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ABSTRACT

Environmental quality and emissions guidelines are implemented due to
their expected benefit for human and environmental health. However,
implementation of such legislation requires knowledge of the behaviour and fate
of the contaminants to be controlled. This thesis contributed to the overall
understanding of atmospheric PAH deposition to remote lakes and the role
atmospherically deposited contaminants play in site assessments which account
for environmental pollution due to industry. In chapter 2, atmospheric PAH
deposition derived from regional energy generation or industrial sources was
found to be decreasing in recent sediments from Siskiwit Lake, Michigan, U.S.A.
Considering that Siskiwit Lake is isolated from traffic and development, this
supports recent theories which suggest that regional PAH deposition is being
overprinting by local traffic sources in sub-urban or urban areas. This study also
contributed to the understanding of perylene production in sediments by
conclusively demonstrating increases in sedimentary perylene concentrations
over a 20 year period. Moreover, kinetic modeling using 1% and 2™ order rate
laws failed to accurately predict the concentration changes observed despite rate
constants that were similar. This strongly suggested that perylene does not follow
a simple concentration dependant kinetic reaction and is more likely controlled by
complex kinetics perhaps involving biology. In chapter 3, the superiority of
contaminant profiles in sediment cores over current dredge or grab sampling

techniques was demonstrated. This was shown by successfully apportioning the
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source of contaminants to a northern lake as atmospheric deposition rather than
point source release from the adjacent industrial facility. Contaminant profiles are
able to constrain concentration changes with time and thus atmospheric
deposition and point source contributions can be recognized. This is essential as
chapter 3 also demonstrated that atmospheric deposition has the potential to
produce sediment concentrations at or above current federal guidelines using
standard dredge sampling techniques. Without the use of contaminant profiles
these exceedences may be attributed incorrectly to industry which may face
remediation costs or other fines associated with environmental contamination.
This has implications for redefining sediment quality guidelines or currently
accepted sampling methods. Moreover, remediation efforts for atmospherically
deposited contaminants must differ from a point source release. Site remediation
would be effective for a single release of contaminants however with a
continuous source, as is the case with atmospheric deposition, remediation
efforts must be focussed on the atmospheric contaminant emissions which can

be a large distance from the site.
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CHAPTER 1

Literature Review:

Polycyclic aromatic hydrocarbons (PAH) in the Environment

1. Introduction

The combustion of organic material is necessary for numerous
anthropogenic processes including power generation, transportation and
manufacturing. Impurities in fuels and incomplete combustion introduce many
contaminants into the environment including polycyclic aromatic hydrocarbons
(PAH), lead (Pb) and mercury (Hg). Several PAH, such as benzo(a)pyrene and
dibenz(a,h)anthracene, are known carcinogens and the neurological and toxic
effects of Pb and Hg are well documented [1-4]. Typically PAH are associated
with particulate matter in the atmosphere which is closely linked to air quality [5,
6]. Several studies have found that inhalation of PAH bearing particulate can
increase the probability of lung cancer or the development of respiratory
conditions [7-9].

Long-range atmospheric transport and point source industrial releases of
these contaminants to isolated areas can have negative effects on the
biodiversity or reproductive health of sensitive ecosystems [10-13]. The ability to
differentiate between these potential sources is essential when delineating the
effects of industrial activity on local environments. This is even more pertinent

when planning potential remediation strategies as remediation will not be



7

/

Andrew A. Benson [\ McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

effective if the source of contaminants cannot be mitigated. In the case of
atmospheric deposition it is not likely that any one industry is responsible for the
contamination thus the focus of remediation efforts should be directed towards
emission reductions rather than remediation of impacted sites.
2. PAH properties and Terminology

Parent PAH are large planar molecules consisting of 2 or more fused
benzene rings (figure 1-1). Alkylated PAH have substitutent groups such as
methyl- or ethyl- groups attached to these rings. Generally the solubility and
vapour pressure of PAH decreases with increasing molecular weight. Thus
naphthalene, the smallest PAH consisting of two benzene rings, is slightly soluble
in water while larger PAH consisting of five or six benzene rings are virtually
insoluble in water [14]. Similarly, vapour pressure increases with decreasing
molecular weight, thus small PAH are generally more volatile than large PAH.

There are a large number of PAH; however the following two studies will
focus primarily on the 16 PAH which are included on the Environmental
Protection Agency (EPA) priority pollutant list as well as in the Canadian
Environmental Protection Act (CEPA) [15, 16]; with the notable addition of
perylene which is of interest as it is thought to be produced by natural processes.
The PAH to be discussed in this thesis, along with the abbreviations used for
each, are listed below: Naphthalene= Napth, acenapthene=Ace, acenapthylene=
acey, fluorene=flo, phenanthrene=phen, anthracene=anth, fluoranthene=flua,

pyrene=py, benzo(a)anthracene=B(a)A, benzo(b)fluoranthene=B(b)F,
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benzo(k)fluoranthene=B(k)F, benzo(a)pyrene=B(a)P, perylene=pery,

benzo(g,h,i)perylene=B(ghi)P, dibenz(a,h)anthracene=D(ah)A and ideno(1,2,3-

cd)pyrene=ideno.
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Figure 1-1: Structures of select PAH.
(Lima et al, 2003)
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3. PAH formation

PAH in the environment can be grouped into 3 broad categories that have
both natural and anthropogenic sources. The vast majority of PAH are pyrogenic
and released into the environment via both anthropogenic (e.g. coal combustion)
and natural processes (e.g. forest fires). Petrogenic PAH are found naturally in
unburned thermogenic petroleum products such as coal and crude oil and can be
released in anthropogenic spills as well as natural petroleum seeps. The third
category consists of compounds suspected to be produced in abiotic diagenetic
reactions or biologically mediated processes. The processes and reactions
associated with this third category are generally not well constrained [17, 18]. The
general focus of this thesis is towards pyrogenic PAH as well as a PAH produced
in digenetic or biological reactions.

3.1 PAH Formation in Combustion Reactions

The relative proportion of PAH produced during combustion is affected
primarily by 3 factors: type of fuel, amount of oxygen and temperature of
combustion [19-22]. However, the wide variations in these factors make it very
difficult to predict the relative proportions of PAH that will be in combustion
emissions. Nonetheless, much effort has been devoted to the study of PAH
formation in combustion reactions as this is the primary source of PAH in the
environment (e.g. [22, 23]). Richter and Howard [22] described the potential

formation of the first aromatic ring via multiple reactions of free radicals
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Figure 1-2: A reaction pathway for the
formation of PAH and associated soot
particles. From: Richter and Hower, 2000

and subsequent reactions of this ring with small hydrocarbon molecules such as
acetylene as well as other free radicals to produce muilti-aromatic structures
(figure 1-2). Large PAH molecules can be the precursor for soot particles and in
general an inverse relationship is seen where PAH concentrations in flames
decrease with increasing soot production [22, 24]. PAH production can also be
affected by the re-combustion of aromatic compounds to CO or CO; and water; a
process termed pyrolytic oxidation [22]. The exact reaction pathway of this
process is dependant on combustion conditions but is almost exclusively

performed by either OH radicals or O, [22). This PAH production pathway affects
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the PAH assemblages produced by combustion as generally large PAH
molecules are associated with soot production or are destroyed because they are
easier to fragment and oxidize [21, 22]. Thus, PAH emissions chiefly consist of
smaller and more stable 3,4 and 5 ring PAH molecules which are more likely to
survive the combustion process [22)]. The following is a more detailed discussion
about reaction conditions and their effect on PAH formation.
3.1.1 Type of fuel

Under similar reaction conditions it was found that aromatic fuels produce
significantly more PAH than aliphatic fuels [22]. This was supported by several
studies which found correlations between the amounts of PAH in fuel and the
amount of PAH emitted by the combustion of that fuel [25-27]. However, the
relative proportion of different PAH in the fuels is not preserved suggesting that a
significant fraction of the PAH originally present in the fuel are broken down and
reformed into other PAH molecules and thus PAH in emissions are not
necessarily representative of the type of fuel combusted [25, 26]. For instance,
Schauer et al [28] combusted fuel with high amounts of the 5 ringed PAH
perylene however the resuiting emissions contained virtually none of this
compound.

Mobile PAH emission sources such as vehicular traffic have also been
implicated as a significant PAH source [29, 30]. PAH emissions specifically from
automobiles are a mixture derived from PAH in the fuel and crankcase oil which

are primarily fragmented and recombined as weli as PAH formed during
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combustion via the free-radical reaction pathway and those retained in the
exhaust system on soot or other carbon deposits [22, 27, 31]. Ignition conditions
such as spark plug ignition or glow plug ignition, vehicle age, temperature of start
as well as the presence of a catalytic converter will also effect PAH
concentrations and assemblages in automobile emissions [22, 25, 32]. Several
studies have found that heavy diesel engines produce more PAH than
conventional gasoline engines [27, 32] and older vehicles without catalytic
converters produce significantly more PAH than newer vehicles with the now
mandatory catalytic converters [25, 27, 33].

Combustion of fuels for heating can also produce significant amounts of
PAH. Incomplete combustion is common in residential woods stoves due to the
low oxygen environment and low temperature of combustion [34]. Harkov and
Greenberg [35] suggest that 98% of benzo(a)pyrene found in the New Jersey
atmosphere in the winter months is derived from wood combustion. Wood
combustion can produce 6 times more benzo(a)pyrene per BTU than coal
combustion, 400 times more than gasoline combustion and 9,000 times more
than residential oil furnace combustion [35]. Furthermore, Jenkins et al [19]
found that PAH emissions from biomass combustion can vary by up to two orders
of magnitude. Similarly, combustion conditions ranging from biomass moisture
content to the configuration of wood stacking can produce varying amounts of

PAH emissions [19].
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3.1.2 Excess air

Often in combustion processes limited oxygen is the main cause of
incomplete combustion. The amount of oxygen in combustion processes is
described using air to fuel ratios (A/F). Lean conditions (high A/F ratio) supplies
the reaction with more excess air, while rich conditions (low A/F ratio) decreases
the amount of excess air. Several studies show that small changes in A/F can
cause large changes in PAH and/or soot emissions. Prado and Lahaye [24]
demonstrated that decreasing excess air in residential oil burners increased PAH
emissions up to 100 fold. While Mastral et al [36] demonstrated that PAH
production decreased when excess air was increased from 5% to 20% during
fluidized bed coal combustion; however, when excess air was increased again to
40% PAH production increased presumably due to fuel dilution [36]. A similar
trend was observed for internal combustion engines, PAH emissions decrease
with increasing excess air until the fuel is too dilute to efficiently burn at which
point PAH emissions increase again [25].
3.1.3 Temperature of reaction

Temperature of reaction primarily affects the amount of PAH produced as
well as the ratio of alkylated to parent PAH homologues. Colmsjo et al [37]
showed that PAH concentrations increased 1000 fold at a municipal incinerator
during a cold start. Mastral et al [36] showed that varying temperatures during
coal combustion affected PAH emissions by up to two orders of magnitude.

