pb Chronology and Inventory  

In the two cores from Lake Harris, there is a relatively consistent decrease in 

unsupported 210Pb activity with depth, suggesting that the CRS modeled dates are 

reliable (Figure 5-5).  Additionally, the activities at comparable depths in the two cores 

are similar. Activity profiles in the Newnans Lake cores show variable, but not 

necessarily decreasing activity at the top of the sections. According to the activity 

profiles and corresponding dates, ~40 cm of material accumulated from 1997 to 2005. 
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Sediment in Newnans Lake is very flocculent, with high water content, which may 

explain the apparently high linear accumulation. 

Unsupported 210Pb inventories were calculated for the period from 1950 to 1999 

in each core. The Lake Harris 1999 core had an inventory of 13 dpm/cm2 and the 2013 

core had an inventory of 10.2 dpm/cm2. Inventories for the Newnans Lake cores were 

3.4 (1997) and 3.8 (2005) dpm/cm2. 

5.3.3 Sediment Physical Properties  

Mean percent organic matter in Lake Harris was 62.4% in the 1999 core and 

58.5% in the 2013 core (Table 5-3). The highest percent organic matter, >65%, was 

measured at the surface in both Lake Harris cores (Figure 5-6). The inventory of organic 

matter for the period 1950-1999 was ~50% greater in the 1999 compared to the 2013 

core (Figure 5-8). Mean bulk sediment mass for the period 1950-1999 in the 1999 and 

2013 cores from Lake Harris were 0.037 and 0.032 g/cm3, respectively (Table 5-3). 

Cumulative mass inventories for the 50-year time period in the two cores were 0.72 

(1999) and 0.93 (2013) g/cm2 (Figure 5-8). 

Mean percent organic matter in the two Newnans Lake cores was 59% (1997) 

and 56.9% (2005). Percent organic matter profiles are presented in Figure 5-7. In both 

cores the organic matter was lowest in the oldest sediments and increased up-core. The 

inventory of organic matter was higher in 2005 (Figure 5-9). In Newnans Lake the mean 

bulk sediment mass in the 1997 core was 0.047 g/cm3 and 0.053 g/cm3 in the 2005 core 

(Table 5-3) and the cumulative mass inventories were 0.22 (1999) and 0.14 (2005) 

g/cm2 (Figure 5-9). 
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5.3.4 Trace Metal Concentrations and Inventories  

The metal concentrations in contiguous core intervals and average metal 

concentrations in the four cores are shown in Table 5-3. Mean within-lake 

concentrations were compared using the Wilcoxon rank sum test and the z-statistic is 

presented in Table 5-3. Trace metal profiles for the Lake Harris cores are shown in 

Figure 5-6 and for Newnans Lake in Figure 5-7. 

In the Lake Harris cores, all the metals had a sub-surface maximum in the 1960s 

and 1970s, with the lowest concentrations in the early 1900s and at the sediment 

surface. Sc and Nd exhibit this same pattern. All metal concentrations from the 2013 

core are within two standard deviations of the concentrations in the 1999 core. The only 

discrepancies are the Pb and Cu measurements pre-1950, for which concentrations 

measured in the 1999 core are lower than those in the 2013 core. The trace metal 

means measured in the two Lake Harris cores were not different to one another at 

p<0.05. Various metal inventories for the 1999 cores are systematically higher than 

those for the 2013 core, however the values are within or very close to within error 

(Figure 5-8). 

In general, metal concentrations in the Newnans Lake cores had relatively 

constant concentrations and did not show systematic trends up-core. The Pb and V 

profiles exhibited slight variability. Pb concentrations increased from the 1950s to the 

1970s and decreased in both cores at the sediment surface.  The V profiles exhibited a 

slight increase in concentrations during the 1940s and concentrations decreased at the 

surface of the 2005 core. Zn, Cu and Ni concentrations in both cores were constant 

throughout. Conservative elements Sc and Nd did not show any up-core trend in either 
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core. In the two Newnans Lake cores, Sc, V, Zn, Nd, and Pb had significantly different 

means, whereas means for Ni and Cu were not significant at p<0.05 . Several metal 

inventories from the 2005 core are systematically higher than those of the 1997 core 

inventories.  Only the inventories for Cu, Ni, and Zn were not different between the two 

cores (Figure 5-9). 

5.3.5 Stable Pb Isotopes 

Stable Pb isotope data are presented in Figure 5-10 and Table 5-4. Pb isotope 

composition varies with depth in both sets of cores.  In Lake Harris, the 208Pb/204Pb ratio 

was greatest in the deepest intervals and generally decreased upcore. Values in 

sediments from 1940 and younger varied little, between 38.5 and 38.6. In the Newnans 

Lake cores the highest 208Pb/204Pb ratio (38.73) was measured in the oldest interval of 

the 2005 core. Values in the younger sediments varied little, between 38.4 and 38.55.  

In both cores, there is a shift in values around 1940 to 1950, from about 38.4 to 38.5.  

5.4 Discussion 

5.4.1 Lake Harris   

Lake Harris cores were retrieved in 1999 and 2013, and between these times 

there were two large decreases in water level.  These low levels represented less than 

2% of the period of record. The decline corresponds to about a 33% decrease in 

average water depth. 

Down-core profiles of trace metals were comparable between the two Lake 

Harris cores (Figure 5-6). In both cores the concentrations of metals commonly 

attributed to anthropogenic activity, Pb, Cu, Ni, V, and Zn, exhibited slight increases in 

concentration from 1900 to the 1970s, and decreases near the sediment surface. The 

increases in concentration correspond to the period of increased development 
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throughout Florida from 1900 to the 1950s (Kamenov et al. 2009; Blair et al. in review). 

A decrease in surface metal concentrations was also measured in New England lakes 

(Siver and Wozniak 2001) and the Great Lakes (Graney et al. 1995). A survey of 35 

lakes across the U.S. showed that more lakes exhibited decreases in Cu, Ni, V, Pb, and 

Zn concentrations from the 1970s to the 1990s, than showed increasing concentration 

trends. This is attributed to legislation, regulation, changing demographics and industrial 

practices limiting metal pollution since the 1970s (Mahler et al. 2006).  

Sc and Nd are conservative elements that are commonly sequestered in mineral 

grains and therefore represent mineral material originating from local rock or 

atmospheric soil/rock dust (Weiss et al. 1999; Shotyk et al. 2002; Kamenov et al. 2009). 

These elements reflect geogenic sources, are not anthropogenically sourced, and are 

largely unaltered by post-depositional biogeochemical processes. Sources of these 

elements include weathering of local lithology or long-range transport of mineral soil 

dust. These metals serve as a proxy for geogenically sourced mineral material. 

Constant concentration throughout a core indicates little to no change in the source or 

rate of mineral material delivered to the lake basin, or consistent dilution by non-mineral 

(organic) material. An increase in concentration indicates either an increase in 

accumulation rate of mineral material, a decrease in the accumulation of organic 

material, or addition of another source with higher elemental concentrations. Increasing 

concentrations could also be attributed to mineralization of organic matter that is 

exposed to atmosphere, with corresponding enrichment of mineral material.  

The concentration profiles of Sc and Nd showed slight variability throughout both 

Lake Harris cores, but all values were within error measurements. The most noticeable 
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trend seen in both cores was a decrease in concentrations from the 1970s to the top of 

the cores. This decrease is most likely a consequence of dilution of these elements by 

an increase in organic matter over the same time period.  

Sediment character and metal inventories were calculated from 1950 to 1999 for 

both Lake Harris cores (Figure 5-8). The inventories calculated for the two cores are 

within or close to within error. Inventory index ratios, i.e. the inventory of 1999 compared 

to that of 2013, were calculated for all variables (Table 5-5). All metals have ratios of 1.1 

or 1.2, whereas as cumulative mass, unsupported 210Pb and amount of organic matter 

have ratios of 1.3 or 1.5. These differences between the two cores suggest sediments in 

the 2013 core were altered, resulting in smaller inventories. This alteration could be a 

product of either physical or chemical mobilization. It is assumed that conservative 

elements Sc and Nd are unaltered by chemical change, and because all the metal index 

ratios are nearly identical, chemical mobilization was unlikely. Physical mobilization 

could result in homogenization, an increase or decrease in sediment characteristics and 

metal measurements. The smaller inventories of the 2013 core compared to the 1999 

core indicate lower concentrations of the measured metals in the more recent core. The 

decrease could have resulted from dilution by organic or mineral material, but this is not 

supported by an increase in organic matter or mass inventories. The small differences 

in inventories likely reflect natural variability. Shallow lakes can display highly variable 

sediment distribution because of wind stress (Whitmore et al. 1996; Kenney et al. 2014). 

Even in annually varved sediments, spatial variability as a consequence of diagenesis 

was found. Whereas down-core trends were similar, absolute concentrations of 

elements differed among multiple lake cores (Ryberg and Martinez-Cortizas 2014). 
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Similarities in concentration profiles and inventory calculations, as well as the 

preservation of stratigraphy between the repeated cores, strongly suggest that metal 

deposition records were not altered below the horizon dated 1999, even after 

pronounced dry periods in 2000 and 2006.    

Radiogenic Pb isotope ratios were measured in both Lake Harris and Newnans 

Lake cores to evaluate mobility of Pb within the sediments. These ratios can be used to 

fingerprint the source of Pb.  The most common sources of Pb in the environment, Pb 

ore used as a gasoline additive, Pb released during coal combustion, and Pb from local 

geologic sources, have different isotope ratios. Studies of wetland and lake sediment 

cores from Florida show two major shifts in 208Pb/204Pb, pre-1900 to present (Figure 5-

10) (Kamenov et al. 2009; Escobar et al. 2013; Blair et al. in review). These shifts are 

attributed to changing sources of Pb in the environment. Pre-1900, the Pb signature 

was controlled primarily by geogenic Pb from local sources and Saharan dust 

(Kamenov et al. 2009). The ratio of this pre-anthropogenic Pb is >38.7 (Figure 5-10). 

Over the last century, total Pb concentrations increased dramatically as a consequence 

of Pb inputs from leaded gasoline. This addition caused a gradual shift from values 

>38.7 pre-1900 to values of 38.3 - 38.45. This shift reflects the use of Idaho Pb in 

gasoline additive. After 1960, there was a shift back to higher values of 38.4 - 38.6, 

which are found today. This shift is attributed to the transition from Idaho ore to 

Mississippi Valley Type (MVT) deposits, which were used in the gas additive from the 

1960s through the 1980s (Graney et al. 1995; Kamenov et al. 2009).  

 



 

161 

In Lake Harris, there is evidence of the shift from the pre-anthropogenic 

208Pb/204Pb signature to lower values, after the input of anthropogenic Pb (Figure 5-10). 

The 208Pb/204Pb value of ~38.5, from the 1950s to the core surfaces, is consistent with a 

signature for anthropogenic Pb pollution (Escobar et al. 2013). What is not evident, 

however, is the 1960 shift that reflects the change in the source of Pb ore, which is 

commonly recorded in other lake sediment cores throughout Florida. Absence of this 

shift could be a consequence of sampling strategy or addition of another source Pb to 

this lake. It may also indicate physical sediment transport, which  homogenized the 

isotope values, however, the otherwise preserved stratigraphy and increase in Pb 

concentrations during the 1960s – 1970s (Figure 5-6), argue against mobilization and 

homogenization. 

5.4.2 Newnans Lake 

Newnans Lake cores were retrieved in 1997 and 2005. In the eight years 

between these events water levels decreased to the lowest recorded stage since 1936. 

The 2001 dry period caused a profound drop in lake stage and widespread exposure of 

lake bottom sediment. It is likely that this lake level decrease caused sediment mobility. 

Prior to collection of either core, in the spring of 1989, the St. Johns River Water 

Management District conducted a partial drawdown of the lake to expose organic-rich 

littoral sediment in an effort to improve water quality.  It was hypothesized that oxidation 

and compaction of the exposed littoral sediment would improve establishment of littoral 

plant communities and promote downstream flushing of resuspended, flocculent organic 

matter.  Lake level was lowered by 30-62 cm for eight weeks.  This study showed there 

was sediment mobility within the lake, specifically that organic material was eroded from 
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the littoral zone.  This short-term drawdown was shown to greatly enhance 

resuspension of fine littoral substrate, however it was unclear whether this material was 

redistributed to the deeper portions of the lake (Gottgens and Crisman 1992).   

Unsupported 210Pb profiles in the two Newnans cores (Figure 5-5) do not show 

consistent, down-core decay curves. This could be the result of sediment mixing and 

redistribution or variable sediment accumulation rates over time. Kenney et al. (2010) 

showed that 210Pb can be used effectively to date sediments in shallow Florida lakes. 

Preservation of 210Pb stratigraphy suggests the radionuclide records changing 

accumulation rates and has not been homogenized as a consequence of mobility. 

Concentration profiles of Cu, Ni, and Zn, especially in the 2005 core, were fairly 

homogenous top to bottom, which might be interpreted to reflect sediment mixing. It is 

difficult to determine if these profiles preserved the increase in metal pollution after 1900 

that is seen in many other lakes throughout Florida. In contrast to Cu, Ni, and Zn, both V 

and Pb concentrations from the 2005 core show an increase, with a peak during the 

1950s and a decrease at the core surface, suggesting anthropogenic metal enrichment, 

as found in other studies (Kamenov et al. 2009; Escobar et al. 2013). Conservative 

elements Sc and Nd have unchanging concentrations throughout both cores.  This 

could indicate little change in accumulation of mineral material, consistent dilution by 

organic material, or sediment homogenization by mixing.  

Unlike Lake Harris, calculated metal inventories for the 1997 and 2005 Newnans 

cores were not systematically different (Figure 5-9). The inventory for cumulative mass 

and Zn was higher in the 1997 core, whereas for all the other variables, the 2005 

inventories were greater. Index ratios for the inventories were calculated to determine 
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the degree of difference between the two cores (Table 5-5). Ratios for unsupported 

210Pb, organic matter, Cu and Ni in the cores were very similar (0.8 - 0.9), whereas Sc, 

Nd and cumulative mass were nearly 50% different.  

The 2005 Newnans Lake core has evidence for the pre-anthropogenic geogenic 

208Pb/204Pb ratio in the bottommost interval. In post-1970s sediments, both cores display 

very similar values, ~38.5, consistent with modern 208Pb/204Pb values measured in other 

systems (Figure 5-10). Both cores record the shift from lower Idaho ore values to higher 

MVT deposits. The timing of the shift is somewhat offset between the two cores.  It is 

dated to the late 1950s in the 1997 core and the early 1940s in the 2005 core.  It is 

possible that 210Pb-dating error in these intervals, on the order of ± 5-10 years, may 

account for the apparent discrepancy between the timing of the shift in the two cores. In 

any case, the similar Pb isotope plots from the two cores indicate there was no physical 

perturbation of sediments deposited before the 1960s.  

Another consideration was the potential for chemical mobilization of elements in 

the sediment column. Alfaro-de la Torre and Tessier (2002) recognized three types of 

geochemical diagenesis of metals that could result in their redistribution in the sediment 

column. These include: 1) diffusion of dissolved metals from the water column into 

sediment pore-water, later to be precipitated by sulfides under reducing conditions; 2) 

dissolution or desorption of particle-associated metals and their diffusion through pore-

waters and subsequent re-precipitation with sulfides or oxyhydroxides in a new location 

in the sediment column; and 3) dissolution of particulate metals because of redox-

related decomposition of oxyhydroxides or organic matter and re-precipitation or 

resorption elsewhere in the sediment column. Additionally, changes in pH can also be a 
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factor in mobility of metals (Förstner et al. 1994). Lowering of lake levels can expose 

sediments, allowing for changing redox and pH conditions (Tack et al. 1996), and 

refilling of the lake can also cause changes to pH and redox conditions (Calmano et al. 

1993; Şengör et al. 2007).   

A number of studies show metal mobility at the sediment-water interface. There 

is evidence of surface enrichment of V, Cu, Pb and Zn attributed to cycling processes, 

and in the case of V, multiple oxidation states (Calmano et al. 1993; Boyle 2001a; 

Gallon et al. 2004). Those elements that return to the water column are re-adsorbed 

onto falling particles. Although surface remobilization is acknowledged, many studies 

conclude remobilization is not a major factor in most situations (Taylor and Davison 

1995; Boudreau 1999; Couillard et al. 2008; Percival and Outridge 2013). Boyle (2001b) 

and Şengör et al. (2007) argue there are two scales of trace element cycling, one fast 

and temporary, and the other slow and long-lived. The scale of the former is not 

recorded because of the overriding longevity of the later. From previous studies, it is 

unlikely that metal migration occurs at great depth below the sediment water interface, 

and thus it is unlikely that metal profiles would be disrupted. 

Results from the Newnans Lake cores are not as straightforward as results from 

the Lake Harris cores with respect to post-depositional mobility of metals. Some 

conclusions, however, can be made. Similar Pb isotopes shifts in the two Newnans 

cores indicate a lack of physical translocation of sediments pre-1960. After 1960, 

however, many metal profiles in the 1997 and 2005 cores are fairly homogenous. The 

lack of stratigraphy after 1960 could be due to unchanging metal inputs to the lake, 

relative metal dilution due to increasing non-metal material to the lake, or physical 
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homogenization of any stratigraphic variability prior to the coring events. Independent of 

these reasons, because there were no discernable stratigraphic trends in the 2005 core, 

I cannot determine if there were physical sediment mobility between 1997 and 2005. 

Metal inventories for the periods 1951-1997 indicate differences between the 2005 and 

1997 cores. This could result from natural variability or mobility of specific elements 

under changing chemical conditions.   

5.5 Conclusions 

Climate change predictions for Florida suggest a change in hydrologic patterns, 

namely in the timing and amount of seasonal precipitation. This variability will likely 

cause extreme shifts in lake levels. The goal of this study was to determine if recent 

climatically and anthropogenically driven shifts in lake water levels altered records of 

trace metal deposition in two shallow Florida lakes as a consequence of physical and/or 

chemical mobility. Trace metal concentrations were measured in cores from shallow 

Lake Harris and Newnans Lake.  Lake Harris, central Florida, was cored in 1999 and 

2013. Newnans Lake was cored in 1997 and 2005. Both lakes experienced extreme low 

lake level conditions between the coring events. To compare metal profiles between the 

two cores taken in each lake, metal concentrations, inventories, and radiogenic Pb 

isotope ratios were examined.  Additionally, metal distributions were compared to 

sediment bulk density, fraction organic matter, and unsupported 210Pb activities in the 

cores.  

Lake level variability over the 14 years between coring events did not alter metal 

accumulation in the sediments of Lake Harris. Profiles of multiple physical and 

geochemical variables in the sediments are similar.  Metal inventories for the period 

1950 to1999 were different between the two cores. The offset between cores was 
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similar to that for inventories of unsupported 210Pb, cumulative mass, and organic 

matter.  This consistent discrepancy was likely a result of natural system variability 

rather than chemical or physical sediment mobility. Stable Pb isotopes measured in the 

sediments did not record shifts commonly seen in other Florida lake and peat 

sediments. This may be attributed to insufficient sampling resolution, an alternative local 

Pb source, or post-depositional sediment mobility. The latter, however, is unlikely given 

the evidence for maintenance of stratigraphic integrity from other variables. 

Results from the Newnans Lake cores are not as definitive as those from Lake 

Harris, with respect to preservation of metal deposition records. Newnans Lake 

experienced a protracted dry spell between the coring events and much of the lake 

bottom was exposed. Because of the flocculent nature of organic-rich sediments at the 

sediment water interface, surface sediments might be expected to mobilize as the water 

level dropped. Metal concentration profiles did not vary much throughout each core, so 

it is difficult to determine if profiles were altered, post-depositionally. Inventories of 

several variables accumulated between 1951 and 1997 display differences between the 

two cores. The magnitude of difference for metals, organic matter, and unsupported 

210Pb in the two cores is similar. The Pb isotope shift that resulted from the change in 

the source of Pb ore used as a gasoline additive in the 1960s was preserved in the 

sediments of both cores. Preservation of this shift in both cores provides evidence that 

there was not wholesale redistribution of sediments before 1960 in this shallow lake. For 

sediments younger than 1960, it is less certain whether metals in sediments deposited 

after 1960 were subjected to either chemical or physical remobilization.     
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 Extreme lake level decreases will likely cause mobility of recently deposited 

sediments in Florida’s shallow lakes, however they are not likely to alter profiles of 

previously deposited metals. Future paleolimnological studies of long-term metal 

deposition in shallow lake systems should measure metals from multiple cores to 

assess natural variability in metal accumulation between core sites and evaluate 

evidence for potential metal mobility. Although metal concentrations measured in 

sediments of Lake Harris and Newnans Lake are not high enough to trigger 

management or remediation intervention today, it is worth considering that future lake 

level declines may result in oxidation of surface sediments and concentration of metals 

in uppermost deposits, perhaps to toxic levels.   
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Figure 5-1. Map of Florida showing the locations of Lake Harris and Newnans Lake. 
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Lake Lake Area Watershed  Max Depth Mean Depth Trophic State 

  (ha) Area (ha) (m) (m)   

Lake Harris 6,700 87,300 4.8 3.7 eutrophic 

Newnans Lake 2,670 30,800 3.6 1.3 hypereutrophic 

 
 
 

Table 5-1. Lake Harris and Newnans Lake characteristics 
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Figure 5-2. Lake stage (ft NAVD88) for Lake Harris from 1956 to 2014. Stage measurements for 1998 to 2014 are shown 

in the right panel and arrows indicate the dates the sediment cores were collected.  Data from SJRWMD. 
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Figure 5-3. Lake stage (ft NAVD88) for Newnans Lake from 1936 to 2014. Stage measurements for 1996 to 2007 are 

shown in the right panel and arrows indicate the dates the sediment cores were collected.  Data from SJRWMD. 
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Lake 

Number of 
days in 

period of 
record 

Minimum Q1 Mean Median Q3 Maximum 

    
-----------------------------------------ft NAVD 1988----------------------------------------
--- 

Lake Harris 18,896 57.85 61.14 61.49 61.66 61.99 63.79 

Newnans Lake 8,361 59.72 64.02 64.94 64.96 65.93 70.07 

 

Table 5-2. Summary statistics for water levels from Lake Harris and Newnans Lake 
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Figure 5-4. Cumulative distribution functions of water levels from Lake Harris and Newnans Lake. The black line is for the 

full period of record and the red dashed line is for the period between the coring events.
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Figure 5-5. 210Pb and 226Ra activities and date versus depth from repeat sediment cores 

collected at Lake Harris (1999 and 2013) and Newnans Lake (1997 and 
2005).
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Depth Pb210 Date Mass Sed 
Rate 

(mg/cm2/yr) 

Bulk Sed  Organic Sc V Ni Cu Zn Nd Pb 

(cm) 
  

Density 
(g/cm3) 

Matter (%) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) 

Lake Harris - 1999           
12 1994 27.7 0.018 68.4 2.14 24.04 8.59 21.32 37.05 7.37 44.82 
16 1991 25.1 0.021 67.9 2.23 25.14 8.87 22.29 36.65 7.80 46.44 
20 1986 20.9 0.027 66.6 2.30 25.00 9.09 23.30 42.77 7.82 49.79 
24 1979.6 19.2 0.029 65.4 2.41 26.71 9.35 23.89 38.09 8.15 54.87 
28 1972 17.5 0.035 62.8 2.53 28.38 9.29 23.34 37.16 8.67 57.05 
32 1961 13.8 0.039 58.8 2.33 28.08 9.28 23.64 37.74 8.93 59.60 
36 1950.3 16.9 0.043 57.9 2.65 26.66 8.86 15.17 29.90 9.15 41.81 
40 1941 18.4 0.043 60.2 2.67 25.14 8.66 9.28 23.88 9.46 30.17 
44 1932 20.3 0.047 58.8 2.61 24.27 8.41 7.37 20.69 9.93 26.36 
48 1915 11.6 0.049 59.9 2.65 23.35 8.46 6.97 20.52 9.36 24.68 
52 1898 11.5 0.050 59.7 2.52 20.72 8.05 5.61 16.84 8.63 18.46 

Mean 0.037 62.4 2.46 25.23 8.81 16.56 31.03 8.66 41.28 
Std. Dev. 0.011 4.0 0.19 2.20 0.42 7.76 9.00 0.80 14.22 

Lake Harris - 2013           

4 2011.9 38.0 0.014 64.2 1.95 18.31 8.67 17.18 35.98 5.96 26.80 
8 2008.9 29.1 0.022 64.8 1.96 18.69 7.76 16.89 29.36 6.37 27.87 

12 2004.7 22.6 0.024 65.4 2.12 22.93 8.45 18.42 31.83 6.94 32.34 
16 1998.7 16.4 0.025 63.1 2.29 27.80 9.10 20.25 34.06 7.73 38.58 
20 1992.9 18.3 0.026 59.7 2.43 28.08 9.53 20.99 40.28 9.65 44.14 
24 1984.7 15.5 0.032 52.9 2.58 28.00 10.13 23.79 40.60 9.29 52.83 
28 1975.0 14.7 0.035 52.7 2.72 30.32 10.39 25.17 41.48 9.72 62.08 
32 1964.1 14.2 0.039 52.6 2.86 32.63 10.65 26.54 42.37 10.16 71.33 
36 1952.4 13.4 0.039 54.7 2.35 26.77 8.78 22.19 33.19 8.28 58.22 
40 1933.8 8.7 0.040 56.4 2.54 28.63 9.42 21.94 35.28 9.05 61.76 
44 1912.2 7.5 0.041 57.9 2.22 23.78 8.20 15.81 27.68 7.98 44.96 

48 1888.4 7.2 0.043 58.1 1.90 18.93 6.98 9.69 20.08 6.91 28.15 

Mean 0.032 58.5 2.33 25.40 9.01 19.90 34.35 8.17 45.76 

Std. Dev. 0.009 4.9 0.31 4.81 1.09 4.64 6.56 1.42 15.39 

  

Table 5-3. Pb210 date, mass sedimentation rate, percent organic matter, trace metal concentrations from sediment 
core intervals from Lake Harris (1999 and 2013) and Newnans Lake (1997 and 2005). Means, standard 
deviation and z-statistic from Wilcoxon rank sum test of means are reported for each core 
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Table 5-3 Continued 

 
        

Depth Pb210 Date Mass Sed 
Rate 

(mg/cm2/yr) 

Bulk Sed  Organic  Sc V Ni Cu Zn Nd Pb 

(cm) 
  