Typically, low temperature reactions produce more alkylated PAH homologues



Andrew A. Benson McMaster University
M.Sc¢. Thesis School of Geography and Earth Sciences

while higher temperatures produces parent PAH [17]. This has been
demonstrated in diesel engines where lower exhaust temperatures increased the
amount of alkylated PAH relative to parent PAH [38]. This is also the reason for
the high relative abundance of alkylated PAH found in petrogenic sources such
as crude oil as these products tend to mature at relatively low temperatures [34].
Thus a general trend is seen where decreasing alkylated/parent PAH ratios
correspond with increasing temperature [18].
3.2 Diagenetic or biologically produced PAH

Perylene is a 5 ring PAH whose presence in the environment is somewhat
enigmatic. Perylene is structurally unstable at high temperatures [39] and thus
has been found only in small quantities in emissions [40}]. However, natural
abundance radiocarbon analysis has shown that perylene in some sediments is
derived from predominantly ancient sources and is thus likely to be derived from
combustion of fossil fuels [41]. While in other areas perylene is shown to have
considerable contributions from modern sources [42]. Profiles of perylene in
sediment cores have shown disproportionately high concentrations of perylene
with respect to pyrogenic PAH; and typically concentrations are low in surface
sediments and increase with depth in a sediment core [39, 43, 44]. This prompted
the hypothesis that perylene is produced in-situ under anoxic conditions [44].
However, the specific reaction mechanism and precursor compound remain
unknown [39, 43]. Considerable effort has gone into finding the precursor and its

source [39], and several compounds from both aquatic sources and terrestrial
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sources have been suggested [44-46]. Some speculate that perylene does not
have a specific precursor but production is controlled by the rate of microbial
activity as well the amount of oxygen in the sediments [47]. It is hypothesized
that in oxic situations perylene producing microbes are unable to compete for the
organic carbon pool and thus perylene production begins below the sediment-
water interface when anoxia sets in [47]. Some effort has been directed toward
estimating the rate of production. Gschwend et al [44] estimated rate constants
and precursor concentrations by curve fitting the sedimentary profile to 1% and 2™
order kinetic models. While these curves fit very well, the variability of perylene
concentrations in sediments indicates that rates are likely location specific.

4, PAH in the natural environment

4.1 Transport and Deposition

Figure 1-3 summarizes the emission, transport and deposition of
pyrogenic PAH in the environment. Pyrogenic PAH are emitted to the
atmosphere as a gas or adsorbed to particulate [48]. Less volatile 5 and 6 ringed
PAH typically partition to the particulate phase while the more volatile 3 and 4
ringed PAH remain in the gas phase [48]. Ambient temperature and particulate
concentrations are also a factor, with higher temperatures and less particulate
resulting in more PAH in the gas phase and vice-versa [48-50]. Particulate bound
PAH in the atmosphere are transported as a function of the size of particulate
[51, 52]. Windsor and Hites [51] calculated that PAH associated with the

particulate fraction <10um in size could potentially be transported 1300 km while

10
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larger particulate is typically deposited on a local scale. Atmospheric scavenging
of PAH is more efficient with decreasing volatility of compounds [53] and can
occur via two pathways. Wet depaosition typically consists of gaseous or fine
particulate bound PAH patrtitioning into water droplets or ice crystals and being
washed out of the atmosphere via precipitation [53]. Larger particulate are more
resistant to this and tend to directly fallout of the atmosphere via dry deposition
as a function of environmental conditions such as wind speed and humidity [54].
Dry deposition is the more important PAH removal mechanism with ratios of dry
to wet deposition as high as 9:1 [55].
4.2 Degradation

PAH in the atmosphere can be oxidized by ambient compounds such as
ozone, nitrogen oxides and sulphur oxides [56]. Exposure to sunlight will also
degrade PAH, and is perhaps an even more important factor than the presence
of oxidizers [57]. These processes change the relative proportions of PAH in the
atmosphere after emission, thus making it extremely difficult to correlate PAH
assemblages in the environment to PAH emission assemblages [57]. PAH from
all environmental compartments eventually end up in sediments and soils (see
figure 3). At this point, chemical oxidation and/or exposure to sunlight play a very

minor role and biodegradation becomes the primary pathway for PAH

11
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Figure 1-3: A diagram describing the sources, transport and
deposition of atmospheric PAH [81]

degradation [58]. Studies have primarily focused their efforts on aerobic
biodegradation and it is generally accepted that smaller PAH degrade faster than
larger PAH and that parent PAH degrade faster than alkylated PAH [58, 59].
Furthermore, Jones et al [60] noted that PAH species bound to organic
particulate are less available for biodegradation thus some types of PAH are
preferentially degraded over others. For instance, PAH derived from combustion
are typically associated with highly organic particulate such as ash or black
carbon and exhibit far less degradation in aquatic environments than PAH
associated with silt or clay particles [61]. It has also been noted that microbes
with previous exposure to PAH tend to degrade them faster suggesting some

adaptability of the microbes involved [62, 63]

12
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In anoxic sedimentary environments, PAH are more persistent however
are still susceptible to degradation particularly in denitrifying and sulphate
reducing conditions [62]. Similar to aerobic degradation, smaller molecules are
the first to be degraded, however a further trend was also noticed where the more
soluble PAH were degraded preferentially as well [62]. For instance
phenanthrene was degraded before anthracene despite being the same
molecular weight [62].

4.3 Post depositional diffusion of PAH in sediments

Due to their large hydrophobic nature, PAH movement in cores is limited in
comparison to other more soluble contaminants. Nonetheless, studies have
shown Napth and Phen can be subject to some vertical diffusion in sediment
cores [64]. This is related primarily to the organic carbon content of the sediment
as well as, and perhaps more importantly, the concentrations of organic colloids
in porewaters which have been shown to increase the solubility of organic
compounds such as PAH [64, 65]. Larger PAH are more hydrophobic and tend to
stay sorbed to organic carbon in the sediment thus requiring a process such as
bioturbation to be transported any meaningful distance [64]. White [64] suggested
that only napth would be susceptible to diffusion out of the sediment column into
the overlying water. Moreover, it was suggested the magnitude of this effect
would vary in different environments (e.g. salt marsh sediments versus lacustrine
sediments) [64, 66]. Vertical movement of PAH was assumed to be negligible in

this thesis as it is expected that the slow diffusion of 1 or 2 PAH out of the 16

13



Andrew A. Benson McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

analyzed will not play a significant role in the overall shape of the total PAH
profiles.

4.4 Source apportionment

Muller et al [67] used sediment core profiling to constrain the sources of
several heavy metals as well as PAH in the mid-1970s and produced a curve
that demonstrated increasing PAH deposition until circa 1960 after which PAH
deposition began to decrease. They hypothesized that this curve described
atmospheric deposition and that coal consumption, which decreased
simultaneously to PAH deposition, may be linked to the contamination [67]. Lee
et al [68] further supported these findings after determining that the combustion of
different materials under identical conditions produced varying amounts of
alkylated and parent PAH. The subsequent comparison of these lab experiments
to the environmental PAH from Indianapolis and Boston revealed that coal
combustion was the most likely source of PAH contamination in Indianapolis
while wood or kerosene combustion was more likely for Boston. Attempts to
characterize global PAH distributions using soil and sediment cores found that
concentrations varied widely between sites with maximum concentrations
occuring in urban areas [17]. PAH profiling in sediment cores has since been
extensively used and has produced similar curves globally (e.g. [10, 11, 29, 30,
535, 69, 70]). It was assumed that decreasing coal consumption and the
advancement of combustion technology would lead to a continued decrease of

PAH in sediment cores after peak deposition circa 1960 [18, 67]. Several
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studies, however, have since found that PAH deposition through the 1990s
began increasing at many urban and sub-urban sites [29, 30, 70, 71]. This was
correlated in many cases to increasing use of passenger vehicles [30] and/or
increasing consumption of diesel fuel [29] suggesting that this elevated PAH
deposition may be a local phenomenon related to urban sprawl [30].

Attempts to delineate the PAH source or relative proportion of sources
have yielded some promising results. As mentioned above, the profiling of
sediment cores provided the first rough source apportionment when curves
representing atmospheric deposition were recognized [17, 18, 55]. Correlation
with coal consumption, then later with transportation emissions provided excellent
evidence that PAH are atmospherically deposited and derived from combustion
processes [29, 30, 55]. Furthermore, the use of ratios of alkylated to parent PAH
have been able to distinguish between petrogenic and pyrogenic sources as
there are proportionally more alkylated PAH in petrogenic sources [17, 72]. More
recently, the ratio of methylphenanthrenes to phen has become predominant for
the same purpose [73]. Similarly, there has been limited success of using parent
PAH ratios such as flua to flua+py, phen to anth and Ideno to Ideno+B(ghi)P to
distinguish between fuel type such as gasoline or wood combustion [73]. This is
due to their relative abundance of the compounds in the emissions from these
sources. However as mentioned earlier PAH assemblages are very difficult to
predict since the reaction conditions and transport can significantly change them.

Thus, it was noted that these methods generally decrease in efficacy with
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increasing distance from urban centers [72-74]. In general, caution is usually
suggested when source diagnostic ratios [29].

It was demonstrated that while long-range transport may change the
relative proportions of PAH from combustion to deposition, the stable carbon
isotope composition of PAH was not affected [75]. The isotopic similarity of wood
soot and PAH in Conception Bay, Newfoundland was used to determine that
wood burning was the dominant source of PAH [76]. O'Malley et al [76] also used
the relative proportions of 4 and 5 ringed PAH and their respective isotopic
compositions to determine that 20 to 50% of PAH may be derived from crankcase
oil and 50 to 80% from wood buming. In these low temperature reactions source
apportionment was relatively successful, however McRae et al [77] later showed
that isotopic composition was not necessarily retained in high-temperature
processes such as coal gasification thus highlighting the need to consider
process when apportioning sources of PAH using stable carbon isotopes. Due to
the overall similarity of the isotopic composition of fuels and the subsequent PAH,
it is often difficult to distinguish between sources and thus isotopic methods are
usually used in conjunction with source diagnostic ratios [29].

Statistical methods such as principal component analysis (PCA) have also
been used to determine PAH source [78, 79]. This method is somewhat more
advantageous than source ratios as it does not require the emission
characterization of all sources [78]. PCA was able to model the relative

contributions of PAH sources to the total PAH in suspended sediments at several
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sites in Hamilton Harbour [78]. The proportions were consistent with the relative
configuration of sources around the Harbour and thus the results are rather
persuasive. Other methods such as multiple linear analysis and mass balance
models have also been used in the past with some success [55, 80].
5. Research Objectives

The primary objective of the first study (chapter 2) was to investigate the
recent trends in pyrogenic PAH deposition to Siskiwit Lake. A profile by McVeety
and Hites [55] from the same site in the early 1980s demonstrated the
atmospheric deposition curve controlled mainly by energy production and
industrialization that has been found at many other sites. This study focuses on
recent atmospheric deposition to determine whether the increasing PAH
deposition seen at sub-urban and urban sites (e.g. [29, 30]) is also seen at this
remote site. The secondary focus of this study was perylene production in
Siskiwit Lake sediments. A previous study attempted to model perylene
production using the perylene curve found in lake sediments [44]. This study
presents a kinetic model for production similar to the previous model by
Gschwend et al [44]. However, data from McVeety and Hites [55] is also modeled
in this manner in order to evaluate whether the kinetic models can predict any
observed increases in perylene production which may have occurred over the 20
year time period between the data sets.