Density 
(g/cm3) 

Matter (%) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) 

Newnans Lake - 1997          

4 1996 94.4 0.023 62.1 1.77 22.05 34.41 10.58 50.47 8.64 24.08 
8 1995 89.4 0.030 62.2 2.26 22.51 14.04 10.15 50.90 10.25 26.64 

12 1994 89.2 0.035 61.2 2.13 21.86 13.52 9.86 49.21 9.01 26.99 
16 1992 78.5 0.038 60.4 2.17 22.71 13.86 10.23 53.61 9.96 27.38 
20 1990 86.7 0.039 60.8 2.21 23.56 14.19 10.60 58.01 9.83 27.78 
24 1988 78.6 0.039 60.8 2.15 22.81 13.98 10.45 58.54 9.27 28.58 
28 1985 62.0 0.039 60.9 2.22 23.17 14.18 10.70 58.22 9.45 28.02 
32 1983 62.5 0.039 60.9 2.27 22.97 14.19 10.59 59.84 10.15 28.91 
36 1980 67.4 0.048 60.6 1.94 22.56 14.05 10.46 51.30 8.46 29.29 
40 1987 52.9 0.042 60.5 2.14 22.03 13.97 10.55 52.00 10.12 30.18 
44 1974 43.6 0.041 60.5 2.01 22.33 14.21 10.60 57.70 9.20 29.35 
48 1970 45.1 0.044 60.7 2.03 21.76 13.81 10.22 50.03 9.43 28.46 
52 1966 35.4 0.045 60.7 2.17 22.67 14.10 10.81 56.28 9.66 28.14 
56 1960 38.6 0.052 60.3 2.15 21.63 14.00 10.26 49.75 10.00 27.77 
60 1956 49.3 0.053 55.8 2.28 21.02 14.15 11.06 61.43 11.10 29.16 
64 1951 47.3 0.055 55.2 2.08 20.41 13.84 10.64 53.38 5.17 27.56 
68 1946 51.4 0.057 55.2 1.88 19.79 13.53 10.22 45.33 8.28 25.97 
72 1940 47.6 0.061 55.9 1.97 18.98 13.28 9.87 44.50 10.40 24.41 
76 1932 33.0 0.057 57.1 2.11 19.36 13.40 10.09 53.31 10.51 24.98 
80 1921 18.6 0.058 56.5 2.15 19.49 13.62 10.25 55.19 5.83 24.84 
84 1906 17.9 0.061 55.2 2.18 19.62 13.83 10.42 57.07 10.67 24.71 
88 1887 10.2 0.061 55.3 2.01 18.81 13.33 10.42 59.33 10.52 23.88 

Mean 0.046 59.0 0.046 21.46 14.79 10.41 53.88 9.36 27.14 

Std. Dev. 0.011 2.6 0.011 1.50 4.39 0.29 4.67 1.45 1.92 

Newnans Lake - 2005          

5 2005 217.7 0.020 61.7 2.65 19.95 13.30 10.73 43.12 10.23 24.75 
10 2004 206.7 0.022 61.0 2.70 20.71 13.63 10.02 37.88 10.62 25.30 
15 2003 149.1 0.031 60.8 2.73 21.68 13.54 10.05 38.94 10.84 26.98 

 
 
 
          



 

177 

          
Table 5-3 Continued          

Depth Pb210 Date Mass Sed 
Rate 

(mg/cm2/yr) 

Bulk Sed Organic  Sc V Ni Cu Zn Nd Pb 

(cm) 
  

Density 
(g/cm3) 

Matter (%) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) (g/g) 

20 2002 206.0 0.034 60.3 2.68 20.33 13.46 10.37 40.50 10.42 25.03 
25 2001 164.8 0.039 59.1 2.58 23.17 12.24 9.21 33.72 10.46 27.24 
30 2000 148.1 0.042 59.1 2.87 25.66 13.79 10.50 38.41 11.61 31.22 
35 1998 177.8 0.043 58.7 2.93 26.07 14.03 10.83 39.11 11.64 31.51 
40 1997 170.7 0.043 59.1 2.90 25.75 13.90 10.55 38.68 11.62 31.34 
45 1996 212.3 0.043 58.8 2.92 25.65 13.76 10.74 39.02 11.77 31.45 
50 1995 163.2 0.044 58.9 2.84 25.18 13.85 10.42 39.29 11.13 30.71 
55 1993 138.4 0.048 58.7 2.79 25.34 13.67 10.36 38.28 11.40 31.58 
60 1992 185.1 0.051 58.0 2.87 25.15 13.88 10.27 38.41 11.89 31.56 
65 1989 95.2 0.049 57.5 2.95 26.14 13.80 10.26 38.99 11.87 32.78 
70 1986 85.5 0.048 57.7 3.00 26.25 14.09 10.53 39.11 11.84 33.73 
75 1982 61.6 0.051 57.6 3.01 26.68 14.29 10.54 39.69 12.06 33.91 
80 1979 76.8 0.053 58.1 2.98 26.19 13.94 10.40 39.05 11.85 33.25 
85 1975 70.9 0.051 57.9 2.93 25.48 13.39 10.14 37.54 11.69 32.89 
90 1973 128.5 0.053 57.0 2.80 24.92 13.33 11.51 35.40 11.25 32.30 
95 1969 71.7 0.063 54.7 2.98 26.31 14.25 9.57 34.75 12.17 36.53 
100 1963 53.5 0.065 55.3 3.04 26.05 13.91 9.78 37.27 12.38 39.30 
105 1955 42.2 0.063 55.7 2.92 26.82 14.03 10.11 38.90 11.68 41.28 
110 1947 36.5 0.062 54.9 2.84 26.08 13.64 10.13 38.45 10.89 41.38 
115 1939 44.7 0.069 50.8 2.94 23.11 12.88 10.06 38.25 12.28 32.59 
120 1932 51.7 0.069 46.4 2.82 22.43 12.40 9.52 34.65 11.22 29.05 
125 1920 26.5 0.064 54.5 2.91 22.88 12.95 10.08 34.93 11.94 30.13 
130 1902 22.7 0.083 45.7 3.29 26.28 15.88 10.15 34.40 12.86 27.22 
135 1892 56.9      0.117 45.1 3.92 33.77 15.70 8.82 20.34 14.92 9.86 

Mean 0.053 56.4 2.92 24.96 13.76 10.21 37.30 11.65 30.92 

Std. Dev. 0.019 4.5 0.25 2.71 0.77 0.53 3.99 0.91 6.04 

Wilcoxon rank sum means test1          
Lake Harris  0.05 0.28 0.72 0.56 0.48 0.64 0.48 0.44 

Newnans Lake  0.02 0.0001 0.0001 0.14 0.08 0.0001 0.0001 0.0003 
1 Values of <0.05 have means that are significantly different
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Figure 5-6. Percent organic matter and trace element concentration profiles measured from Pb210 dated sediment cores 

taken in 1999 (black) and 2013 (red) from Lake Harris. The bolded lines with the data points are the measured 
concentrations and the fine and dotted lines are two standard deviation based on replicate measurements. 
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Figure 5-7. Percent organic matter and trace element concentration profiles measured from 210Pb-dated sediment cores 

taken in 1997 (black) and 2005 (red) from Newnans Lake. The bolded lines with the data points are the 
measured concentrations and the fine and dotted lines are two standard deviation based on replicate 
measurements. 
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Figure 5-8. Inventories for unsupported 210Pb, sediment bulk density, organic matter, and trace metals calculated from 

1950 to 1999 from sediment cores collected in 1999 and 2013 from Lake Harris. Error was calculated from the 

2 210Pb age and concentration errors.



 

181 

  
Figure 5-9. Inventories for unsupported 210Pb, sediment bulk density, organic matter, and trace metals calculated from 

1951 to 1997 from sediment cores collected in 1997 and 2005 from Newnans Lake. Error was calculated from 

the 2 Pb210 age and concentration errors.
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Figure 5-10.  Changes in 208Pb/204Pb ratio with age in sediment cores from Lake Harris (1999 and 2013), Newnans Lake 

(1997 and 2005), Lake Sheelar (Blair et al. in review), Little Lake Jackson (Escobar et al. 2013), and a peat 
core from Blue Cypress Marsh (Kamenov et al. 2009). 
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Date 

Stable Pb Isotope Ratios 

206/204  207/204 208/204 

Lake Harris - 1999   
1994 18.865 15.657 38.518 

1986 18.871 15.658 38.520 

1972 18.833 15.654 38.491 

1961 18.841 15.654 38.507 

1950 18.753 15.645 38.505 
1941 18.744 15.645 38.566 

1898 18.807 15.654 38.676 

Lake Harris - 2013   
1994 18.850 15.659 38.567 
1987 18.863 15.658 38.524 
1968 18.876 15.659 38.517 
1956 18.893 15.660 38.528 
1940 18.898 15.660 38.531 
1890 18.861 15.657 38.573 

Newnans Lake - 1997  

1995 18.828 15.650 38.497 

1992 18.829 15.649 38.492 
1983 18.843 15.651 38.495 
1977 18.848 15.653 38.502 
1974 18.853 15.652 38.501 
1970 18.846 15.652 38.505 
1966 18.846 15.652 38.499 
1960 18.821 15.651 38.494 
1956 18.645 15.632 38.394 
1951 18.600 15.625 38.369 
1946 18.598 15.624 38.371 
1940 18.614 15.626 38.385 
1921 18.612 15.627 38.387 
1906 18.608 15.626 38.391 

Newnans Lake - 2005  
2000 18.822 15.654 38.507 
1992 18.832 15.654 38.511 
1982 18.842 15.654 38.506 
1975 18.854 15.658 38.519 
1969 18.883 15.659 38.533 
1963 18.891 15.659 38.533 
1955 18.892 15.662 38.536 
1947 18.860 15.656 38.510 
1939 18.654 15.635 38.407 
1920 18.608 15.631 38.387 
1892 18.949 15.665 38.738 

Table 5-4. Stable Pb isotope data from sediment 
cores collected from Lake Harris (1999 
and 2013) and Newnans Lake (1997 and 
2005) 
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Lake 
Cumulative 

Mass  
Unsupported     

Pb-210  
Organic 
Matter  

Pb Cu Ni V Zn Sc Nd 

Lake Harris1 1.3 1.3 1.5 1.1 1.1 1.2 1.1 1.2 1.2 1.1 

Newnans Lake2 1.6 0.9 0.8 0.6 0.8 0.8 0.6 1.1 0.5 0.6 
1 Index ratios are the inventory from 1950-1999 for the 1999 core vs. the 2013 core   
2 Index ratios are the inventory from 1951-1997 for the 1997core vs. the 2005 core   

 
 

Table 5-5. Index ratios of sediment character and trace metal concentration inventories from repeat coring 
events from Lake Harris (1999 and 2013) and Newnans Lake (1997 and 2005) 
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CHAPTER 6 
SUMMARY  

It has been argued that metal pollution is one of the earliest types of 

anthropogenic pollution. Records of atmospheric metal pollution from mining and 

smelting are preserved in Greenland ice layers and date back to Roman times (500 

B.C. to A.D. 300).  However, since the Industrial Revolution (ca. AD 1850), metal 

production and atmospheric emissions have increased substantially (Nriagu 1996).  

Metal pollution is now ubiquitous, most commonly via atmospheric circulation and 

deposition (Dillon and Evans 1982). Much of the necessity for studying metal fate and 

transport stems from known human and ecosystem health implications.  

Lake sediments are excellent archives for studying regional and temporal 

deposition of metals. Paleolimnological studies allow for the examination of recent 

human activities on trace metal cycling, and for the reconstruction of watershed 

histories that include a long-term perspective on metal variability, necessary to gauge 

the magnitude of the human influence (Norton et al. 1992; Bindler et al. 2011). This 

dissertation investigated trace metals in Florida lake sediments, by measuring 

background or pre-anthropogenic metal concentrations, and quantifying anthropogenic 

impacts on metal inputs. It also investigated the possible future environmental impacts 

of human-mediated metal enrichment, especially in light of changing climate. Using 

paleolimnological techniques, metal concentration measurements, and Pb isotope 

analysis, this research contributed new knowledge about concentrations and 

accumulation rates of metals in north lacustrine systems. The four studies presented 

investigate long-term records and modern abundances, as well as the fate of trace 
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metals under hydrologic conditions that are expected to be altered as a consequence of 

climate change in Florida. 

Trace metal profiles in sediment cores from three north Florida Lakes provided 

information on local erosion and deposition, regional atmospheric trace metal 

deposition, and anthropogenic influence on trace metal accumulation.  At the base of 

the cores, metal concentrations were controlled by sediment source and lake 

morphology.  Natural sources of metals to these lakes include the local geology and 

atmospherically transported dust. Metals including V, Cr, Ni, Cu, Zn, Sn, Sb, Bi, Pb 

show increased up-core enrichment beginning ~1900, and coincide with population 

growth and development in Florida.  One known source of these metals is fossil fuel 

combustion, recorded by changes in Pb concentration and isotope ratios. The timing of 

shifts in Pb accumulation and Pb concentrations was similar to that measured in lightly 

impacted lakes elsewhere in the United States. Trace metals measured in lake 

sediment cores from this relatively remote location of north Florida, USA, provide 

records of; 1) the supply of pre-anthropogenic metals, a baseline reference for this 

location, and 2) a record of recent metal accumulation, governed by anthropogenically 

influenced atmospheric dust deposition. 

Lake sediments can be sinks for trace metals, as these deposits typically remain 

undisturbed and permanently buried. Climate change scenarios for Florida predict more 

intense rainy periods, alternating with more severe droughts. A falling groundwater 

table, combined with increased water need, will likely lead to lower water levels in 

shallow Florida lakes. Falling lake levels, and even subaerial exposure of sediments 

may promote physical and/or chemical redistribution of legacy metal pollution. To test 
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this hypothesis, I measured metal distributions in transects of surficial lake sediments in 

two north Florida lakes, exposed during extreme dry conditions in 2012.  In two of three 

transects, metals associated with anthropogenic activities, V, Cr, Ni, Cu Zn, Sn, Pb, and 

conservative elements Sc and Nd, exhibited increasing concentrations from deposits 

near the historic high-water level to sediments near the center of the lake.  Some basin-

specific differences in the metal trends were demonstrated, however significant 

relationships were determined between metals and some sediment characteristics. 

Conservative metals are often bound in the crystalline structure of minerals, whereas 

metals sourced from anthropogenic activities are often adsorbed onto sediments in 

hydrous oxides, organic matter, or sulfates. The main mechanism influencing metal 

concentrations along the sediment transects was the focusing of fine-grain material and 

organic matter toward the lake center when water levels fell. It is also possible that 

metals were mobilized to some degree within the sediments because of changing pH, 

redox conditions, and degradation of organic matter, associated with the decline in 

water level.  

Sediment exposed during lake-level low stands were also used to determine the 

source and distribution of Pb in the lake sediments. Lead distribution was controlled 

primarily by the distribution of fine-grain and organic matter, as this material was 

concentrated toward the lake center as water levels fell. Concentrations in deposits 

closer to the lake center were up to 3x greater than concentrations in sediments near 

the old shoreline. Although redox conditions are known to change in drying sediments, 

sequential extractions on these sediments provided no evidence for a strong redox 

gradient along the transects. Therefore, redox potential is thought to have had little 



 

188 

influence on Pb distribution. Sequential extraction showed that most Pb is associated 

with the relatively mobile hydrous Fe-Mn oxide sediment fraction. Pb isotopes in the 

extracted sediment fractions confirmed that Pb in the exposed sediments was sourced 

from anthropogenic activity, namely gasoline additive.  

From a paleolimnological perspective, it was important to determine if Florida’s 

shallow lakes maintain accurate records of trace metal accumulation or if lake-level 

fluctuations and sediment exposure alter these long-term records. With respect to metal 

contamination, future management of lake sediment and water quality will require 

accurate records of previous metal loading and hence quantification of potential metal 

mobility. To address the question of how lake stage decrease, resulting from low 

rainfall, may impact the integrity of trace metal stratigraphy in the sediments of shallow 

Florida lakes, I utilized repeat cores from Lake Harris, cored in 1999 and 2013, and 

Newnans Lake, cored in 1997 and 2005. The lakes experienced periods of dramatic 

stage decline between the years when the repeat cores were collected. Metals 

commonly attributed to anthropogenic activities, V, Ni, Cu, Zn, and Pb, and conservative 

elements Sc and Nd, were measured in the cores. Metal concentration profiles and 

inventories were compared between the repeat cores in each lake to determine the 

degree of similarity. Additionally, radiogenic Pb isotopes were measured to assess Pb 

mobility. I used these measures to determine if protracted drying events altered the 

record of metal deposition in shallow Florida lakes. 

Lake-level variability over the 14 years between coring events did not alter metal 

accumulation in the sediments of Lake Harris. The consistent discrepancy of calculated 

inventories in metals and sediment characteristics was likely a result of natural system 
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variability rather than chemical or physical sediment mobility. Results from the Newnans 

Lake cores are not as definitive as those from Lake Harris, with respect to preservation 

of metal deposition records. Metal concentration profiles did not vary much throughout 

each core, so it was difficult to determine if the profiles were post-depositionally altered. 

A Pb-isotope shift, caused by the change in the source of Pb ore used as a gasoline 

additive in the 1960s, was preserved in the sediments of both cores. Preservation of this 

shift in both cores provides evidence that there was not wholesale redistribution of 

sediments deposited before 1960 in this shallow lake. It is less certain whether metals in 

sediments deposited after 1960 were subjected to either chemical or physical 

remobilization.     

Extreme lake level decreases will likely cause mobility of recently deposited 

sediments in Florida’s shallow lakes, however they are not likely to alter profiles of 

previously deposited metals. Future paleolimnological studies of long-term metal 

deposition in shallow lake systems should measure metals from multiple cores to 

assess natural variability in metal accumulation between core sites and evaluate 

evidence for potential metal mobility.  

Future management of lake sediment and water quality, with respect to metal 

contamination, will require accurate records of previous metal loading and quantification 

of potential metal mobility. These studies serve as a baseline of metal deposition in 

northern Florida and show that trace metals are enriched by anthropogenic activities. 

Although the Pb and other anthropogenically sourced metal concentrations measured in 

these studies were relatively low, they show the potential of lake sediments as sources 

of legacy metal pollution. The combined effects of changing hydrology and relic metal 
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pollution may create future management concerns, including legacy metal pollution in 

sediments and water, as well as the potential for increased metal-laden dust. 
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APPENDIX A 
CHAPTER 2 SUPPLEMENTARY MATERIAL  

Table A-1.   

Depth (cm) Date  Sc V Cr Co Ni Cu Zn Ga Ge Rb Sr Y Zr 

Lake Sheelar              

0-2 2007 2.95 17.0 24.9 2.23 12.9 12.0 117.7 6.81 0.63 5.25 30.1 5.45 61.5 

2-4 2003 2.98 15.9 23.5 2.13 11.8 10.8 25.4 6.52 0.71 6.23 29.1 5.92 56.2 

4-6 2000 2.98 15.9 23.5 2.13 11.8 10.7 23.8 6.44 0.66 6.27 28.9 6.00 56.4 

6-8 1994 2.81 15.8 23.7 2.10 11.7 10.6 21.4 6.58 0.72 4.59 27.1 5.21 57.0 

8-10 1986 3.07 16.6 24.7 2.14 12.1 10.8 20.5 6.79 0.83 5.76 30.1 6.25 56.2 

10-12 1977 3.08 16.9 24.0 2.07 12.0 10.9 20.3 6.90 0.80 5.57 30.2 6.42 60.1 

12-14 1968 2.77 17.6 24.1 2.10 11.9 10.6 19.9 6.84 0.92 3.69 25.3 4.59 60.5 

14-16 1961 2.98 16.7 25.0 2.20 11.3 9.57 19.7 7.84 0.78 3.78 30.3 5.52 61.6 

16-18 1953 2.86 16.9 25.4 2.22 11.1 9.18 19.8 7.86 0.92 2.91 27.1 4.74 63.0 

18-20 1938 3.12 16.2 24.6 2.19 10.7 9.06 18.7 7.69 0.89 3.93 31.9 6.19 61.9 

20-22 1923 3.25 16.9 25.2 2.29 10.8 9.46 19.8 7.85 0.92 4.90 34.5 6.64 62.4 

22-24 1886 2.50 16.5 25.0 2.18 10.7 8.46 17.2 7.64 0.91 2.00 21.3 2.30 63.6 

24-26  3.46 17.1 26.9 2.37 11.4 8.86 16.4 8.94 0.99 4.66 35.7 6.33 65.0 

26-28  3.25 16.5 26.0 2.34 10.7 8.43 15.4 8.33 1.09 4.22 33.5 5.63 60.5 

28-30  2.82 16.7 25.0 2.32 10.5 8.49 15.0 7.85 0.97 2.64 27.9 4.18 62.2 

34-36  2.31 16.7 23.7 2.33 10.0 8.54 15.3 7.01 1.09 1.66 22.3 2.23 58.7 

40-42  2.80 15.1 21.8 2.26 9.31 8.38 14.5 6.48 0.98 3.41 30.0 4.60 54.1 

46-48  2.53 14.7 19.9 2.22 8.90 8.11 14.3 5.79 0.90 2.86 29.0 3.70 49.8 

52-54  2.21 16.1 22.0 2.25 9.47 8.45 14.2 6.24 1.20 1.58 24.7 2.70 55.8 

58-60  2.65 15.6 20.7 2.23 8.92 8.64 14.3 6.08 0.92 3.18 30.3 4.48 51.6 

64-66  2.91 15.7 21.8 2.23 9.24 8.48 14.2 6.57 1.00 3.55 32.7 6.36 51.3 

70-72  2.21 14.9 19.3 2.07 8.62 8.41 14.5 5.47 1.00 2.44 23.8 2.85 46.2 

74-76  2.32 14.8 17.9 2.01 7.89 8.11 14.7 4.74 1.05 2.50 24.6 3.44 41.5 

78-80  2.21 14.5 19.6 1.96 8.90 8.80 14.2 5.58 0.90 1.72 23.0 2.49 50.4 
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Table A-1. Continued 

Depth (cm) Cd Sn Sb Cs Ba Hf Ta Tl Pb Bi Th U 

Lake Sheelar            

0-2 0.073 1.92 0.23 0.45 51.9 1.72 0.42 0.090 50.7 0.27 4.19 1.50 

2-4 0.063 1.69 0.22 0.61 53.3 1.57 0.34 0.088 49.3 0.25 4.41 1.44 

4-6 0.065 1.88 0.20 0.66 54.0 1.59 0.34 0.077 49.3 0.24 4.30 1.43 

6-8 0.068 2.08 0.21 0.40 43.7 1.60 0.35 0.11 48.2 0.24 4.27 1.45 

8-10 0.060 2.05 0.21 0.63 55.6 1.60 0.39 0.089 51.6 0.25 4.47 1.46 

10-12 0.056 2.05 0.24 0.62 53.2 1.64 0.36 0.089 56.9 0.25 4.59 1.50 

12-14 0.057 1.74 0.24 0.26 37.4 1.72 0.38 0.081 54.1 0.26 4.18 1.59 

14-16 0.081 1.27 0.24 0.26 39.5 1.71 0.39 0.075 40.9 0.26 4.78 1.72 

16-18 0.080 1.20 0.22 0.17 33.5 1.77 0.42 0.089 34.5 0.26 4.49 1.77 

18-20 0.080 1.20 0.24 0.31 43.2 1.70 0.39 0.076 33.6 0.26 4.79 1.72 

20-22 0.096 1.25 0.21 0.51 58.9 1.76 0.40 0.077 34.7 0.27 5.05 1.79 

22-24 0.086 0.91 0.18 0.13 25.4 1.77 0.40 0.074 26.7 0.24 3.84 1.78 

24-26 0.070 0.74 0.15 0.52 58.7 1.81 0.41 0.075 31.9 0.20 5.40 1.79 

26-28 0.065 0.57 0.14 0.45 53.7 1.63 0.36 0.072 27.2 0.18 4.80 1.61 

28-30 0.071 0.59 0.16 0.19 38.1 1.74 0.38 0.073 25.6 0.18 4.33 1.65 

34-36 0.077 0.51 0.16 0.13 35.1 1.61 0.85 0.085 23.5 0.16 3.47 1.61 

40-42 0.070 0.45 0.13 0.34 52.8 1.53 0.33 0.065 22.4 0.16 4.32 1.56 

46-48 0.070 0.42 0.12 0.24 50.5 1.36 0.33 0.060 19.1 0.15 4.07 1.51 

52-54 0.069 0.44 0.14 0.12 40.3 1.49 0.53 0.072 19.7 0.15 4.03 1.66 

58-60 0.076 0.42 0.14 0.26 55.5 1.40 0.32 0.066 19.4 0.14 4.03 1.53 

64-66 0.075 0.44 0.12 0.39 64.4 1.37 0.32 0.071 21.4 0.14 5.55 1.84 

70-72 0.070 0.39 0.13 0.16 45.9 1.27 0.30 0.066 17.6 0.12 3.16 1.41 

74-76 0.064 0.33 0.11 0.22 48.5 1.10 0.29 0.053 15.7 0.11 4.27 1.27 

78-80 0.060 0.38 0.10 0.13 42.5 1.35 0.31 0.068 18.1 0.14 3.14 1.53 
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Table A-1. Continued         