The objective of the second study (chapter 3) was to determine whether

PAH, Pb and Hg observed in sediments proximal to an industrial site at a remote
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location were the result of the industrial site being a point source, or whether the
observed contaminants were related to atmospheric deposition. This study
compared sediment core profiles of Pb, Hg, and PAH from two lakes in northern
Ontario. One of these lakes had an industrial site on its shoreline, while the other
was chosen as a comparison site that had the same general characteristics but
no industrial site. A comparison of these sites as well as other sites from the
literature was used to investigate whether the observed contaminants were due
to atmospheric versus point source. This study further characterized the extent
to which atmospheric deposition could result in concentrations exceeding federal
sediment quality guidelines and the implications that this could have in

contaminated site assessment.
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Abstract

PAH deposition in North America had been declining since the mid-1950's
due primarily to changes in the predominant fuels for industry and energy
production. Stricter emission guidelines as well as development of cleaner
combustion technology were expected to continue to reduce PAH deposition.
However, recent research has documented either stable or increasing PAH
deposition in urban/sub-urban areas in the last 20 years. Atmospheric PAH fluxes
to Siskiwit Lake in northern Michigan, a remote lake isolated from local sources
such as traffic, were determined in order to characterize the recent trends in PAH
deposition over the since PAH deposition to this location was last characterized
[1]. The observation of a continuing decrease in pyrogenic PAH deposition to
Siskiwit Lake over the last 20 years indicated ongoing decreases in atmospheric
PAH transport to this location, and therefore was consistent with the hypothesis
that recent increases observed in urban or sub-urban areas are related to
vehicular sources. In contrast to pyrogenic PAH, perylene concentrations have
been found to increase with depth in many sedimentary environments,
suggesting in situ production. Perylene concentrations in Siskiwit Lake followed
similar trends to other studies; however, comparison to the previous study by
McVeety and Hites [1] directly demonstrated significant perylene production over
the past 20 years. The kinetics of perylene production in Siskiwit Lake sediments
was also explored to determine whether the reaction follows a simple

concentration dependant kinetic model.
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1. Introduction

Polycyclic Aromatic Hydrocarbons (PAH) are persistent organic pollutants (POP)
consisting of two or more fused aromatic rings. Several PAH have been
implicated in the formation of dangerous DNA-adducts and thus have been
classified as known or suspected carcinogens or mutagens [2]. Because of their
association with particulate aerosols they are also implicated in air quality and
have been strongly linked to many respiratory problems [3, 4]. The primary type
of PAH released to the environment is pyrogenic PAH which are a resuit of
incomplete combustion of organic material including fossil fuels (e.g. coal) and
modern biomass (e.g. wood) [5-8]. Most of these PAH are deposited close to the
combustion source; however a fraction of the fine particulate can be transported
over large distances [9]. Profiles of atmospherically deposited PAH in lake
sediments provide a record of this deposition and thereby a historical profile of
combustion related impacts [8, 10-14].

Profiles of atmospheric PAH deposition observed in several studies have
been attributed to emissions from energy production and industry [6-8]. In these
studies, PAH deposition generally peaks circa 1960 and begins to decrease
steadily afterward [1, 8]. It was assumed that this decline would continue,
however, studies by Lima et al [8] and Van Metre et al [10] have shown that PAH
fluxes at 11 urban/sub-urban sites in the United States began increasing again in
the 1990’s. Van Metre et al [10] correlated increased PAH fluxes to increased use

of passenger vehicles in these areas and hypothesized that the recent increases
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in PAH fluxes are due to increases in local sources as a result of increased
traffic. Lima et al [8] likewise related increased PAH fluxes in Rhode Island to
increases in local sources, however specifically correlated increased PAH
deposition to increased diesel fuel consumption and thus increased use of heavy
vehicles. In addition, Schnieder et al [11] demonstrated a constant atmospheric
PAH flux from Lake Michigan over a similar time period and Elmquist et al [12]
also noted constant PAH fluxes after 1990 in Aspverten, Sweden during the
same time period as the studies discussed above.

If the hypothesis that these recent increases are due to local traffic
sources is correct, then it is expected that, in contrast to these sites, PAH fluxes
at a remote location where the primary source is regional scale atmospheric
transport and deposition should show continuing decreases in PAH fluxes in the
past 20 years. Siskiwit Lake, on Isle Royale, in northern Michigan is located less
than 50 km offshore of Thunder Bay, Ontario, Canada in Lake Superior. The
prohibition of powered vehicles on the island means that there are no local
sources of PAHs. The only potential sources of PAHs to Siskiwit are atmospheric
deposition from sources that could be transported by the prevailing west to east,
and northwest to southeast wind directions [15, 16]. These potential sources
include the city of Thunder Bay urban/industrial area, and coal power generating
plants in Thunder Bay and Atikokan Ontario. PAH fluxes to the sediments of
Siskiwit Lake on Isle Royale in Michigan were previously characterized by

McVeety et al [1] based on a core taken in 1984. The goal of the present study
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was to revisit this site 20 years later and test the hypothesis that the lack of local
traffic sources would resuit in decreasing recent trends, which would be in
contrast to the observations of other research suggesting constant or increasing
recent deposition [8, 10, 11].

In contrast to pyrogenic PAH, the origin of perylene (a five ring PAH)
observed in sediments is not well constrained [19-23]. Perylene has been
identified as a component of emissions from incinerators and vehicle exhaust [24,
25] and has been found adsorbed to atmospheric particulate [26]. Natural
abundance radiocarbon analysis of PAH in several reference sediments
demonstrated that perylene was the most modern PAH, however fossil sources
also make contributions to perylene loadings [27]. This was further demonstrated
by Mandalakis et al [27] who showed that the A14C of perylene in surface
sediments from Stockholm, Sweden had values of -916 to -812%o. indicating that
perylene is predominantly derived from fossil fuel combustion at this site. The
correlation of perylene concentrations with profiles of other pyrogenic PAH in
other cores is further evidence that this perylene is in some way related to
combustion [28]. However, in contrast to these studies, several studies have
found perylene to be disproportionately higher in concentration when compared
to other pyrogenic PAH. Furthermore, in these sediments concentrations of
perylene are low at the sediment-water interface and generally increase with
depth, often by over an order of magnitude [8, 23, 19]. These observations have

been interpreted to imply that perylene is being produced in situ when the
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sediment becomes anoxic [22, 23] however, the reaction by which this process is
occurring, and the chemical precursor for it, are still not known [20, 21].
Gschwend et al [23] suggested a terrestrial precursor, while Soma et al [30]
found correlations between perylene concentrations and several terrestrial and
aquatic photosynthetic pigments; the highest correlation being 0.851 (n=20) for
chlorophyll-A which has both aquatic and terrestrial sources. Silliman et al [20]
have suggested that perylene concentrations are not linked to any specific
precursor but are instead controlled by the efficiency of anoxic diagenesis as a
result of microbial activity. It was hypothesized that microbes that produce
perylene are unable to compete for labile carbon in oxic conditions; thus perylene
production begins when anoxia sets in allowing perylene producing microbes a
chance to compete for the carbon pool [20].

There has been little discussion of perylene production kinetics in the
literature. Gschwend et al [23] estimated first order and second order rate
constants for this process of 0.012 yr-1 and 0.0013 nmol yr-1 respectively; and
suggested that detrital inputs may be related to variations in perylene observed in
other cores. However other researchers (e.g. [22]) have since discovered
perylene at sites where there would be little or no terrestrial input. Thus, the
secondary goal of this study was to investigate perylene production in Siskiwit
lake sediments and to compare the current concentrations of perylene to those

observed 20 years ago by McVeety and Hites [1]. Moreover, this study will model
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perylene curves as 1st and 2nd order reactions similar to Gschwend et al [23] to

investigate the possibility that perylene production follows a simple kinetic model.
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Figure 2-1: A map showing the location of Siskiwit Lake (red star) as well as the location of
regional combustion sources (red dots). Dotted lines are dominant and secondary wind trajectories.

2. Experimental Section

2.1  Study Area and Sediment Sampling

Siskiwit Lake is located on Isle Royale, Michigan, U.S.A (figure 2-1). The
lake is surrounded by the protected land of Isle Royal National Park and Isle
Royale and is entirely surrounded by Lake Superior. Thus Siskiwit Lake is
sheltered from shoreline development which may introduce point sources of PAH.
Consistent with the previous assumption by McVeety and Hites [1] we feel it is

reasonable to assume that all pyrogenic PAH loadings are derived from
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atmospheric deposition of particulate to the surface of the lake. Piston cores were
collected from the deepest section of the lake. The cores were sliced directly after
coring into 1 cm intervals, placed into plastic Ziploc bags and kept cool and dark
until they could be frozen upon return to the laboratory where they were stored at
-20 degrees Celsius until further processing. Sediment was dried at 50 degrees
Celsius in solvent rinsed and pre-combusted aluminum pans. Dried sediment was

ground with an agate mortar and pestle and stored in the dark in pre-combusted

500 ml glass vials.

2.2 __Quantification of PAH

PAH analysis was performed using modified EPA methods 8100, 3051A
and 3630C. In short, 50 g of sediment was spiked with 5 ppm surrogate
standards (9,10-dihydrophenanthrene and m-terphenyl) then microwave
extracted (MarsX) in 1:1 hexane/acetone at 115 degrees celsius for 15 mins.
Extracts were allowed to cool to approximately 30 degrees then filtered with
hexane and dichloromethane through glass fiber filter paper (Whatman) to
remove solid sediment portion. Filtered extracts were treated with activated
copper pellets to remove elemental sulphur, reduced in volume to approximately
1 ml and fractionated on fully activated silica gel. A total of four fractions were
collected: F1: hexane (aliphatic hydrocarbons), F2: 2:1 hexane/dichioromethane
(aromatic hydrocarbons), F3: dichloromethane, F4: methanol. All fractions were

archived except for the F2 containing the aromatic hydrocarbons. The F2 fraction
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was reduced in volume and solvent exchanged into 100% hexane then
transferred to 1 ml amber vials and spiked with an internal standard (o-terphenyl).

PAH quantification was performed on a GC/MS (Agilent 6890 GC, Agilent
5973n MS) equipped with a split/splitless injector kept in splitless mode and a
0.25 mm 1.D. 30 m DB-XLB column (Jackson and White). The oven was
programmed to 65 degrees celsius and ramped at 4 degrees per minute to 320
degrees and held for 10 minutes. The following 16 EPA priority PAH were
quantified: naphthalene, acenapthylene, acenapthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene,
benzo(g,h,i)perylene, dibenz(a,h)anthracene and ideno(1,2,3-cd)pyrene.
Perylene is not an EPA priority pollutant, however was also quantified. All PAH
were quantified in scan mode with 5-point calibration curve (R2 > 0.999).

2.3 Quality Control

Accuracy of the PAH method was determined using three samples of
standard reference material EC-1 (Environment Canada, lacustrine sediment).
The results were all within 15% of the reference values. Precision (average
relative standard deviation <6%) was measured by triplicate injections of
standards (2 ppm and 8 ppm) as well as triplicate injections of two samples
during each instrumental sequence. The limit of quantification for parent PAH

compounds was 1 ppm in solution or 19.4 ng/g dw. PAH extraction took place in
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batches, procedural blanks (n=6) were run with each batch, there were no
detectable PAH concentrations in any of the blanks.

2.3 _Sedimentation rates and sediment dating

219Pp analysis was performed by Environment Canada’s National Water
Research Institute (NWRI, Burlington, Ontario) on a separate core taken from the
site on the same date as cores used for PAH analysis. Briefly, sediment was
dried then acid treated and prepared using a 2'°Po enrichment method; 2'°Po is
analyzed as it is assumed to be in secular equilibrium with 2'°Pb. The final #'°Po
was plated on highly polished Ag discs and the activity of each sample was
measured with an alpha counting device in disintegrations per minute (dpm).
Sedimentation rates were calculated as an average over the core. Focusing
factors were calculated by integrating the total amount of excess 2'°Pb over the
core and dividing by the expected amount based on atmospheric 2'°Pb flux at the
surface.