Depth (cm) Date  Sc V Cr Co Ni Cu Zn Ga Ge Rb Sr Y Zr 

Pebble Lake              

0-2 2005 2.74 20.2 31.6 2.19 16.2 20.1 77.7 10.6 1.03 10.6 40.2 7.39 66.5 

2-4 1994 3.58 25.0 34.6 2.32 17.2 15.7 49.3 13.8 1.37 12.1 39.9 9.39 86.3 

4-6 1975 3.72 26.4 35.1 2.31 17.4 14.5 42.7 14.6 1.39 12.0 43.5 9.63 88.3 

6-8 1948 3.53 28.2 36.4 2.35 17.9 14.4 43.1 15.1 1.30 5.32 40.2 9.02 98.4 

8-10 1899 3.61 28.0 34.5 2.24 17.3 13.4 40.8 14.8 1.38 12.2 41.7 9.37 85.3 

10-12  2.63 19.0 24.4 1.77 13.0 11.1 29.7 10.3 1.12 8.21 33.5 7.71 78.6 

12-14  2.56 17.1 22.7 1.71 12.1 10.6 22.6 9.31 1.20 9.20 33.4 7.85 75.5 

14-16  1.50 16.0 20.9 1.70 10.9 9.54 18.2 7.98 1.12 2.24 17.9 3.73 72.4 

16-18  2.26 16.0 22.1 1.77 11.1 10.1 19.8 8.62 1.07 3.46 28.5 6.76 88.0 

18-20  2.06 15.5 21.2 1.75 10.7 9.59 18.4 8.19 1.08 2.99 25.8 5.86 80.2 

20-22  2.39 15.7 21.3 1.77 10.7 9.99 18.4 8.42 1.05 7.31 31.1 8.13 87.0 

22-24  1.21 16.4 21.4 1.64 10.6 10.1 17.9 7.78 1.08 1.70 15.3 2.92 82.2 

24-26  2.54 16.7 22.2 1.64 10.4 10.4 19.0 8.48 1.05 8.36 33.7 8.21 85.6 

26-28  2.46 16.2 22.3 1.66 10.1 10.4 19.8 7.75 1.05 7.44 32.1 8.83 102.4 

28-30  2.11 14.0 19.3 1.41 8.35 9.35 19.8 6.33 0.98 6.91 28.1 8.17 102.3 

30-34  2.30 15.8 20.9 1.66 10.1 11.1 20.3 7.65 1.01 6.16 31.9 8.89 94.8 

34-38  2.69 17.8 23.1 2.02 11.5 12.0 20.5 8.69 1.01 9.59 34.9 9.20 88.4 

38-42  2.69 17.4 23.8 2.00 11.2 11.9 21.3 8.42 1.00 6.50 32.4 8.16 81.6 

42-46  2.77 18.8 26.1 2.14 11.9 12.1 22.6 8.68 0.97 5.27 31.8 7.80 83.5 

46-50  2.67 18.0 22.3 2.08 10.7 11.5 21.6 8.11 1.06 8.74 30.1 8.60 84.2 

50-54  2.92 18.8 24.9 1.90 11.0 11.2 22.5 8.77 1.06 9.15 34.9 9.83 110.4 

54-58  2.78 18.9 23.7 1.98 10.9 11.6 23.0 8.34 1.09 8.92 32.6 8.71 89.0 

58-62  3.27 20.1 26.5 1.28 11.4 13.1 26.8 9.30 0.87 4.71 33.0 8.06 100.2 

62-66  4.05 24.3 31.6 1.72 14.0 14.0 26.3 13.0 1.05 11.4 42.1 10.57 95.2 

66-70  3.66 22.6 28.0 1.31 12.5 13.2 24.9 11.1 0.94 10.7 38.7 9.92 86.3 

70-74  3.18 21.8 22.6 1.02 10.5 14.7 22.1 8.09 0.85 9.23 37.8 8.58 72.1 

74-78  2.67 20.4 20.8 1.02 10.4 14.1 21.1 7.33 0.75 2.46 29.0 5.13 61.6 

78-82  2.78 19.7 19.4 1.23 9.99 13.8 24.9 6.79 0.70 7.07 30.4 6.83 59.0 
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Table A-1. Continued        

Depth (cm) Cd Sn Sb Cs Ba Hf Ta Tl Pb Bi Th U 

Pebble Lake            

0-2 0.13 1.71 0.28 1.65 109.9 1.87 0.51 0.18 50.6 0.22 5.71 1.42 

2-4 0.13 2.26 0.28 1.97 93.8 2.42 0.64 0.25 67.7 0.29 7.67 1.89 

4-6 0.11 2.26 0.26 1.90 96.4 2.41 0.68 0.24 71.1 0.29 8.12 1.98 

6-8 0.13 2.21 0.30 0.85 65.0 2.72 0.72 0.25 67.6 0.30 6.76 1.98 

8-10 0.11 1.92 0.26 1.85 99.0 2.48 0.70 0.31 65.3 0.31 8.40 2.01 

10-12 0.078 1.37 0.22 1.47 79.0 2.26 0.57 0.17 39.3 0.25 6.06 1.44 

12-14 0.083 1.03 0.18 1.49 83.5 2.10 0.58 0.21 30.7 0.21 6.06 1.36 

14-16 0.053 0.77 0.15 0.40 39.0 2.12 0.61 0.12 20.4 0.14 3.75 1.30 

16-18 0.053 0.78 0.15 0.88 68.3 2.52 0.62 0.16 21.2 0.14 5.02 1.31 

18-20 0.052 0.69 0.14 0.52 55.2 2.28 0.60 0.15 18.5 0.14 4.63 1.25 

20-22 0.066 0.81 0.14 1.26 88.1 2.50 0.62 0.16 20.0 0.14 5.87 1.43 

22-24 0.061 0.77 0.15 0.36 39.5 2.43 0.66 0.11 17.5 0.14 3.44 1.44 

24-26 0.052 0.85 0.15 1.35 101.6 2.57 0.67 0.18 19.9 0.14 6.41 1.52 

26-28 0.051 0.84 0.14 1.25 97.6 2.86 0.73 0.12 19.0 0.13 7.13 1.73 

28-30 0.056 0.73 0.14 1.02 85.5 2.92 0.73 0.11 15.6 0.12 6.21 1.58 

30-34 0.059 0.76 0.13 0.94 85.2 2.68 0.64 0.37 18.1 0.13 6.26 1.53 

34-38 0.057 0.78 0.16 1.49 105.6 2.46 0.66 0.15 20.5 0.14 6.50 1.50 

38-42 0.067 0.82 0.16 1.29 96.9 2.49 0.68 0.19 20.9 0.14 5.96 1.44 

42-46 0.067 0.83 0.16 1.12 93.0 2.31 0.82 0.15 19.9 0.15 5.83 1.46 

46-50 0.070 0.78 0.16 1.33 99.1 2.52 0.77 0.16 19.6 0.14 6.68 1.48 

50-54 0.067 0.84 0.17 1.45 114.7 3.22 0.89 0.15 20.8 0.22 7.12 1.70 

54-58 0.065 0.86 0.18 1.44 104.3 2.63 0.75 0.14 21.1 0.14 6.57 1.54 

58-62 0.074 0.88 0.21 1.16 100.7 2.83 0.78 0.18 20.4 0.15 5.24 1.53 

62-66 0.091 0.92 0.21 1.87 136.8 2.68 0.70 0.20 26.3 0.17 7.02 1.73 

66-70 0.088 0.84 0.21 1.80 136.0 2.49 0.64 0.20 22.7 0.15 6.69 1.57 

70-74 0.074 0.76 0.19 1.71 137.9 2.01 0.56 0.20 17.9 0.14 5.17 1.25 

74-78 0.079 0.66 0.19 0.79 96.3 1.68 0.50 0.16 16.6 0.13 3.44 0.97 

78-82 0.10 0.63 0.16 1.38 109.0 1.66 0.45 0.16 15.4 0.12 4.28 1.02 
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Table A-1. Continued         

Depth (cm) Date Sc V Cr Co Ni Cu Zn Ga Ge Rb Sr Y Zr 

Pebble Lake              

82-86  2.62 19.3 18.6 1.24 9.70 13.8 26.7 6.47 0.70 7.16 29.9 6.92 57.4 

86-90  2.63 18.8 19.5 1.39 9.92 14.0 25.5 6.65 0.70 6.63 29.9 6.96 62.3 

90-94  2.77 18.9 20.4 1.43 10.6 14.3 28.0 7.29 0.71 8.00 32.3 7.55 63.5 

94-95  3.11 20.8 23.5 1.36 11.8 14.8 27.8 8.76 0.70 9.01 37.6 8.41 68.8 

95-102  3.09 21.1 22.8 1.31 11.7 14.6 26.5 8.92 0.72 8.27 38.2 8.06 66.1 

102-106  2.75 20.3 20.7 1.62 11.2 14.7 29.6 7.84 0.69 7.99 35.1 7.47 61.9 

106-110  2.39 19.4 18.5 1.77 10.4 13.9 32.7 6.77 0.66 7.67 30.8 6.39 52.9 

110-114  2.29 19.3 17.9 1.75 10.0 13.0 29.2 6.62 0.56 7.43 30.1 6.68 50.1 

114-118  2.36 20.3 18.2 1.70 10.4 13.0 30.4 7.06 0.61 7.47 32.7 6.54 48.9 

118-122  1.58 17.3 12.0 1.15 7.89 12.1 29.1 4.65 0.63 4.91 23.8 4.24 27.1 

122-126  1.30 19.5 9.55 0.91 7.26 14.8 43.6 3.77 0.59 2.39 20.0 3.31 21.7 

126-130  1.30 18.2 9.75 0.85 7.18 13.4 45.0 3.88 0.39 3.33 20.0 3.59 22.6 

130-134  1.29 15.6 13.1 0.68 8.82 13.2 34.9 4.26 0.36 4.55 22.2 3.36 23.7 

               

Little Lake Johnson             

0-2 2001 2.28 23.0 26.4 0.87 11.78 17.09 45.7 8.83 0.76 8.20 51.9 11.6 74.3 

2-4 1980 2.28 23.2 26.6 0.75 11.59 17.16 41.6 8.93 0.80 7.92 50.8 12.2 77.6 

4-6 1943 2.28 23.6 25.9 0.74 11.33 16.76 41.4 8.86 0.78 7.57 51.2 12.1 70.5 

6-8 1926 1.43 21.9 17.9 0.48 7.94 11.75 26.0 6.41 0.67 5.18 43.0 9.86 53.1 

8-10 1901 1.05 21.5 14.4 0.38 6.43 9.76 16.5 5.18 0.62 4.22 39.6 8.74 40.0 

10-12  1.20 21.8 15.3 0.45 6.79 10.33 15.3 5.41 0.62 4.40 41.1 9.03 43.7 

12-14  1.19 20.2 16.1 0.54 6.60 9.66 14.9 5.30 0.65 4.61 38.7 8.52 47.1 

14-16  1.14 17.2 15.1 0.61 6.25 9.01 14.5 5.01 0.62 4.62 35.7 7.97 45.3 

16-18  1.25 17.5 16.6 0.71 6.62 9.17 15.7 5.28 0.64 4.92 36.1 8.10 51.7 

18-20  1.37 17.4 16.9 1.07 6.69 9.58 15.7 5.59 0.64 5.08 36.1 8.36 55.4 

20-22  1.02 15.8 15.4 0.81 6.05 8.41 14.9 4.99 0.65 4.57 31.6 7.48 49.5 
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Table A-1. Continued        

Depth (cm) Cd Sn Sb Cs Ba Hf Ta Tl Pb Bi Th U 

Pebble Lake            

82-86 0.11 0.62 0.18 1.29 104.5 1.66 0.45 0.16 15.1 0.12 4.82 1.03 

86-90 0.10 0.64 0.19 1.24 103.4 1.74 0.48 0.16 15.6 0.12 4.41 1.09 

90-94 0.10 0.76 0.20 1.41 113.2 1.77 0.51 0.18 17.0 0.12 4.80 1.09 

94-95 0.10 0.81 0.16 1.67 130.7 1.88 0.54 0.19 20.4 0.15 5.33 1.19 

95-102 0.10 0.83 0.19 1.63 134.9 1.80 0.53 0.19 20.1 0.16 5.00 1.13 

102-106 0.12 0.73 0.19 1.56 122.0 1.64 0.45 0.21 18.1 0.13 4.67 1.03 

106-110 0.15 0.54 0.19 1.39 106.0 1.42 0.37 0.18 16.2 0.12 4.10 0.88 

110-114 0.14 0.57 0.18 1.39 105.3 1.34 0.36 0.24 15.6 0.11 5.50 0.94 

114-118 0.14 0.58 0.19 1.51 115.1 1.31 0.36 0.18 16.3 0.13 4.18 0.90 

118-122 0.14 0.34 0.17 0.94 82.5 0.75 0.21 0.13 10.5 0.09 2.71 0.60 

122-126 0.20 0.28 0.20 0.62 67.7 0.60 0.16 0.16 8.38 0.08 1.92 0.50 

126-130 0.19 0.26 0.18 0.69 68.8 0.61 0.15 0.16 8.68 0.08 2.14 0.50 

130-134 0.13 0.31 0.15 0.84 72.9 0.62 0.18 0.16 9.35 0.08 2.64 0.52 

             
Little Lake 
Johnson             

0-2 0.19 2.95 0.25 1.28 108.5 2.05 0.63 0.19 63.6 0.30 6.82 2.50 

2-4 0.21 2.54 0.24 1.27 103.5 2.18 0.63 0.22 66.3 0.33 7.21 2.63 

4-6 0.19 2.47 0.24 1.22 105.0 2.04 0.62 0.16 65.1 0.31 7.10 2.64 

6-8 0.13 1.32 0.21 0.89 98.6 1.54 0.49 0.12 34.5 0.26 5.32 2.18 

8-10 0.10 0.74 0.19 0.70 90.6 1.27 0.41 0.20 19.4 0.18 4.46 1.94 

10-12 0.11 0.80 0.20 0.78 93.2 1.39 0.44 0.13 20.1 0.19 4.82 2.00 

12-14 0.10 0.70 0.19 0.79 89.8 1.40 0.46 0.14 17.9 0.16 4.64 1.83 

14-16 0.076 0.66 0.16 0.73 82.1 1.41 0.47 0.10 16.9 0.12 4.65 1.70 

16-18 0.10 0.88 0.18 0.81 86.8 1.58 0.51 0.12 17.9 0.14 4.77 1.71 

18-20 0.089 0.76 0.16 0.85 84.0 1.63 0.54 0.11 16.6 0.13 5.29 1.79 

20-22 0.092 0.67 0.15 0.76 76.2 1.47 0.49 0.11 14.9 0.13 4.94 1.57 
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Table A-1. Continued         

Depth (cm) Date  Sc V Cr Co Ni Cu Zn Ga Ge Rb Sr Y Zr 

Little Lake Johnson              

22-24  0.77 14.3 14.3 0.69 5.65 8.07 14.3 4.46 0.58 4.15 29.1 6.55 42.3 

24-26  1.29 12.3 13.2 0.77 5.37 8.16 13.5 3.45 0.56 3.55 23.1 5.93 41.9 

26-28  1.82 10.3 12.0 0.85 5.08 8.25 12.7 2.44 0.53 2.95 17.1 5.31 41.6 

28-30  1.67 8.67 10.9 0.42 4.41 7.95 14.3 1.49 0.51 2.42 13.4 4.43 35.0 

30-34  1.52 7.00 9.76 -0.013 3.75 7.65 15.8 0.54 0.49 1.89 9.64 3.56 28.5 

34-38  0.81 2.08 4.91 -0.76 1.86 5.41 11.3 -1.32 0.50 0.57 1.41 0.83 15.2 

38-42  0.94 3.00 7.06 -0.62 2.20 5.97 12.7 -0.99 0.41 0.86 2.69 2.28 15.8 

42-46  0.84 2.37 5.47 -0.65 1.77 5.48 16.5 -1.12 0.48 0.44 0.69 0.76 12.3 

46-50  0.88 3.62 5.82 -0.75 1.73 5.03 13.4 -0.89 0.48 0.40 0.84 0.76 16.3 

50-54   0.79 1.72 5.35 -0.90 1.83 5.33 15.7 -1.29 0.51 0.43 2.19 1.08 16.7 

 
 
 
 

Table A-1. Continued        

Depth (cm) Cd Sn Sb Cs Ba Hf Ta Tl Pb Bi Th U 

Little Lake Johnson            

22-24 0.073 0.62 0.12 0.68 65.5 1.31 0.44 0.091 12.9 0.10 4.51 1.40 

24-26 0.069 0.51 0.11 0.56 52.3 1.22 0.40 0.074 9.99 0.091 3.94 1.24 

26-28 0.065 0.41 0.10 0.43 39.1 1.12 0.36 0.057 7.07 0.076 3.37 1.08 

28-30 0.055 0.32 0.087 0.36 30.8 0.98 0.33 0.052 6.09 0.062 3.34 0.92 

30-34 0.044 0.23 0.074 0.28 22.5 0.85 0.29 0.047 5.12 0.048 3.31 0.75 

34-38 0.017 0.01 0.032 0.077 2.36 0.52 0.13 0.031 2.34 0.005 0.68 0.25 

38-42 0.019 0.18 0.040 0.12 5.67 0.52 0.14 0.032 2.86 0.020 2.96 0.83 

42-46 0.015 0.16 0.030 0.057 3.64 0.46 0.24 0.028 2.50 0.025 0.62 0.24 

46-50 0.011 0.22 0.038 0.049 1.23 0.60 0.26 0.022 2.39 0.006 1.19 0.25 

50-54 0.003 0.04 0.030 0.059 2.39 0.60 0.12 0.024 3.15 0.009 2.17 0.64 
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Table A-2. Scandium-normalized (M/Sc) concentrations and calculated enrichment factors (EF) for selected trace 
metals  

Depth (cm) VSc VEF CrSc CrEF CoSc CoEF NiSc NiEF CuSc CuEF ZnSc ZnEF SrSc SrEF YSc YEF ZrSc 

Lake Sheelar                 

0-2 5.75 0.92 8.44 1.02 0.76 0.86 4.36 1.20 4.06 1.17 39.9 6.76 10.2 0.92 1.85 1.21 20.9 

20- 5.35 0.86 7.91 0.95 0.71 0.81 3.96 1.09 3.64 1.05 8.54 1.45 9.76 0.88 1.99 1.30 18.9 

4-6 5.35 0.86 7.89 0.95 0.72 0.81 3.95 1.09 3.58 1.03 8.00 1.36 9.71 0.88 2.02 1.32 18.9 

6-8 5.62 0.90 8.43 1.02 0.75 0.85 4.18 1.15 3.78 1.09 7.60 1.29 9.66 0.87 1.85 1.21 20.3 

8-10 5.41 0.87 8.04 0.97 0.70 0.79 3.95 1.09 3.52 1.02 6.70 1.14 9.82 0.89 2.04 1.33 18.3 

10-12 5.47 0.88 7.78 0.94 0.67 0.76 3.90 1.07 3.53 1.02 6.58 1.11 9.80 0.89 2.08 1.36 19.5 

12-14 6.35 1.02 8.69 1.05 0.76 0.86 4.29 1.18 3.82 1.10 7.20 1.22 9.12 0.83 1.66 1.09 21.9 

14-16 5.59 0.90 8.38 1.01 0.74 0.84 3.80 1.04 3.21 0.93 6.62 1.12 10.2 0.92 1.85 1.21 20.7 

16-18 5.89 0.94 8.87 1.07 0.77 0.88 3.89 1.07 3.21 0.93 6.92 1.17 9.47 0.86 1.66 1.08 22.0 

18-20 5.18 0.83 7.88 0.95 0.70 0.80 3.42 0.94 2.90 0.84 5.97 1.01 10.2 0.92 1.98 1.30 19.8 

20-22 5.19 0.83 7.76 0.94 0.71 0.80 3.33 0.91 2.91 0.84 6.09 1.03 10.6 0.96 2.04 1.34 19.2 

22-24 6.59 1.05 9.97 1.20 0.87 0.99 4.25 1.17 3.38 0.98 6.88 1.17 8.52 0.77 0.92 0.60 25.4 

24-26 4.94 0.79 7.78 0.94 0.68 0.78 3.30 0.91 2.56 0.74 4.73 0.80 10.3 0.93 1.83 1.20 18.8 

26-28 5.09 0.82 8.00 0.97 0.72 0.82 3.31 0.91 2.60 0.75 4.73 0.80 10.3 0.94 1.73 1.14 18.6 

28-30 5.93 0.95 8.87 1.07 0.82 0.94 3.73 1.02 3.01 0.87 5.32 0.90 9.89 0.90 1.48 0.97 22.0 

34-36 7.24 1.16 10.3 1.24 1.01 1.15 4.35 1.19 3.70 1.07 6.62 1.12 9.68 0.88 0.96 0.63 25.4 

40-42 5.41 0.87 7.78 0.94 0.81 0.92 3.33 0.92 3.00 0.87 5.20 0.88 10.7 0.97 1.65 1.08 19.4 

46-48 5.83 0.93 7.86 0.95 0.88 1.00 3.52 0.97 3.21 0.93 5.68 0.96 11.5 1.04 1.47 0.96 19.7 

52-54 7.29 1.17 9.95 1.20 1.02 1.16 4.28 1.18 3.82 1.10 6.43 1.09 11.2 1.01 1.22 0.80 25.3 

58-60 5.89 0.94 7.81 0.94 0.84 0.96 3.37 0.93 3.27 0.94 5.41 0.92 11.4 1.04 1.69 1.11 19.5 

64-66 5.40 0.87 7.49 0.90 0.77 0.87 3.18 0.87 2.92 0.84 4.87 0.83 11.3 1.02 2.19 1.43 17.7 

70-72 6.76 1.08 8.74 1.05 0.94 1.06 3.90 1.07 3.80 1.10 6.54 1.11 10.8 0.98 1.29 0.84 20.9 

74-76 6.38 1.02 7.72 0.93 0.87 0.99 3.40 0.94 3.49 1.01 6.35 1.08 10.6 0.96 1.48 0.97 17.9 

78-80 6.54 1.05 8.85 1.07 0.89 1.01 4.02 1.11 3.98 1.15 6.43 1.09 10.4 0.94 1.12 0.74 22.8 
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Table A-2. Continued             

Depth (cm) CdSc CdEF SnSc SnEF SbSc SbEF BaSc BaEF PbSc PbEF BiSc BiEF ThSc ThEF USc UEF 

Lake Sheelar               

0-2 0.025 0.87 0.65 3.92 0.076 1.51 17.58 0.86 17.2 2.23 0.092 1.63 1.42 0.86 0.51 0.80 

20- 0.021 0.75 0.57 3.43 0.074 1.47 17.90 0.88 16.6 2.15 0.083 1.48 1.48 0.89 0.48 0.77 

4-6 0.022 0.77 0.63 3.80 0.068 1.34 18.14 0.89 16.6 2.15 0.080 1.42 1.45 0.87 0.48 0.76 

6-8 0.024 0.85 0.74 4.45 0.075 1.48 15.55 0.76 17.1 2.23 0.086 1.53 1.52 0.91 0.52 0.82 

8-10 0.020 0.69 0.67 4.02 0.069 1.36 18.13 0.89 16.8 2.19 0.082 1.45 1.46 0.88 0.48 0.76 

10-12 0.018 0.64 0.67 4.02 0.078 1.55 17.25 0.85 18.4 2.40 0.083 1.47 1.49 0.90 0.49 0.77 

12-14 0.021 0.73 0.63 3.79 0.087 1.71 13.52 0.66 19.5 2.54 0.093 1.66 1.51 0.91 0.58 0.91 

14-16 0.027 0.95 0.43 2.58 0.081 1.60 13.27 0.65 13.7 1.78 0.087 1.55 1.60 0.97 0.58 0.92 

16-18 0.028 0.98 0.42 2.53 0.075 1.49 11.69 0.57 12.0 1.57 0.092 1.64 1.57 0.95 0.62 0.98 

18-20 0.026 0.90 0.38 2.31 0.077 1.52 13.82 0.68 10.8 1.40 0.083 1.48 1.53 0.92 0.55 0.87 

20-22 0.030 1.04 0.39 2.33 0.066 1.30 18.12 0.89 10.7 1.39 0.083 1.48 1.56 0.94 0.55 0.87 

22-24 0.034 1.21 0.36 2.20 0.073 1.45 10.15 0.50 10.6 1.38 0.097 1.73 1.53 0.92 0.71 1.13 

24-26 0.020 0.71 0.21 1.29 0.042 0.84 16.95 0.83 9.23 1.20 0.059 1.05 1.56 0.94 0.52 0.82 

26-28 0.020 0.71 0.17 1.05 0.043 0.85 16.52 0.81 8.39 1.09 0.054 0.96 1.48 0.89 0.49 0.78 

28-30 0.025 0.88 0.21 1.25 0.058 1.15 13.51 0.66 9.08 1.18 0.064 1.14 1.54 0.93 0.59 0.93 

34-36 0.034 1.18 0.22 1.33 0.069 1.36 15.22 0.75 10.2 1.32 0.071 1.27 1.51 0.91 0.70 1.10 

40-42 0.025 0.88 0.16 0.97 0.045 0.89 18.90 0.93 8.00 1.04 0.056 1.00 1.54 0.93 0.56 0.89 

46-48 0.028 0.98 0.17 1.01 0.048 0.94 19.98 0.98 7.55 0.98 0.058 1.03 1.61 0.97 0.60 0.95 

52-54 0.031 1.10 0.20 1.20 0.066 1.29 18.22 0.89 8.92 1.16 0.069 1.22 1.82 1.10 0.75 1.19 

58-60 0.029 1.00 0.16 0.95 0.051 1.01 20.96 1.03 7.34 0.95 0.054 0.96 1.52 0.92 0.58 0.92 

64-66 0.026 0.91 0.15 0.91 0.043 0.84 22.16 1.09 7.37 0.96 0.049 0.87 1.91 1.15 0.63 1.00 

70-72 0.032 1.12 0.18 1.07 0.057 1.13 20.74 1.02 7.95 1.03 0.056 1.00 1.43 0.86 0.64 1.01 

74-76 0.028 0.97 0.14 0.87 0.048 0.95 20.90 1.02 6.79 0.88 0.048 0.85 1.84 1.11 0.55 0.87 

78-80 0.027 0.95 0.17 1.03 0.045 0.89 19.20 0.94 8.17 1.06 0.063 1.11 1.42 0.85 0.69 1.10 
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Table A-2. Continued               

Depth (cm) VSc VEF CrSc CrEF CoSc CoEF NiSc NiEF CuSc CuEF ZnSc ZnEF SrSc SrEF YSc YEF ZrSc 

Pebble Lake                 

0-2 7.36 1.11 11.5 1.31 0.80 1.12 5.90 1.44 7.34 1.71 28.3 3.49 14.7 1.18 2.69 0.81 24.2 

2-4 6.99 1.05 9.68 1.10 0.65 0.91 4.81 1.17 4.40 1.02 13.8 1.70 11.2 0.90 2.63 0.79 24.1 

4-6 7.09 1.07 9.44 1.07 0.62 0.87 4.69 1.15 3.91 0.91 11.5 1.42 11.7 0.94 2.59 0.78 23.7 

6-8 7.98 1.20 10.3 1.17 0.66 0.93 5.06 1.23 4.07 0.95 12.2 1.50 11.4 0.92 2.55 0.77 27.8 