3. Results

3.1__%"%pp dating

Both the constant initial concentration (CIC) and the constant rate of
supply (CRS) models were applied to the 2'°Pb data [31]. Although all models
agreed well with each other, the CIC2 model was used for the calculation of ages
for this core as it was the closest to matching the dating from McVeety and Hites

[1]. Furthermore, focusing factors calculated from 2'°Pb fluxes for this study were
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identical to those reported by McVeety and Hites [1]. For more information on the
21%pp dating of the cores please see appendix B.

3.2 Pyrogenic PAH fluxes

While concentrations are commonly compared in the literature PAH fluxes
take into consideration sedimentation rate and sediment focusing factor and will
be used to describe PAH deposition in this study. Flux is calculated using the
following equation after McVeety and Hites [1].

F= (C*p*s)ly (1
Where:

F= flux (ng cm-2 yr-1)

C= Concentration (ng g-1 dw)

p= in-situ density (g dry sed/cm3 wet sed)

s= sedimentation rate (cm yr-1)

y= focusing factor as determined by 2'°Pb (dimensionless)

The total pyrogenic PAH flux (not including Perylene) versus year of
deposition as determined by 2'°Pb dating is shown in Figure 2-2. The total PAH
curve can be divided into two sections, from 1911 to 1955 fluxes increased by
378% from 6.4 +/- 0.32 ng cm-2 yr -1 to a maximum in 1955 of 24.2 +/- 1.2 ng
cm-2 yr -1. This increase occurred at a constant linear rate of approximately 0.43
ng cm-2 yr-1 (n=6, r2= 0.990). After the maximum in 1955, PAH fluxes steadily
declined to 8.5 +/- 0.42 ng cm-2 yr -1 in 2001 at a constant linear rate of 0.33 ng

cm-2 yr-2 (n=6, r2=0.963).

35



Andrew A. Benson McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

2000
1980 ﬁ

1960 -

ar

Calendar Ye
©
F
o

1920
1900
—eo— This Study
—0— McVeety and Hites, 1988
1880 T T T T T T
0 5 10 15 20 25 30 35

Flux (ng cm-2 yr-1)

Figure 2-2: Plots of total PAH flux versus calendar year for this study as well
as McVeety and Hites [1]. Error bars are 6% analytical error.
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Figure 2-3: Plots of representative single parent PAH demonstrating that single
PAH fluxes and total PAH observe similar trends. Error bars are approximately

the size of symbols.
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Representative plots of single PAH phen, py and flua fluxes are shown in
figure 2-3. Phen, Py and Flua fluxes increased by 222%, 401% and 332%
respectively during the period from 1911 to 1955. After 1955, all individual PAH
observed a continuous decline in flux. As is expected, the trends in these plots
are similar to the total PAH curve. With the exception of perylene, all individual
PAH exhibit similar trends over the length of the core.

3.3 Perylene concentrations

Perylene concentrations in the uppermost sample are 194 ng g-1 in 2001
and increase by an order of magnitude to 2000 ng g-1 at 1955 (figure 2-4). This
increase occurs at a linear rate of 26 ng g-1 yr-1 (n=9 r2=0.96). After this point
perylene concentrations become somewhat variable however remain circa 2000

ng g-1 with the exception of an anomalous low value at the bottom of the core.
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Figure 2-4: Plots of perylene concentrations from this study as well as
McVeety and Hites [1]. Error bars are 6% analytical error.
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4. Discussion

4.1 Pyrogenic PAH fluxes

The PAH flux profile from this study agrees well with McVeety and Hites
[1] for the period between 1920 and 1980. Furthermore, the timing of the
maximum PAH deposition and the overall shape of the profile are also consistent
with profiles from the Pettaquamscut River in Rhode Island [8] and Lake Erie [11].
This PAH deposition profile has previously been correlated with the amount and
type of fuel used for energy production in the United States [8, 10].

4.2 Recent declining PAH trends

The recent trends in pyrogenic PAH deposition seen in this study clearly
demonstrate that long range PAH deposition to Siskiwit Lake has continued to
decrease in recent sediments (figure 2-2); and in fact current deposition is
approaching levels observed in the early stages of industrialization. This
contrasts to the observations of Lima et al [8], Van Metre et al [10] and Schneider
et al [11] who observed constant or increasing PAH deposition over a similar time
period. Because Siskiwit Lake is isolated from major traffic sources, it is not likely
to be impacted by the elevated traffic emissions hypothesized to be the cause of
the increases observed by these researchers. Thus, corroborating the hypothesis
[10] that increasing PAH deposition in urban and sub-urban areas is a result of
increased local vehicular traffic. Rather, the most likely source of atmospheric
PAH deposition to Siskiwit Lake are regional sources originating from industrial

activities in the urban center of Thunder Bay, Ontario as well as two coal power
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generation plants in Atikokan, Ontario and Thunder Bay, Ontario. Based on
prevailing and secondary wind directions {15, 16], these sources are often upwind
of Siskiwit Lake and thus are potentially contributing to the PAH loadings (Figure
2-1). The observation of continuing decreases in PAH fluxes to Siskiwit Lake is
therefore consistent with implementation of emissions guidelines on industry, and
further, that emission from vehicular sources in nearby Thunder Bay are in fact a
relatively minor input of PAH. This suggests that legislation has been effective in
reducing industrial PAH emissions to the atmosphere and perhaps any renewed
efforts should be focused on mitigating local vehicular emissions.

4.3  Perylene

The fact that the core from this study was obtained from the same location
as a core reported on by McVeety and Hites [1] but 20 years later provides an
excellent opportunity to investigate the potential production of perylene. Perylene
production in these sediments is directly demonstrated by the offset between the
curve from this study and the curve from McVeety and Hites [1] (Figure 4). In
contrast, this offset is not observed for the pyrogenic PAH. A 158% to 1300%
increase in perylene concentrations was observed over concentrations observed
by McVeety and Hites [1] with the increase being greatest at the top of the core
and diminishing with depth in the core. From circa 1955 to the bottom of the core
the offset between the two cores appears to be relatively constant although
perylene concentrations vary somewhat. It is important to note, however, that

perylene concentrations increased over the entire length of the core relative to
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concentrations recorded by McVeety and Hites [1]. This indicates that perylene
production is ongoing even in sediments deposited near the beginning of the
1900’s.

4.4  Kinetic model for perylene production

Similar to Gschwend et al [23], this study modeled the perylene production
curves as 1st and 2nd order reactions to obtain rate constants and estimate
precursor concentrations. An iterative computer program similar to the one used
by Gschwend et al [23] was used to fit reaction curves to the data sets. To ensure
the programs were comparable, we re-plotted data from Gschwend et al [23] and
produced the same rate constants and precursor concentrations that were found
by their program.

In both the work by Gschwend et al [23] and this study, the reactions were
assumed to be unimolecular for 1st order or a bi-molecular for 2nd order with a
precursor being transformed into perylene [23]. It is possible for this to be a
multiple step reaction but requires only that the rate limiting step is the prescribed
1st or 2nd order reaction [23]. It is also possible that the reaction is a pseudo-first
order reaction and thus one of the 2nd order reactants is in vast excess of the
other. In this case, it is impossible to distinguish 1st and 2nd order reactions
using this method.

Table 2-1 summarizes information from the kinetic modeling in this study
as well as modeled data from McVeety and Hites [1]. A comparison of the kinetic

curve fit for the profiles from this study with the profile from McVeety and Hites [1]
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reveal few differences aside from increased concentration (Figure 2-5). Both
curves fit well with r* values of at least 0.89 although the top of the profile from
McVeety and Hites [1] appears to deviate slightly from the predicted reaction
curve. While it is not possible to exactly determine the cause of this, it is likely
due at least in part to the different sampling resolutions. However, the overall
trends in the curves match well including the anomalous low perylene
concentration seen at approximately 1911. The fact that this low concentration
interval is observed in both cores suggests that it, as well as some of the
variability in the lower part of the core, may represent changes in the conditions
of reaction such as precursor concentration changes as was suggested by

Gschwend et al [23].

Table 2-1: A summary of the kinetic model results

1st order reactions
Std
Study Site r2 k Co Error
nmol g- | nmol g-
yr-1 1 1
This Study Siskiwit Lake, Michigan 0.91 0.043 7.2 0.43
McVeety and Hites, 1988 | Siskiwit Lake, Michigan 0.92 0.048 3.2 0.3
Gschwend et al, 1983 Mountain Pond, Maine 0.97 0.012 4.9 0.29
2nd order reactions
Std
Study Site r2 k Co Error
nmol yr- | nmol g- | nmol g-
1 1 1
This study Siskiwit Lake, Michigan 0.89 | 0.0076 9.1 0.46
McVeety and Hites, 1988 | Siskiwit Lake, Michigan 0.91 0.012 4 0.32
Gschwend et al, 1983 Mountain Pond, Maine 0.96 | 0.0013 7.1 0.31
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4.5 Rate constants and precursor concentrations

Data sets from Siskiwit Lake produced very similar rate constants of 0.043
and 0.048 yr-1 for 1st order and 0.0076 and 0.012 nmol yr-1 for this study and
McVeety and Hites [1] respectively. However, the calculated precursor
concentrations were different with the current profile from Siskiwit Lake yielding
higher precursor concentrations of 7.2 nmol g-1 for 1st order and 9.1 nmol g-1 for
2nd order and the profile from McVeety and Hites [1] yielding precursor
concentrations of 3.2 nmol g-1 for 1st order and 4 nmol g-1 for 2nd order. This is
expected as the program back-calculates precursor concentration based on
maximum amount of perylene produced and thus assumes a mass balance.
Because this study demonstrates that production occurred over the entire core
maximum perylene concentrations were higher for this study, and thus back-
calculated precursor concentrations are also higher. This demonstrates that mass
balance is in fact not achieved as would be expected for a reaction that has gone
to completion.

4.6 __Can Perylene Production be explained by simple kinetics?

The fact that the curve fits and rate constants are similar for both cores
demonstrates the similarity in the overall shapes of the two curves which
suggests that perylene production is similar in pattern. However this pattern
cannot be explained by simple concentration dependant kinetics. Using the
similar rate constants and taking into consideration the 20 year interval between

the two data sets, it was not possible to predict the observed concentration
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changes using 1st or 2nd order rate equations. A 1st or 2nd order reaction in a
closed system as was assumed here and in Gschwend et al [23] wouid produce
two curves that converge at a maximum concentration indicating that the reaction
has gone to completion and the precursor chemical reservoir has been
exhausted. This is not observed in the two data sets from Siskiwit Lake and
instead considerable perylene production occurs over the entire core. This
suggests either that there is a sustained supply of precursor which means the
reaction is in fact not in a closed system or that perylene production is controlled
by more complex kinetics perhaps involving biology as is suggested by Silliman
et al [32]. Furthermore, it may also be possible that convergence of the two
profiles indicating completion of the reaction occurs deeper in the sediments and
is not captured by this study or McVeety and Hites [1]. In all cases, significant
perylene production does occur, as demonstrated in this study, but cannot be
described using simple kinetic modeling techniques employed here and in
Gschwend et al [23].
5. Summary of Findings

Recent pyrogenic PAH fluxes have continued to decrease through the
1990s and are approaching background levels at this remote site. This is in
contrast to increasing PAH fluxes in the late 1990’s and early 2000’s seen by
other investigators (e.g.[8, 10]) and corroborates the subsequent hypothesis [10]
that recent PAH increases are due to overprinting of long-range transport by

emissions from vehicular sources. Furthermore, it can be inferred that industrial
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restrictions that have been enacted are effective in reducing atmospheric PAH
emissions.