8-10 7.76 1.17 9.57 1.09 0.62 0.87 4.79 1.17 3.70 0.86 11.3 1.40 11.6 0.93 2.60 0.78 23.6 

10-12 7.25 1.09 9.27 1.05 0.68 0.95 4.97 1.21 4.25 0.99 11.3 1.40 12.8 1.03 2.93 0.88 29.9 

12-14 6.68 1.01 8.87 1.01 0.67 0.94 4.72 1.15 4.15 0.96 8.85 1.09 13.1 1.05 3.07 0.92 29.5 

14-16 6.64 1.60 8.69 1.58 0.71 1.59 4.53 1.77 3.96 1.48 7.55 1.49 7.5 0.96 1.55 0.74 30.1 

16-18 7.08 1.06 9.77 1.11 0.78 1.10 4.92 1.20 4.49 1.04 8.75 1.08 12.6 1.01 2.99 0.90 38.9 

18-20 7.54 1.13 10.3 1.17 0.85 1.19 5.18 1.27 4.66 1.08 8.96 1.10 12.5 1.01 2.85 0.85 38.9 

20-22 6.56 0.99 8.89 1.01 0.74 1.04 4.49 1.10 4.17 0.97 7.68 0.95 13.0 1.05 3.40 1.02 36.3 

22-24 6.66 2.05 8.68 2.01 0.67 1.91 4.29 2.14 4.11 1.95 7.24 1.82 6.2 1.02 1.18 0.73 33.3 

24-26 6.56 0.99 8.73 0.99 0.64 0.90 4.11 1.00 4.11 0.95 7.46 0.92 13.2 1.07 3.23 0.97 33.7 

26-28 6.59 0.99 9.06 1.03 0.68 0.95 4.09 1.00 4.25 0.99 8.08 1.00 13.1 1.05 3.59 1.08 41.6 

28-30 6.63 1.00 9.15 1.04 0.67 0.94 3.95 0.96 4.42 1.03 9.35 1.15 13.3 1.07 3.87 1.16 48.4 

30-34 6.87 1.03 9.10 1.03 0.72 1.01 4.39 1.07 4.83 1.12 8.83 1.09 13.9 1.11 3.86 1.16 41.2 

34-38 6.60 0.99 8.58 0.97 0.75 1.05 4.28 1.05 4.45 1.03 7.62 0.94 13.0 1.04 3.42 1.03 32.8 

38-42 6.48 0.97 8.87 1.01 0.75 1.05 4.17 1.02 4.43 1.03 7.91 0.97 12.0 0.97 3.03 0.91 30.4 

42-46 6.79 1.02 9.41 1.07 0.77 1.08 4.30 1.05 4.37 1.02 8.17 1.01 11.5 0.92 2.82 0.85 30.1 

46-50 6.74 1.01 8.35 0.95 0.78 1.09 4.00 0.98 4.29 1.00 8.11 1.00 11.3 0.91 3.22 0.97 31.6 

50-54 6.45 0.97 8.52 0.97 0.65 0.91 3.76 0.92 3.85 0.90 7.70 0.95 12.0 0.96 3.37 1.01 37.8 

54-58 6.80 1.02 8.52 0.97 0.71 1.00 3.94 0.96 4.16 0.97 8.28 1.02 11.7 0.94 3.13 0.94 32.0 

58-62 6.13 -- 8.09 -- 0.39 -- 3.49 -- 4.01 -- 8.19 -- 10.1 -- 2.46 -- 30.6 

62-66 6.01 -- 7.81 -- 0.42 -- 3.46 -- 3.45 -- 6.49 -- 10.4 -- 2.61 -- 23.5 

66-70 6.16 -- 7.66 -- 0.36 -- 3.42 -- 3.60 -- 6.80 -- 10.6 -- 2.71 -- 23.6 

70-74 6.85 -- 7.11 -- 0.32 -- 3.32 -- 4.62 -- 6.96 -- 11.9 -- 2.70 -- 22.7 
 
 



 

201 

Table A-2. Continued             

Depth (cm) CdSc CdEF SnSc SnEF SbSc SbEF BaSc BaEF PbSc PbEF BiSc BiEF ThSc ThEF USc UEF 

Pebble Lake               

0-2 0.048 2.05 0.62 2.00 0.10 1.73 40.0 1.06 18.4 2.45 0.081 1.45 2.08 0.84 0.52 0.87 

2-4 0.036 1.52 0.63 2.03 0.079 1.32 26.2 0.69 18.9 2.52 0.081 1.44 2.15 0.86 0.53 0.88 

4-6 0.029 1.24 0.61 1.95 0.070 1.17 25.9 0.68 19.1 2.54 0.078 1.40 2.19 0.88 0.53 0.89 

6-8 0.037 1.58 0.63 2.01 0.085 1.42 18.4 0.49 19.1 2.54 0.084 1.51 1.91 0.77 0.56 0.94 

8-10 0.030 1.27 0.53 1.71 0.072 1.20 27.4 0.72 18.1 2.40 0.086 1.53 2.33 0.93 0.56 0.94 

10-12 0.030 1.27 0.52 1.67 0.083 1.40 30.1 0.79 15.0 1.99 0.094 1.68 2.31 0.93 0.55 0.92 

12-14 0.033 1.38 0.40 1.29 0.071 1.19 32.7 0.86 12.0 1.60 0.083 1.47 2.37 0.95 0.53 0.89 

14-16 0.022 1.50 0.32 1.64 0.060 1.62 16.2 0.68 8.49 1.81 0.060 1.71 1.56 1.00 0.54 1.45 

16-18 0.023 0.99 0.34 1.11 0.067 1.11 30.2 0.80 9.36 1.24 0.064 1.14 2.22 0.89 0.58 0.97 

18-20 0.025 1.07 0.34 1.08 0.068 1.13 26.8 0.71 8.97 1.19 0.066 1.19 2.25 0.90 0.60 1.01 

20-22 0.028 1.17 0.34 1.08 0.058 0.97 36.8 0.97 8.34 1.11 0.058 1.04 2.45 0.98 0.60 1.00 

22-24 0.025 2.16 0.31 2.06 0.060 2.05 16.0 0.86 7.08 1.92 0.059 2.14 1.40 1.14 0.58 2.00 

24-26 0.021 0.88 0.33 1.07 0.059 0.99 40.0 1.05 7.82 1.04 0.056 0.99 2.52 1.01 0.60 1.00 

26-28 0.021 0.87 0.34 1.10 0.057 0.96 39.7 1.05 7.74 1.03 0.053 0.94 2.90 1.16 0.70 1.18 

28-30 0.027 1.13 0.34 1.10 0.066 1.11 40.4 1.07 7.38 0.98 0.057 1.01 2.94 1.18 0.75 1.25 

30-34 0.026 1.08 0.33 1.06 0.058 0.97 37.0 0.98 7.87 1.04 0.056 1.01 2.72 1.09 0.66 1.11 

34-38 0.021 0.90 0.29 0.93 0.059 0.99 39.2 1.03 7.61 1.01 0.051 0.91 2.41 0.97 0.56 0.93 

38-42 0.025 1.06 0.30 0.97 0.060 1.00 36.0 0.95 7.76 1.03 0.053 0.95 2.22 0.89 0.54 0.90 

42-46 0.024 1.02 0.30 0.96 0.056 0.94 33.6 0.89 7.17 0.95 0.054 0.97 2.10 0.84 0.53 0.88 

46-50 0.026 1.11 0.29 0.94 0.059 0.98 37.1 0.98 7.34 0.97 0.051 0.92 2.50 1.00 0.56 0.93 

50-54 0.023 0.97 0.29 0.92 0.060 1.00 39.3 1.04 7.13 0.95 0.076 1.36 2.44 0.98 0.58 0.97 

54-58 0.023 0.99 0.31 0.99 0.064 1.07 37.5 0.99 7.57 1.01 0.051 0.91 2.36 0.95 0.55 0.93 

58-62 0.023 -- 0.27 -- 0.064 -- 30.8 -- 6.23 -- 0.045 -- 1.60 -- 0.47 -- 

62-66 0.022 -- 0.23 -- 0.053 -- 33.8 -- 6.50 -- 0.041 -- 1.73 -- 0.43 -- 

66-70 0.024 -- 0.23 -- 0.057 -- 37.1 -- 6.19 -- 0.041 -- 1.83 -- 0.43 -- 

70-74 0.023 -- 0.24 -- 0.060 -- 43.4 -- 5.64 -- 0.045 -- 1.63 -- 0.39 -- 
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Table A-2 Continued               

Depth (cm) VSc VEF CrSc CrEF CoSc CoEF NiSc NiEF CuSc CuEF ZnSc ZnEF SrSc SrEF YSc YEF ZrSc 

Pebble Lake                 

74-78 7.64 -- 7.78 -- 0.38 -- 3.91 -- 5.29 -- 7.89 -- 10.9 -- 1.92 -- 23.1 

78-82 7.10 -- 7.01 -- 0.44 -- 3.60 -- 4.98 -- 8.97 -- 11.0 -- 2.46 -- 21.2 

82-86 7.36 -- 7.09 -- 0.47 -- 3.70 -- 5.25 -- 10.2 -- 11.4 -- 2.64 -- 21.9 

86-90 7.16 -- 7.43 -- 0.53 -- 3.77 -- 5.31 -- 9.69 -- 11.4 -- 2.65 -- 23.7 

90-94 6.85 -- 7.35 -- 0.52 -- 3.82 -- 5.17 -- 10.1 -- 11.7 -- 2.73 -- 22.9 

94-95 6.68 -- 7.57 -- 0.44 -- 3.78 -- 4.77 -- 8.94 -- 12.1 -- 2.71 -- 22.1 

95-102 6.83 -- 7.39 -- 0.42 -- 3.78 -- 4.74 -- 8.58 -- 12.4 -- 2.61 -- 21.4 

102-106 7.39 -- 7.52 -- 0.59 -- 4.09 -- 5.35 -- 10.8 -- 12.8 -- 2.72 -- 22.5 

106-110 8.11 -- 7.74 -- 0.74 -- 4.36 -- 5.83 -- 13.7 -- 12.9 -- 2.68 -- 22.2 

110-114 8.44 -- 7.80 -- 0.76 -- 4.38 -- 5.68 -- 12.7 -- 13.2 -- 2.92 -- 21.9 

114-118 8.60 -- 7.73 -- 0.72 -- 4.43 -- 5.50 -- 12.9 -- 13.9 -- 2.77 -- 20.8 

118-122 10.9 -- 7.60 -- 0.73 -- 4.99 -- 7.67 -- 18.4 -- 15.0 -- 2.68 -- 17.1 

122-126 14.9 -- 7.32 -- 0.69 -- 5.56 -- 11.3 -- 33.4 -- 15.3 -- 2.54 -- 16.6 

126-130 14.1 -- 7.52 -- 0.66 -- 5.54 -- 10.3 -- 34.7 -- 15.4 -- 2.77 -- 17.5 

130-134 12.1 -- 10.1 -- 0.52 -- 6.82 -- 10.2 -- 27.0 -- 17.2 -- 2.60 -- 18.3 

                  

Little Lake Johnson                

0-2 10.1 0.73 11.6 0.87 0.38 0.56 5.17 0.96 7.49 0.98 20.1 1.55 22.8 0.81 5.10 0.79 32.6 

2-4 10.2 0.74 11.7 0.87 0.33 0.49 5.09 0.95 7.54 0.98 18.3 1.41 22.3 0.80 5.37 0.83 34.1 

4-6 10.4 0.75 11.4 0.85 0.33 0.48 4.97 0.93 7.36 0.96 18.2 1.40 22.5 0.80 5.32 0.82 31.0 

6-8 15.3 1.11 12.5 0.94 0.33 0.49 5.54 1.04 8.21 1.07 18.2 1.40 30.0 1.07 6.89 1.06 37.1 

8-10 20.5 1.48 13.7 1.03 0.36 0.53 6.14 1.15 9.32 1.22 15.7 1.21 37.8 1.35 8.34 1.28 38.2 

10-12 18.2 1.32 12.8 0.95 0.37 0.55 5.67 1.06 8.64 1.13 12.8 0.99 34.4 1.23 7.55 1.16 36.6 

12-14 17.1 1.24 13.6 1.01 0.45 0.66 5.57 1.04 8.15 1.06 12.6 0.97 32.6 1.16 7.19 1.11 39.7 

14-16 15.0 1.09 13.2 0.99 0.54 0.79 5.47 1.02 7.89 1.03 12.7 0.98 31.3 1.12 6.98 1.08 39.7 

16-18 14.1 1.02 13.3 0.99 0.57 0.84 5.31 0.99 7.36 0.96 12.6 0.97 28.9 1.03 6.50 1.00 41.5 
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Table A-2. Continued               

Depth 
(cm) 

VSc VEF CrSc CrEF CoSc CoEF NiSc NiEF CuSc CuEF ZnSc ZnEF SrSc SrEF YSc YEF ZrSc 

Little Lake Johnson                

18-20 12.8 0.92 12.4 0.93 0.78 1.15 4.90 0.91 7.01 0.92 11.5 0.89 26.4 0.94 6.12 0.94 40.6 

20-22 15.4 1.11 15.1 1.13 0.79 1.16 5.91 1.10 8.21 1.07 14.6 1.12 30.9 1.10 7.31 1.13 48.4 