The perylene profile shows increasing perylene concentrations with
increasing core depth and thus reinforces the general paradigm of the literature
that, while some perylene has been found in combustion emissions, perylene is
predominantly produced in-situ. Moreover, the profile from this study shows
increases in perylene concentrations over the entire core when compared with
the profile from McVeety and Hites [1]. This demonstrates that a non-trivial
amount of perylene has been produced over the 20 year interval between
samplings and conclusively demonstrates that perylene is produced in-situ at this
site. Attempts to model perylene production using the two profiles from Siskiwit
Lake as 1st and 2nd order kinetic reactions demonstrated that perylene
production in this data set cannot be explained by simple concentration
dependant kinetic reactions. Furthermore, precursor concentrations predicted
based on maximum perylene concentrations by the modeling were different
because production occurred in all sediments thus higher maximum perylene
concentrations were observed in this study. The inability of simple rate laws to
predict the observed changes in perylene production combined with perylene
production occurring over the entire core length suggests that perylene
production does occur but is not controlled by simple concentration dependant
kinetics. Instead, perylene production may be controlled by a more complex set

of kinetics perhaps involving biology as is suggested by Silliman et al [32].
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Alternatively, perhaps perylene production occurs over longer time scales then
analyzed here and convergence of perylene concentrations and thus completion

of the reaction is observed deeper in the sediments.
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Abstract
Differentiating between point source industrial contamination and regional
atmospheric deposition is integral to accurately implementing effective
monitoring, mitigation and remediation programs. This study evaluates polycyclic
aromatic hydrocarbon (PAH), lead (Pb) and mercury (Hg) profiles in sediment
cores retrieved from two northern Ontario lakes. One lake has an industrial facility
located close to the shore, while the other lake, 3 km away does not. The goal of
this study was to demonstrate the use of contaminant concentration profiling in
sediment cores as a tool for differentiating atmospheric versus point source
industrial inputs in remote areas. Profiles for Pb, Hg and PAH from both lakes
were consistent with atmospheric deposition as observed in other remote lakes.
Further, differences between the PAH concentration profiles in these lakes and
nearby Siskiwit Lake revealed the configuration of regional combustion sources
and prevailing wind patterns may have an impact on atmospheric deposition.
Comparison of cores collected proximal to the industrial site and in the middle of
the lake revealed no relationship regarding increasing concentrations with
proximity to the industry. Comparison of the concentrations observed in this study
with Canadian Sediment Quality guidelines further showed that the atmospheric
deposition occurring in these lakes was sufficient to result in concentrations that
are equivalent to or exceed guidelines. The potential for atmospheric deposition
to result in concentrations exceeding guidelines was shown to increase in the

future. The use of sediment contaminant concentration profiling overcomes the
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potential for such atmospherically derived contaminant concentrations to be
interpreted as resulting from local industry allowing more effective mitigation and

remediation decisions.

1. Introduction

Quantification and source apportionment of contaminants observed in lake
sediments in isolated “pristine” environments is becoming increasingly important
as negative effects on ecosystem heaith are being demonstrated [1, 2]. Industrial
facilities located in these areas can represent a potential point source of
contaminants; however long-range transport of both organic and inorganic
contaminants has also been demonstrated to play a significant role in
contaminant concentrations [3-5]. Differentiating between point and atmospheric
sources then has important implications for monitoring and remediation efforts. If
contaminants are found to be related to an industrial site, then point source
focussed remediation may represent an effective approach. However, if regional
atmospheric deposition is found to be the source of contaminants, remediation
efforts and responsibility for these efforts may need to be focussed elsewhere
entirely. Many atmospherically derived contaminants such as mercury (Hg), lead
(Pb) and polycyclic aromatic hydrocarbons (PAH) are by-products associated
with anthropogenic processes, such as combustion, and can travel large

distances in the atmosphere before being deposited [6-8]. If such a process is
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responsible for contaminants observed in a particular location, then remediation
efforts should focus on the source of these atmospheric chemicals.

1.1  Atmospheric Sources

Atmospherically deposited Hg has natural sources including volcanic
eruptions and biomass fires as well as anthropogenic sources such as coal
combustion, waste incineration and other types of industrial activity [5, 9, 10]. Hg
associated with combustion derived particulate is often deposited relatively close
to the source [8]; however the fraction associated with very fine particulate can be
transported over 1000’s of km [11]. Fitzgerald et al [10] note that over the last
century anthropogenic emissions of Hg have become more dominant than natural
sources. This trend is particularly evident when assessing concentration profiles
in sediments from remote lakes [10]. Studies regarding Hg profiles in sediments
of remote lakes in Northern Quebec and Ontario indicate that regional
atmospheric deposition increases steadily from the background levels beginning
around the industrial revolution (circa 1900) [5, 9]. Modern levels of Hg deposition
at these sites have been found to be greater than 2 times the natural background
[5, 10]. Similar signals have been observed on a global scale suggesting that Hg
contamination can be an indicator of both regional atmospheric deposition as well
as global atmospheric deposition [8, 10, 12].

Atmospheric deposition of Pb has been greatly affected by anthropogenic
activities [4, 13, 14]. Generally Pb deposition at urbanized sites in the United

States has been found to correlate with the consumption of leaded gasoline [13,
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15]. Lima et al [13] found Pb concentrations in the Pettequamscutt River
increased sharply with the implementation of tetraethyl lead (TEL) as a gasoline
additive in the 1920s. Concentrations peaked in the 1970s and began decreasing
as leaded gasoline was phased out of North American fuels [13, 14]. However
this correlation is not as clear in remote areas. Outridge et al [4] found that
anthropogenic Pb concentrations from two sub-arctic lakes increased steadily
from the early 1900s until the late 1990s while other lakes in the high arctic
exhibited constant Pb deposition over the same time period [4]. Several other
mid-latitude remote lakes were found to have a similar increasing pattern [5, 14,
16] as sub-arctic lakes from Outridge et al [4]. It was hypothesized that the
differences in Pb deposition was due to latitudinal differences in precipitation
which significantly affects the rate of atmospheric Pb scavenging [4].

Atmospheric deposition of PAH has been shown to correlate well with
industrialization and energy generation [3, 17-19]. Profiles of PAH deposition
increase with industrialization beginning circa 1900 to a peak in the late 1950s
which is coincident with peak coal consumption in North America [3, 7, 18]. PAH
deposition has been shown to decrease after this primarily due to the conversion
of industry and power generation to cleaner burning fuels such as oil and/or
natural gas [3, 7, 18]. This decline was expected to continue as combustion
technology continued to develop and legislation required controlled emissions [3,
7, 18]. In chapter 2 of this thesis, this was shown to be true of Siskiwit Lake on

Isle Royale in northern Michigan. However, recent work has found that in some
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sub-urban or urban areas PAH deposition became constant or began increasing
again in the 1990s [7, 20}. Increased PAH deposition in these areas has been
correlated to increased use of passenger vehicles [20] or increased diesel
consumption [7].

1.2 _Point sources

Point source release of Hg to the environment is typically associated with
anthropogenic activities and can be a result of processes such as mining [21] or
sewage and septic system outflows [22]. Sediment profiles have been shown to
preserve the occurrence of point source Hg releases to rivers and lakes in the
past [23]. Typically these events are associated with high sedimentary Hg
concentrations and manifest as a peak or abrupt increase in sediment cores [23].
These events clearly overprint any atmospheric signal and thus are recognizable
in sediment core Hg profiles.

Point source release of Pb can also be associated with anthropogenic
activities such as mining runoff and urban storm runoff [14]. Similar to Hg, it is
expected that sediment core profiles will record changes in magnitude of Pb point
sources thus overprinting the comparatively low concentrations of atmospheric
deposition.

Point source releases of PAH are typically associated with events such as
petroleum spills or creosote/coal tar spills [24]. These release large quantities of
PAH in a single event at concentrations which can overprint atmospheric

deposition in a sediment core PAH profile. Changes in sustained point source

55



Andrew A. Benson McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

release such as urban or roadway runoff containing crankcase oil will also be
recognized as a shift in PAH concentrations in sediment cores [25]. Such
petroleum based PAH are often observed in association with the presence of an
unresolved complex mixture (UCM) associated with petroleum product
biodegradation. The presence of this UCM can be quantified to assess the
degree of point source petroleum contamination [26].

1.3 _Source differentiation

Differentiating between local industrial and atmospheric deposition
sources in lake sediments requires an unambiguous signal. Identifying such a
signal is particularly important to environmental monitoring and remediation as
accurate differentiation is crucial to appropriate remediation activities as well as
apportionment of responsibility. Current practices in site assessment however,
do not have sufficient resolution to achieve such differentiation. Standard
sampling guidelines define sediment samples as the 15 cm of sediment below
the water column [27]. Typically these 15 cm of sediments are sampled using a
dredge or grab sampler after which the sediment is homogenized and analyzed
as a bulk sample; thus no temporal information regarding the deposition of the
observed contaminant concentrations is retained. This provides a one-
dimensional assessment that cannot identify characteristics of atmospheric
deposition and effectively assumes any exceedences of regulatory guidelines is a
result of point source industrial contamination. In contrast, measurement of

contaminant concentration profiles deposited in dated sediment cores preserves
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the temporal information necessary to identify changes in sources over time,
including recognition of characteristic patterns representing atmospheric
deposition and the ability identify any abrupt peaks or changes in deposition
related to historical point source releases. Thus, contaminant concentration
profiling in sediments allows a much more effective assessment of the sources of
contaminants at a given site.

The goal of this study was to demonstrate the efficacy of sediment core
contaminant profiles over current dredge or grab sampling procedures. Cores
were retrieved from two nearby lakes in northern Ontario. One of the lakes,
defined as Lake A, has a shoreline industrial facility which was constructed in the
1960s (figure 3-1). The second lake is defined as Lake B and is similar in
environmental setting to Lake A, the exception being that there is no industrial
facility near Lake B. Organic (PAH and UCM) and inorganic (Pb and Hg)
contaminants were profiled in both lakes historically up to circa 100 years as
determined by 2'°Pb dating. Direct comparison of the contaminant concentration
profiles from Lakes A and B as well as a comparison to previously published
sediment concentration profiles was used to assess the source of contamination.
Subsequently, the extent to which atmospheric deposition could be responsible

for exceedences of current Canadian sediment quality guidelines was assessed
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as well as the implications this may have for assessments at other sites.
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Figure 3-1: A map showing the approximate location of sampling as well as the
location of nearby regional coal powered generating stations and major centers (Red
dots). Yellow lines mark the dominant wind directions for the area. Location of
Siskiwit is noted near the bottom of the figure.

2. Sampling and Methodology

Piston cores were taken from the center of both lakes for comparative
analysis. A second core was taken from Lake A proximal to the industrial facility
to provide further assessment of the potential role of this industrial point source.
Cores were sectioned on-site into 1 cm intervals using cleaned metal spatulas for
PAH samples and cleaned plastic spatulas for Pb and Hg samples. Samples
were placed either in Ziploc bags for PAH analysis or metal-clean 125 ml HDPE
bottles and kept cool or in the dark until they were frozen at -20 °C upon return to

the laboratory.
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Samples for metals analysis were freeze dried while samples for PAH
analysis were dried at 45 °C. All samples were homogenized using an agate
mortar and pestle and subsequently kept at -20 °C until further analysis.