22-24 18.6 1.35 18.6 1.39 0.90 1.31 7.36 1.37 10.5 1.37 18.6 1.43 37.9 1.35 8.54 1.31 55.1 

24-26 9.54 0.69 10.2 0.76 0.60 0.87 4.15 0.78 6.31 0.82 10.4 0.81 17.9 0.64 4.59 0.71 32.5 

26-28 5.69 -- 6.62 -- 0.47 -- 2.80 -- 4.54 -- 7.00 -- 9.40 -- 2.92 -- 22.9 

28-30 5.20 -- 6.53 -- 0.25 -- 2.65 -- 4.76 -- 8.56 -- 8.01 -- 2.66 -- 21.0 

30-34 4.61 -- 6.42 -- 0.009 -- 2.47 -- 5.03 -- 10.4 -- 6.35 -- 2.34 -- 18.8 

34-38 2.57 -- 6.05 -- -0.94 -- 2.29 -- 6.67 -- 14.0 -- 1.73 -- 1.03 -- 18.8 

38-42 3.20 -- 7.52 -- -0.66 -- 2.34 -- 6.37 -- 13.6 -- 2.87 -- 2.43 -- 16.9 

42-46 2.81 -- 6.49 -- -0.77 -- 2.10 -- 6.50 -- 19.6 -- 0.82 -- 0.91 -- 14.6 

46-50 4.11 -- 6.60 -- -0.85 -- 1.96 -- 5.71 -- 15.2 -- 0.96 -- 0.86 -- 18.5 

50-54 2.19 -- 6.80 -- -1.14 -- 2.33 -- 6.77 -- 19.9 -- 2.79 -- 1.38 -- 21.2 
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Table A-2. Continued             

Depth (cm) CdSc CdEF SnSc SnEF SbSc SbEF BaSc BaEF PbSc PbEF BiSc BiEF ThSc ThEF USc UEF 

Little Lake Johnson               

18-20 0.065 0.89 0.55 0.92 0.12 0.92 61.5 0.94 12.2 0.93 0.10 0.92 3.87 0.94 1.31 0.95 

20-22 0.090 1.22 0.65 1.09 0.14 1.12 74.4 1.14 14.5 1.11 0.13 1.21 4.82 1.17 1.53 1.11 

22-24 0.095 1.29 0.80 1.34 0.16 1.23 85.3 1.30 16.8 1.29 0.14 1.30 5.87 1.43 1.82 1.33 

24-26 0.053 0.73 0.40 0.66 0.09 0.67 40.5 0.62 7.73 0.59 0.070 0.67 3.05 0.74 0.96 0.70 

26-28 0.036 -- 0.22 -- 0.05 -- 21.5 -- 3.89 -- 0.042 -- 1.85 -- 0.59 -- 

28-30 0.033 -- 0.19 -- 0.05 -- 18.5 -- 3.65 -- 0.037 -- 2.00 -- 0.55 -- 

30-34 0.029 -- 0.15 -- 0.05 -- 14.8 -- 3.37 -- 0.032 -- 2.18 -- 0.50 -- 

34-38 0.022 -- 0.01 -- 0.04 -- 2.91 -- 2.89 -- 0.006 -- 0.84 -- 0.30 -- 

38-42 0.020 -- 0.20 -- 0.04 -- 6.05 -- 3.05 -- 0.021 -- 3.16 -- 0.89 -- 

42-46 0.017 -- 0.19 -- 0.04 -- 4.32 -- 2.97 -- 0.029 -- 0.73 -- 0.28 -- 

46-50 0.013 -- 0.25 -- 0.04 -- 1.39 -- 2.71 -- 0.007 -- 1.35 -- 0.28 -- 

50-54 0.004 -- 0.05 -- 0.04 -- 3.03 -- 4.01 -- 0.011 -- 2.76 -- 0.82 -- 
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Table A-3 208Pb/204Pb, 206Pb/204Pb, and 207Pb/204Pb values at selected depths and 
corresponding dates from the Lake Sheelar, Pebble Lake and Little Lake Johnson 
sediment cores. Dates are for bottom of depth interval 

Depth Date 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 

Lake Sheelar    

0-2 2007 18.737 15.642 38.433 

2-4 2003 18.736 15.641 38.436 

6-8 1994 18.741 15.643 38.443 

10-12 1977 18.772 15.649 38.458 

12-14 1968 18.737 15.641 38.431 

14-16 1961 18.669 15.636 38.447 

16-18 1953 18.685 15.637 38.481 

18-20 1938 18.701 15.636 38.496 

24-26  18.722 15.640 38.523 

34-36  18.716 15.638 38.520 

52-54  18.745 15.642 38.588 

64-66  18.758 15.645 38.608 

74-76  18.749 15.647 38.654 

78-80  18.721 15.640 38.518 

Pebble Lake    

0-2 2005 18.699 15.639 38.442 

2-4 1994 18.702 15.640 38.444 

4-6 1975 18.703 15.639 38.446 

6-8 1948 18.695 15.639 38.442 

8-10 1899 18.670 15.636 38.444 

10-12  18.724 15.640 38.534 

12-14  18.755 15.641 38.589 

14-16  18.815 15.650 38.679 

16-18  18.828 15.651 38.684 

18-20  18.853 15.654 38.715 

Little Lake Johnson    

0-2 2001 18.751 15.643 38.476 

2-4 1980 18.753 15.644 38.477 

4-6 1943 18.754 15.643 38.485 

6-8 1926 18.797 15.647 38.599 

8-10 1902 18.876 15.653 38.766 

10-12  18.880 15.653 38.772 

12-14  18.905 15.656 38.795 

22-24   18.915 15.659 38.830 
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APPENDIX B 
CHAPTER 4 SUPPLEMENTARY MATERIAL  

Table B-1. Descriptive statistics for pH, percent water and organic matter, and total Pb concentrations (g/g) from 
all samples from Little Lake Johnson (n=33) and Lake Geneva (n=36). Descriptive statistics for pH, percent water 

and organic matter, and Pb concentrations (g/g) from sampling locations at 10 m intervals along transects from 
the historic high water shoreline (0 m) at Little Lake Johnson and Lake Geneva (n=3). Values are means ± one 

standard deviation. Grain size distribution, > and < 63 m, was measured from one sample from each sampling 
location. 

  
Distance 

from shore 
(m) 

pH  Water weight (%) LOI (%) > 63 m < 63 m Pb 

   ± SD  ± SD  ± SD (%) (%)  ± SD 

Little Lake 
Johnson all 5.12 0.178 6.35 7.45 33.3 15.6 -- -- 41.0 15.9 

Lake 
Geneva all 5.53 0.442 29.5 16.7 13.1 4.69 -- -- 40.3 15.5 

Little Lake 
Johnson 

0 5.29 0.150 1.22 0.678 10.1 14.0 84.8 2.35 17.6 13.0 

10 5.30 0.110 0.930 0.386 10.1 5.16 79.3 10.6 17.6 8.84 

 20 5.20 0.080 1.64 0.196 20.3 3.89 55.8 23.9 24.4 4.85 

 30 4.73 0.160 2.8 1.27 20.0 6.03 67.4 12.6 33.8 6.54 

 40 5.05 0.200 2.44 1.03 25.9 3.92 49.9 24.2 39.4 19.3 

 50 5.24 0.160 4.75 4.01 25.2 3.17 32.8 42.0 40.3 11.4 

 60 5.11 0.140 4.52 1.70 47.7 1.39 3.74 48.6 53.7 5.64 

 70 4.97 0.110 23.3 5.52 48.8 0.24 0.97 50.2 57.8 7.93 

 80 4.95 0.090 4.29 1.10 49.5 0.57 1.34 49.2 59.9 2.73 

 90 5.23 0.170 5.33 3.15 50.0 0.16 0.60 49.4 54.9 6.99 

  100 5.24 0.150 18.6 9.66 49.4 1.36 1.02 49.6 51.1 2.02 

Lake 
Geneva 1 

0 4.92 0.139 7.66 0.78 3.6 0.27 3.60 8.52 9.11 1.12 

10 4.93 0.112 8.52 0.21 8.3 1.72 8.30 19.2 33.6 10.0 

 20 5.09 0.158 20.3 4.28 10.6 1.68 10.6 20.5 30.2 8.27 

 30 5.80 0.257 39.4 1.82 11.3 0.42 11.3 25.6 30.3 1.78 

 40 5.96 0.140 45.9 1.55 14.8 2.04 14.8 29.0 44.0 6.91 

  50 6.09 0.126 57.0 3.69 19.9 2.42 19.9 38.3 70.4 4.32 
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Table B-1. Continued           

 
Distance 

from shore 
(m) 

pH Water weight (%) 
Organic matter 

(%) > 63 m < 63 m 
Pb 

 ± SD 
 ± SD  ± SD  ± SD (%) (%) 

Lake 
Geneva  2 

0 5.25 0.055 16.0 4.89 10.0 2.62 10.0 11.3 30.5 13.6 

10 5.25 0.274 16.5 2.55 19.2 5.61 19.2 22.4 56.1 1.15 

 20 5.44 0.061 22.9 2.01 14.4 0.60 14.4 29.4 41.8 17.5 

 30 5.55 0.090 28.3 4.57 12.7 1.55 12.7 26.2 50.2 30.7 

 40 6.01 0.080 42.2 1.56 15.9 1.27 15.9 31.6 40.9 6.85 

  50 6.04 0.116 49.4 0.63 16.8 1.27 16.8 30.1 46.9 2.38 
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Table B-2. Pb isotope data from exposed sediment collected along transects from 
Little Lake Johnson and Lake Geneva 

Distance 
from shore 

(m) 

Sediment 
Fraction* 

Pb Isotope Ratios 

208/204 207/204 206/204 208/206 207/206 

Little Lake Johnson      

0 EXT 38.287 15.602 18.672 2.051 0.836 

0 RED 38.386 15.640 18.705 2.052 0.836 

0 OXI 38.419 15.638 18.718 2.053 0.835 

0 RES 38.688 15.659 18.967 2.040 0.826 

20 EXT 38.322 15.618 18.683 2.051 0.836 

20 RED 38.397 15.644 18.714 2.052 0.836 

20 OXI 38.397 15.646 18.696 2.054 0.837 

20 RES 38.631 15.653 18.843 2.050 0.831 

40 EXT 38.354 15.629 18.737 2.051 0.836 

40 RED 38.403 15.647 18.718 2.052 0.836 

40 OXI 38.406 15.646 18.712 2.052 0.836 

40 RES 38.706 15.660 18.858 2.053 0.830 

60 EXT 38.385 15.639 18.714 2.051 0.836 

60 RED 38.395 15.644 18.717 2.051 0.836 

60 OXI 38.404 15.645 18.714 2.052 0.836 

60 RES 38.604 15.655 18.815 2.052 0.832 

80 EXT 38.325 15.619 18.695 2.050 0.835 

80 RED 38.391 15.641 18.713 2.052 0.836 

80 OXI 38.404 15.645 18.710 2.052 0.836 

80 RES 38.593 15.651 18.809 2.052 0.832 

100 EXT 38.396 15.642 18.712 2.052 0.836 

100 RED 38.390 15.641 18.712 2.052 0.836 

100 OXI 38.393 15.640 18.707 2.052 0.836 

100 RES 38.583 15.649 18.803 2.052 0.832 

Lake Geneva 1      

0 EXT 38.447 15.640 18.761 2.049 0.834 

0 RED 38.453 15.644 18.742 2.052 0.835 

0 OXI 38.468 15.641 18.746 2.052 0.834 

0 RES 38.883 15.671 19.162 2.029 0.818 

30 EXT 38.472 15.652 18.826 2.044 0.831 

30 RED 38.469 15.651 18.825 2.044 0.831 

30 OXI 38.500 15.660 18.840 2.043 0.831 

30 RES 38.720 15.660 18.961 2.042 0.826 

50 EXT 38.482 15.658 18.828 2.044 0.832 

50 RED 38.465 15.651 18.821 2.044 0.832 

50 OXI 38.479 15.655 18.826 2.044 0.832 

50 RES 38.703 15.659 18.944 2.043 0.827 
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Table B-2. Continued 

Distance 
from shore 

(m) 

Sediment 
Fraction* 

Pb Isotope Ratios 

208/204 207/204 206/204 208/206 207/206 

Lake Geneva 2      

0 EXT 38.449 15.644 18.805 2.045 0.832 

0 RED 38.468 15.652 18.814 2.045 0.832 

0 OXI 38.475 15.650 18.814 2.045 0.832 

0 RES 38.897 15.681 19.360 2.009 0.810 

30 EXT 38.470 15.654 18.813 2.045 0.832 

30 RED 38.464 15.651 18.815 2.044 0.832 

30 OXI 38.484 15.656 18.821 2.045 0.832 

30 RES 38.700 15.657 18.927 2.045 0.827 

50 EXT 38.424 15.653 18.746 2.050 0.835 

50 RED 38.463 15.651 18.810 2.045 0.832 

50 OXI 38.475 15.654 18.812 2.045 0.832 

50 RES 38.836 15.661 19.013 2.043 0.824 

*Sediment Fraction Explanation - EXT - Exchangeable, RED - Reducilbe Fe-Mn 
oxides, Oxidizable organic matter/sulfides, RES - Residual mineral  
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