2.1 PAH and UCM guantification

PAH and UCM analysis were performed in parallel; briefly, between 6 and
20 g of sediment was spiked with 5 ppm surrogate standards (9,10-
dihydrophenanthrene and m-terphenyl) then microwave extracted (MarsX) in 1:1
hexane/acetone at 115 °C for 20 minutes. Extracts were allowed to cool to
approximately 30 degrees then filtered with hexane and dichloromethane through
glass fibre filter paper (Whatman) to remove solid sediment portion. Filtered
extracts were treated with activated copper pellets to remove elemental sulphur,
reduced to approximately 1 ml and fractionated on fully activated silica gel. A total
of two fractions were collected: F¢: 1:1 hexane/dichioromethane (non-polar
hydrocarbons) and F2: methanol (remaining polar compounds), which was
archived. The F1 fraction was reduced to 100 - 300 ul spiked with an internal
standard (o-terphenyl) and transferred to amber vials for analysis.

PAH quantification was performed on a GC/MS (Agilent 6890 GC, Agilent
5973n MS) equipped with a split/splitless injector kept in splittess mode and a
0.25 mm |.D. 30 m DB-XLB column (Jackson and White). The oven was
programmed to 65 °C and ramped at 5 degrees per minute to 310 degrees and
held for 10 minutes then ramped at 15 degrees per minute to 325 degrees and

held for 20 minutes. The following 16 EPA priority PAH were quantified:
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naphthalene (Napth), acenapthylene (Acey), acenapthene (Ace), fluorene (Flu),
phenanthrene (Phen), anthracene (Anth), fluoranthene (Flua), pyrene (Py),
benz(a)anthracene (B(a)A), chrysene (Chry), benzo(b)fluoranthene (B(b)F),
benzo(k)fluoranthene (B(k)F), benzo(a)pyrene (B(a)P),
benzo(g,h,i)perylene(B(ghi)P), dibenz(a,h)anthracene D(ah)A and ideno(1,2,3-
cd)pyrene (ldeno). All PAH were quantified with a 4-point calibration curve (R2 >
0.995) and corrected to the recovery of 9,10-dihydrophenanthrene or m-
terphenyl.

UCM was quantified by integrating the UCM hump from 12 minutes to 55
minutes in TIC mode. These areas were divided by the internal standard o-
terphenyl to correct for volume changes. Estimated concentrations were
determined using a 4 point calibration curve of 5a-cholestane. All concentrations
were corrected to the recovery of m-terphenyl.

2.2 _ Pb quantification

The leachable Pb fraction was extracted via dilute acid leach using 3N
hydrochloric acid and 1.75N nitric acid [14]. Between 10 and 12 mg of dried
homogenized sediment was weighed into polypropylene centrifuge tubes. 1 ml of
dilute acid solution was added to each sample using a micropipette. The samples
were sonicated for 90 minutes and allowed to cool overnight. The mixture was
centrifuged at 13,000 rpm for 10 minutes and the extract was siphoned from the

sediment using a micropipette. The extract was diluted to 10 ml using 2% nitric
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acid and analyzed via ICP-MS (Perkin Elmer Elan 6100). Pb was quantified using
a 4 point standard curve (R2>0.999).

2.3 Hg quantification

Total Hg was quantified after freeze-drying and homogenizing sediments.
Between 60 and 150 mg of sediment was weighed into pre-cleaned Nickel
vessels. The vessels were inserted directly into the analytical instrument (Hydra-
C) and combusted at 850 °C to vaporize all labile elements. Hg vapour is retained
by sorption to gold coated sand while all other elements are purged. The Hg is
removed from the sand using progressive heating and analyzed by exposure to
an Hg lamp. Hg concentrations were determined via a 5 point calibration curve
(R2>0.999).

2.4 ?°pp Analysis

Total 2'°Pb activity was analyzed in 1 cm sections from cores taken from
the middie of both Lakes A and B. Approximately 1 g of sediment was dried then
acid treated and prepared using a 2'°Po enrichment method. The final 2'°Po was
plated on highly polished Ag discs and the activity of each sample was measured
with an aipha counting device in disintegrations per minute (dpm). Sedimentation
rates were determined using two versions of the constant initial concentration
model (CIC1 and CIC2). For a more complete discussion of this please see

appendix B.
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2.5 Quality Control

Accuracy of the PAH method was determined using three samples of
standard reference material EC-1 (Environment Canada, lacustrine sediment).
Our results were all within 16% of the reference values. Precision (average
relative standard deviation <6%) was measured by triplicate injections of
standards and samples. The limits of quantification are as follows: for parent PAH
compounds 0.5 ppm in solution, for Pb 2 ppm in solution and for Hg 10 ng g-1
sediment.

PAH extraction took place in batches, procedural blanks (n=3) were run
with each batch, there were no detectable PAH concentrations in any of the
blanks. Precision of Pb analysis (<3%) was completed by triplicate injections of
standards instrument drift was monitored using repeated injections of known
standards. Procedural blanks for metals analysis indicated no significant
contamination from the method. Accuracy of Hg analysis was determined by
analysis of NIST 1944 Standard New Jersey/New York waterway sediment
reference; all concentrations were within 10% of certified values. Precision of Hg
analysis (<6%) was determined using triplicate injections of standards and a
sample.

3. Results

3.1 __?'pp dating

The CIC2 model was used to calculate final sedimentation rates and

subsequent dates for both sites. The average sedimentation rate in Lake A was
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0.096 cm yr-1 which is approximately double the average sedimentation rate of
0.054 cm yr-1 in Lake B. Thus 10 cm depth in Lake A sediments, and 6 cm depth
in Lake B, represented 100 years respectively. 2'°Pb analysis was not directly
performed on the industry proximal core from Lake A and was instead inferred
from the middle core. Sedimentation rates are not expected to change drastically
due to the relative closeness of the cores within the small sedimentary basin. For

more information regarding dating methods please see appendix B.
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Figure 3-2: Left image is a plot of all Hg data from this study; each point represents a 1
I c¢m core slice. Right image is a plot of Hg data from an unnamed lake in northern Quebec
(Lucotte et al, 1995). Error bars are 6% analytical error.
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Hg concentrations from all cores are plotted in mg kg-1 dry weight (dw)

versus calendar year as determined by 21%Pp dating to a maximum of 100 years

as shown in figure 3-2. Hg concentration profiles were very similar for all three

cores. Concentrations in the bottom samples for all cores, representing circa

1900 were 0.18 mg kg, while concentrations in the most recent sediments were

0.26 +/- 0.07. Concentration increases over the sediment cores had overall very

similar shapes. The concentration change was somewhat more abrupt in the

industry proximal core from Lake A but in general deposition profiles agreed with

each other.
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Figure 3-3: Left image is a plot of Pb data from all cores in this study; each data point represents

a single 1 cm core slice. Center image is a plot of Pb concentrations from sub-arctic Imitavik

Lake (Outridge et al, 2002) and right image is a plot of Pb concentrations sub-arctic Far Lake

(Outridge et al, 2002). Error bars are less than the size of the plot symbols.
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3.3 Lead (Pb)

Pb concentrations (mg kg-1 dw) are plotted versus calendar year as
determined by ?'°Pb dating in figure 3-3. As observed for Hg, Pb concentrations
and trends for all cores were very similar. Concentrations of circa 0.5 mg kg-1 dw
were found in the bottom sediments representing deposition around 1900.
Concentrations increased to circa 0.25 mg kg-1 dw in the most recent sediments
from all cores. Similar to Hg, the increase occurred somewhat more abruptly in
the Lake A proximal core however the change is still comparable to the other
cores.

Total PAH (mg kg-1)
0.0 05 1.0 1.5
2008 + + + + : ; . } } } ; ; ; , |

1998 -
1988 -
1978 - -
1968 -
1958 - ko
1948 1
1938 -

Calendar Year

1928 -
1918 - !
1908 -

1898 L]

1888 1  —e#—Lake Amiddle core —=—Lake A proximal core Lake B middle core —e— Siskiwit Lake (Chapter 2)

Figure 3-4: A graph showing total PAH data from all cores in this study as well as data from
Siskiwit Lake in chapter 2 of this thesis. Each data point represents a 1 cm core slice. Error
bars are 6% analytical error.
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3.4 Pyrogenic PAH Concentrations

Concentrations of total pyrogenic PAH in mg kg-1 dw are plotted versus
calendar year as determined by 2'°Pb dating in figure 3-4. PAH concentrations
and trends were similar for the cores in Lake A. Bottom sediments of the Lake A
cores representing the early 1900’s were circa 0.3 mg kg-1 dw and were variable
circa 0.4 mg kg-1 dw until 1988 then increased steadily to concentrations of 0.7
mg kg-1 dw in the most recent sediments. Concentrations from the bottom of the
Lake B core were circa 0.1 mg kg-1 dw and increased beginning approximately
1940 to concentrations of 0.7 mg kg-1 dw, the same concentration as observed in
upper sediments in Lake A.

3.5 UCM detection

There was no significant indication of UCM found in the cores (figure 3-5)
indicating minimal impact from petroleum derived point sources. Several large n-
alkane peaks ranging from C17 to C31 were identified in the chromatograms via
comparison with a known alkane standard. While this study did not directly
quantify n-alkanes, these peaks show an odd over even amplitude preference
consistent with terrestrial plant waxes as an origin rather than petroleum

hydrocarbons [28].
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Figure 3-5: Example of chromatograms from this study showing the lack of UCM in both
Lake A and Lake B. Large alkane peaks (see text) are marked with their respective carbon
number.

4. Discussion

4.1 Sediment Core Profiles of Hg and Pb

Profiles of Hg and Pb from this study strongly suggest that atmospheric
deposition rather than local industrial activity is the dominant source of these
metals. The middle cores of Lake A and Lake B (figures 3-2 and 3-3)
demonstrate that trends and concentrations are similar at both sites despite the
lack of industry at Lake B. There are also no sudden changes in Hg or Pb
concentration concurrent with the industrial facility’s construction in the 1960s,
suggesting that the lake sediments were not impacted by this event or the
subsequent industrial operations. Moreover, the core proximal to the industrial
shoreline from Lake A does not record significantly higher concentrations for Pb

or Hg than the middle core suggesting that there is no spatial relationship
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between proximity to industry and concentration of contaminant as would be
expected if the industry was a point source of contamination.

Comparison of Hg and Pb profiles from Lake A and Lake B to similar sites
in the literature corroborates atmospheric deposition as the source of
contamination in Lake A (figures 3-2 and 3-3). The increasing trends and
concentrations found in Lake A and B are consistent with Hg and Pb deposition
demonstrated in several lakes in northern Quebec [5] and Pb deposition for two
sub-arctic lakes near James Bay [4]. The literature sites chosen for comparison
are similar in latitude and entirely isolated from industry thus previous studies
have found that the only plausible source of contamination to the these lakes is
atmospheric deposition [4, 5]. Given the similarity of the profiles from Lakes A
and B, it is very likely that atmospheric deposition is responsible for Pb and Hg
loadings in this study thus the industrial facility located on Lake A is not a
significant source of Pb and Hg to the sediments.

4.2 Sediment core profiles of PAH

PAH profiles also suggest that the industrial facility is not a point source of
contamination to sediments in Lake A (figure 3-4). The similarity in observed
maximum PAH concentrations occurring in the most recent sediments from Lake
A and B PAH profiles suggest that recent input sources are similar. Moreover, as
observed for Pb and Hg, there is also no change in PAH concentration in Lake A
that is coincident with the construction of the industrial facility in the 1960s

indicating that the facility did not affect PAH deposition. In addition, if the industry
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was a point source of PAH to the sediment, there would be an increase in
sediment PAH concentrations expected for the core taken in closer proximity to
the industrial facility. Both of the cores from Lake A, proximal and middle,
demonstrate very similar PAH profile trends and conpentrations suggesting that
there is no spatial relationship between PAH concentrations and industry
proximity. Finally, there was no UCM detected in any of the cores, notably
including the core closest to the industrial site, indicating that the likelihood of
PAH deposition associated with a petroleum spill or runoff resulting from

industrial activities is minimal.
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Figure 3-6: Left image are plots of PAH normalized to the concentration from the top
centimetre of each core in this study as well as data from Siskiwit Lake (chapter 2 of this
thesis). Right image are normalized plots from Van Metre et al (2000). Abbreviations are as
follows: BAL= Lake Ballinger, WA, USA; HAR=Lake Harriet, MN, USA;
NEW=Newbridge Pond, NY, USA; TWN=Town Lake, TX, USA.
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The profiles of PAH concentrations observed in this study were very
similar in trends to those observed by Van Metre et al (2000) at several sub-
urban sites in the United States (figure 3-6). Van Metre et al attributed the recent
increases they observed to various non-point sources such as increases in
urbanization of watersheds or, at sites where land-use indicated that urbanization
was constant, to increased local traffic [20]. The timing of recent increases in
PAH concentrations that were found in Lake A are similar to those of Van Metre
[20] but are of lesser magnitude. However, these increases occur in Lakes A and
B despite there being no urbanization of the watershed. There is, however, a two-
lane highway adjacent to the lake which receives substantial heavy truck traffic
as well as an adjacent rail line which are potential sources for both Lake A and
Lake B.

4.3 _Absence of PAH atmospheric deposition curve found at other sites

Interestingly, PAH profiles from this study do not show the long range
atmospheric transport and deposition profiles found in both urbanized watersheds
[7, 20] and isolated watersheds [3, 29, 30], including nearby Siskiwit Lake as
demonstrated in chapter 2 of this thesis. As noted, the lack of this characteristic
profile is however consistent with results at several sites sampled by Van Metre
et al [20] where deposition was related to vehicular traffic. However, the proximity
of these lakes to Siskiwit Lake where this atmospheric profile was observed both
by McVeety et al and in Chapter 2 of this thesis raises the question as to why

these differences in atmospheric PAH sources between these two relatively
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closely located study sites are observed. The data attributed to long-range
transport and deposition data from Siskiwit Lake in chapter 2 of this thesis is
plotted with the data from Lakes A and B in figure 4. Siskiwit Lake shows
substantially higher maximum PAH concentrations of 1.2 mg kg-1 dw compared
to 0.7 mg kg-1 dw from Lakes A and B. Furthermore, maximum concentrations in
Siskiwit Lake occur in a distinct peak circa 1960 whereas they occur in the most
recent sediment in Lakes A and B.

The explanation for the absence of these features in this study may relate
to regional wind patterns and the relative configuration of nearby sources. Data
from Environment Canada and Natural Resources Canada shows that
predominant wind patterns in this area are west to east with a secondary
direction of northwest to southeast (Figure 1)[31, 32]. The largest potential
regional sources of PAH in this area are the coal power generating plants in
Atikokan, Ontario and Thunder Bay, Ontario as well as the urban industrial
sources from Thunder Bay itself. As can be seen in Figure 3-1, Siskiwit Lake
falls within the area expected to be impacted by atmospheric deposition from
these sources based on wind directions. In contrast, Lakes A and B are north of
the dominant wind trajectories from these sources. The prevailing wind
trajectories and the relative configuration of source shown in figure 3-1 suggests
that in fact, Siskiwit lake may not be as isolated from impacts as has been
indicated previously [3], rather that it is receiving ongoing deposition from these

regional sources. The two lakes in this study appear to be more isolated from
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local and regional atmospheric sources based on both wind direction and PAH
deposition concentration profiles. As such, the lower PAH concentrations
observed in this study appear to be closer to levels that would be expected for a
remote system. However, in contrast to the indication that these lakes are more
isolated than Siskiwit from regional PAH sources, the similarity in depositional
patterns to the work of Van Metre et al [20] suggests that even these locations
are being impacted by recently increasing sources such as transportation related
combustion due to increased traffic on the highway.

4.4 _ PAH and Hg exceedences of CCME quidelines

Despite the evidence that PAH, Hg, and Pb are being atmospherically
deposited in Lakes A and B, Napth, Anth, Py, B(a)A, B(a)P and Hg
concentrations in several of the upper one centimetre intervals of sediments in
both lakes A and B are equal to or greater than Canada Sediment Quality
Guidelines for the Protection of Aquatic Life as set by the Canadian Council of
the Ministers of the Environment (table 3-1; CCME) [33]. This observation
suggests that atmospheric deposition alone has the potential to resuilt in
sedimentary concentrations exceeding CCME guidelines. The potential for a long
range or regional source to resuit in concentrations exceeding guidelines has
significant implications to the assessment of contaminated sites, and in particular
to our ability to accurately apportion responsibility for such exceedences.

However, comparison of the concentrations observed in these lakes to

CCME guidelines requires the differences in sampling protocols to be addressed.
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While academic investigations routinely measure profiles of contaminant

concentrations in sediments, sediment sampling associated with site assessment

generally involves dredge or grab sampling of this upper 15 cm of material

directly below the water column [27] with subsequent homogenization and bulk

analysis of the sample. Using this methodology, a previous assessment of the

Lake A site found exceedences for Napth and Hg. In order to compare the results

of our study to this previous report, the sediment core profiles from Lake A and B

Table 3-1: Concentration data tables. Unless otherwise specified, all concentrations are in mg
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were modeled to estimate concentrations in a homogenized 15 cm dredge
sample (table 3-1). In order to do this, the contribution of sediments below the
bottom of the core profiles in this study had to be included. This was done by
assuming the concentration in the bottom sample from each core was
representative of the concentration for the number of centimetres required to
reach a sediment depth of 15 cm. Thus in addition to the 10 cm analyzed in the
Lake A core, 5 cm was added and the concentrations in these sediments were
assumed to be the same concentration as the lower most interval analyzed.
Similarly, for Lake B of which 6 cm were analyzed, an additional 9 cm was added
with an assumed concentration equivalent to the lower most concentration
analyzed. This assumption is reasonable as studies show that PAH and Hg
deposition in this region prior to 1900 (approximately the bottom of each core)
represent essentially background pre-industrial sources and does not vary
considerably [3-5, 34]. In Lake A the modeled concentrations of the Napth, Anth,
Py, B(a)A, B(a)P and Hg were at or above CCME guidelines, whereas in Lake B
Anth, B(a)A and Hg were above guidelines. Thus, though contaminant deposition
to these lakes is consistent with an atmospheric source, the resuitant
sedimentary concentrations can still exceed CCME guideline levels. This result
has significant implications to site assessment and remediation. Without using
the sediment concentration profile and comparison approach of this study,

observations of contaminant concentrations exceeding guidelines would likely
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have been attributed to the local industry on Lake A. This industry may have then
been determined to be responsible for the remediation of these sediments,
though all available evidence in this study indicates that these contaminants had
an atmospheric source and thus that this facility was not responsible for the
observed contamination. These results demonstrate that accurate differentiation

and demonstration of local or point source impacts is essential when assessing

contaminated sites.

4.5  Future Implications

The potential for atmospheric deposition to cause exceedences of CCME
sediment quality guidelines using current dredge sampling protocols is expected
to increase in the future assuming that ongoing sediment deposition contains
contaminant concentrations consistent with current levels. In order to assess the
impact of future sediment accumulation in Lake A, the expected concentrations
for a 15 cm dredge sample were modelled using the measured core
concentrations and adding 5 cm of new sediment to the top of the core, the
equivalent of 50 years of deposition. The contaminant concentrations in this new
sediment were assumed to the same as the current upper sediment
concentrations. Based on these assumptions the modeled concentrations of
several contaminants increased indicating that ongoing deposition at current
levels will result in a greater number of contaminants exceeding standards than

currently observed.
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A similar process was performed using the middle core from Lake B, in
this case however due to the lower average sedimentation rate, only three
centimetres of upper sediment at current concentrations were added to represent
the same 50 year period used in Lake A. Nonetheless, when modeled
concentrations for the upper 15 cm were calculated including this additional 3 cm
of additional sediment Napth, Anth, Py, B(a)A, B(a)P and Hg all increased to
levels above CCME guidelines.

It is worth noting that these modeled concentrations assumed a steady
state deposition of contaminants at current rates. Based on the shape of the
deposition curves, this assumption is likely close to a best case scenario. If
sediment concentrations of contaminants increase then greater exceedences of
guidelines can be expected.

4.6 __ Effect of sedimentation rate on bulk samples

In addition to trends in contaminant concentrations in deposited
sediments, sedimentation rate also has an effect on concentrations found in
dredge samples. Currently at Lake B, 15 cm of sediment represents
approximately 278 years at an average sedimentation rate of 0.054 cm yr-1. At
Lake A however, with an average sedimentation rate of 0.096 cm yr-1, 15 cm
represents approximately 156 years; a difference of 122 years. Atmospheric
deposition of combustion derived pollutants, such as Hg, Pb and PAH, was low
prior to the industrial revolution circa 1900 [3-5]. Thus, 15 cm at Lake B includes

9 cm (178 years) of the comparatively low pre-industrialized atmospheric
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deposition while Lake A includes only 5 cm (56 years). This effect will inevitably
resuit in observed concentrations being lower in lakes with low sedimentation
rates. This further demonstrates that the assessment of sedimentation rate and
sediment contaminant concentrations via core profiling and dating is essential in
assessing current trends. This observation also raises several questions: Does
including sediments deposited long before the industrial revolution accurately
represent current industrial sediment impacts? And potentially more importantly,
what sediment concentrations should we be concerned about. If bioturbation is
relatively low, contaminant concentrations in surface sediments will be far more
important in controlling biological exposure.
5. Implications to site assessment

The relative contributions of atmospheric deposition to contaminant
concentrations observed in lake sediments is often not effectively assessed or is
underestimated using current dredge or grab sampling techniques. This is
especially relevant because, as demonstrated in this study, atmospheric
deposition alone may have the potential to produce concentrations of some
contaminants that are at or above current CCME guidelines using these methods.
This may result in inaccurate apportionment of responsibility for observed
contaminant concentrations and/or ineffective mitigation and remediation efforts.

Sediment core profiling can effectively differentiate atmospheric deposition
and point source contamination. Sediment core profiles include a temporal

component which allows assessment of contaminant deposition through history
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thereby providing the ability to recognize atmospheric deposition curves as well
as other notable changes in concentration potentially including previous point
source releases. This ability is invaluable to site assessment and thus sediment
core contaminant profiling is a superior sampling and analysis method in
comparison to dredge sampling and bulk analysis.

Differentiation of atmospheric deposition versus point source
contamination can become even more important for sites exhibiting higher
sedimentary PAH concentration such as those at urban or sub-urban sites
described by Lima et al {Lima} and Van Metre et al {Van Metre}. At these site
atmospheric deposition can produce sedimentary concentrations that are orders
of magnitude above those found in Lakes A and B in this study. Thus the
potential is even greater to observe concentrations exceeding guideline that are
the result of atmospheric deposition alone. Alternatively, atmospheric deposition
has the potential to mask the existence of point sources contributing to
sedimentary systems. In either case, the apportionment of responsibility and
effectiveness of mitigation and remediation efforts would be compromised by the
lack of accurate understanding of contaminant sources. The implementation of a
method such as sediment core contaminant profiles which can differentiate
atmospheric from point sources is thus integral in future environmental monitoring

efforts in urban, sub-urban and remote settings.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

This thesis contributed to the overall understanding of PAH in remote
environments as well as how combustion derived contaminants versus local point
sources are assessed in these environments. This has implications for any new
potential legislation involving combustion emissions and sediment quality
guidelines as well as development of site assessment techniques which can
more accurately account for the role of regional atmospheric deposition in
sediment contamination.

Pyrogenic polycyclic aromatic hydrocarbon (PAH) profiles in sediment
cores have been used in many other studies to elucidate the trends in
atmospheric deposition of combustion derived contaminants over time. PAH
deposition since the mid-1950's had been decreasing primarily due to the use of
cleaner burning fuels as well as advances in combustion technology [1-3]. It was
assumed that this trend would continue, however several studies have found that
recent PAH deposition in several urban or sub-urban area has recently begun
increasing or has become constant [1, 4-6]. The recent increases have been
correlated to local traffic sources [1, 4] and thus it was hypothesized [4] that local

traffic sources are beginning to overprint regional PAH deposition in some areas.
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In chapter 2 it was demonstrated that recent PAH deposition to Siskiwit
Lake has continued to decrease towards levels observed early in
industrialization. Due to the isolation of Siskiwit Lake from traffic sources, the
decreasing trends in PAH deposition observed supports the hypothesis that local
traffic sources in urban or sub-urban areas are overprinting regional atmospheric
deposition [1, 4]. Furthermore, since the most likely regional PAH emission
sources to Siskiwit Lake are predominantly industry or power generation,
decreasing PAH concentrations in recent sediments of Siskiwit Lake also suggest
that current restrictions on industry do in fact appear to be effective in reducing
PAH emissions to the atmosphere. This indicates that any further mitigation may
need to be directed to traffic sources. Future work at this site involves natural
abundance radiocarbon analysis of recent pyrogenic PAH. This will investigate
changes in the relative source (i.e. fossil fuel combustion or biomass combustion)
over time which is expected to further corroborate the decreasing emissions from
industrial and power generation sources.

Chapter 2 also demonstrated conclusively that perylene production has
occurred in sediments from Siskiwit Lake over the past 20 years. This was done
by directly comparing the profile obtained during this study with a profile created
in 1984 from the same site. Perylene concentrations from this study are
noticeably higher than those from McVeety and Hites [7] which is in contrast to
pyrogenic PAH profiles that agree well with each other; this consistent increase in

perylene concentrations must then represent in-situ production. 1% and 2™ order

83



Andrew A. Benson McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

kinetic reaction curves were fit to the perylene profiles in order to assess the
possibility that the reaction fits a simple concentration dependant process. The
reaction models fit well to the concentration profiles and reaction constants were
similar for both profiles from Siskiwit Lake indicating that the pattern of perylene
production in the cores, and thus the shapes of the profiles, are similar. However,
the models were unable to accurately predict the observed increases in perylene
concentrations over the 20 year period suggesting that perylene production
cannot be described by a simple kinetic model. If perylene production was
governed by simple concentration dependant kinetics, it would be expected that
the two concentration profiles would converge at some point as the reactants
were used up and the reaction goes to completion. This however, was not seen
and instead perylene production occurred over the entire core. This suggests that
either convergence occurs deeper in the core or that perylene production is
controlled by complex kinetics which may involve biology as was suggested by
Silliman et al [9].

In chapter 3 profiles of contaminants in sediment cores from two lakes,
Lake A and Lake B, in northern Ontario were effectively used to demonstrate that
an adjacent industrial facility is not acting as a point source of contamination to
Lake A. Instead it was found that concentrations were consistent with regional
atmospheric deposition. The current standard sampling methods in site
assessment involve dredge sampling of the upper 15 cm of sediment and the

subsequent homogenization of the sample before analysis. This bulk analysis
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approach does not preserve any temporal component and thus changes in
contaminant concentrations over time cannot be recognized. Thus the role of
atmospheric deposition in contaminant loadings to sediment is often not
considered or may be underestimated. Contaminant concentration profiles on the
other hand preserve changes in concentrations over time. Subsequent
comparison of the profiles to literature data, as was done in chapter 3, can allow
for the recognition of trends representing regional atmospheric deposition as well
as recognition of abrupt large changes in concentration that are associated with
point source release of contaminants. This becomes more significant as it was
also shown in Chapter 3 that current atmospheric deposition (top 1 or 2 cm of the
cores) alone produces contaminant concentrations above the CCME guidelines.
The cores from this study were then modeled to compare to 15 cm dredge
samples taken for a previous site assessment. It was found that atmospheric
deposition to Lake A can produce exceedences in these samples as well. Thus,
using solely dredge sampling, these exceedences could be falsely attributed to
be the result of local industrial operations. Moreover, if atmospheric deposition
continues to produce concentrations at or above those found in the top
centimetre of the cores, future dredge samples will show increasing
contamination. This highlights the suggestion that differentiation of atmospheric
deposition from other contamination is integral when apportioning the source of
contaminants. As such, analyzing contaminant profiles in sediment cores is an

essential tool in site assessment.
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This thesis contributes to the overall understanding of the fate and
behaviour of PAH in remote lake sediments and how PAH concentrations can be
accurately assessed. This includes PAH derived from anthropogenic sources as
well as PAH derived from natural sources. This information can be integral in
revising current policies or environmental quality guidelines that protect human
and environmental health thus making them more representative of the types of

environmental contamination that are occurring.
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Raw data concentration charts
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Appendix A: Concentration Data Tables
{Unless otherwise specified. all concentrations are in ppm or mag ka-1)

= v

] ©

[V m

> >

o o

> >

g8 8 _

é § a > ® o £ © %

] 3} ) = = = =2 > -—

Sample S = =z < <C w o < [T o m
Siskiwit Lake
Sisk 0-1 726 971 0.04 N.Q N.D. N.Q. 0.06 0.01 0.08 0.05 0.02
Sisk1-2 711 818 0.04 N.Q N.D. N.Q. 0.06 0.02 0.09 0.05 0.03
Sisk 2-3 723 843 0.06 N.Q N.D. N.Q. 0.08 0.01 0.12 0.07 0.03
Sisk 3-4 62.9 73.0 0.05 N.Q N.D. N.Q. 0.08 0.02 0.16 0.08 0.04
Sisk 4-5 84.7 103.2 0.05 N.Q N.D. N.Q. 0.08 0.01 0.18 0.09 0.04
Sisk 5-6 77.0 93.0 0.04 N.Q N.D. N.Q. 0.09 0.02 0.19 0.10 0.04
Sisk 6-7 77.7 92.0 0.05 N.Q N.D. N.Q. 0.09 0.02 0.20 0.10 0.05
Sisk 7-8 839 975 0.04 N.Q N.D. N.Q. 0.07 0.01 0.18 0.09 0.04
Sisk 8-9 811 93.1 0.03 N.Q N.D. N.Q. 0.06 N.Q. 0.15 0.07 0.05
Sisk 9-10 88.2 97.8 0.04 N.Q N.D. N.Q. 0.05 N.Q. 0.11 0.05 0.04
Sisk 10-11 92.8 105.7 0.04 N.Q N.D. N.Q. 0.04 N.Q. 0.08 0.03 0.03
Sisk 11-12 93.2 104.4 0.03 N.Q N.D. N.Q. 0.04 N.Q. 0.06 0.03 0.03
* Concentration below quantification limit, value is an estimate
N.Q. Concentration below quantification limit, no estimate was produced

N.D. Compound not detected

Chry

0.05
0.05
0.07
0.08
0.09
0.10
0.10
0.09
0.04
0.02
0.00
0.00

B(b)F and B(k)F

0.09
0.11
0.13
0.15
0.17
0.19
0.16
0.13
0.08
0.06
0.04

(
Pery

0.03 0.19
0.03 0.47
0.03 0.78
0.03 0.92
0.03 1.38
0.04 1.42
0.04 1.63
0.03 1.69
0.03 2.00
N.Q. 1.90
N.Q. 1.93
N.Q. 1.39

B(ghi)P

0.10
0.12
0.15
0.16
0.18
0.21
0.19
0.17
0.10
0.06
0.04

D(ah)A

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

Ideno

0.07
0.08
0.10
0.11
0.11
0.14
0.13
0.11
0.06
0.04
0.03
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(Unless otherwise specified, all concentrations are in ppm or mq kg-1)

Appendix A continued: Concentration Data Tables

S 3

w o

= by

2 2

s 8 _

& & 3 g S £ &g =

[ o O =2 < c =2 > -

Sample =S £ = < < L o < L o m
Lake A Middle Core
LAMO0-1 928 95.2 0.04 N.Q. N.D. N.Q. 0.02 0.07 0.11 0.08 0.06
LAM 1-2 940 1006 0.02 N.Q. N.D. N.Q. 0.02 0.04 0.07 0.05 0.04
LAM 2-3 883 99.1 *0.02 N.Q. N.D. N.Q. 0.01 0.03 0.05 0.04 0.04
LAM 3-4 855 997 *0.02 N.Q. N.D. N.D. 0.02 0.04 0.06 0.04 0.04
LAM 4-5 885 925 *0.02 N.Q. N.D. N.D. 0.02 0.03 0.04 0.03 0.04
LAM5-6 86.3 99.8 0.02 N.Q. N.D. N.D. 0.02 0.05 0.05 0.03 0.05
LAM6-7 915 102.0 0.03 N.Q. N.D. N.D.*0.02 0.05 0.05 0.03 0.05
LAM 7-8 92.2 100.9 0.03 N.Q. N.D. N.D.*0.02 0.06 0.05 0.04 0.06
LAM 8-9 906 100.7 0.04 N.Q. N.D. N.D.*0.02 0.05 0.04 0.03 0.05
LAM 9-10 89.2 996 0.03 N.Q. N.D. N.D. 0.02 0.05 0.04 0.03 0.05
Lake A Proximal Core
LAP 0-1 81.4 81.7 0.06 0.01 N.D. 0.01 0.02 0.09 0.17 0.09 0.05
LAP1-2 859 795 0.06 0.01 N.D. 0.01 0.0t 0.09 0.17 0.09 0.05
LAP2-3 943 853 0.05 N.Q. N.D. 0.01 0.01 0.06 0.09 005 0.04
LAP 3-4 683 604 004 N.Q. N.D. 0.01 N.Q. 0.04 0.04 002 0.03
LAP 4-5 82.8 86.7 0.02 N.Q. N.D. 0.01 0.01 0.05 0.04 0.02 0.02
LAP9-10 78.0 73.6 0.04 N.Q. ND. 0.02 0.01 0.05 0.04 0.02 0.02
* Concentration below quantification limit, value is an estimate
N.Q. Concentration below quantification limit, no estimate was produced
N.D. Compound not detected

Chry

0.02
0.02
0.02
0.02
0.02
0.02
*0.02
*0.02
*0.02

0.03
0.02
0.02
*0.02
*0.02
*0.02

B(b)F and B(k)F

0.07
0.05
0.05
0.05
0.04
0.05
0.05
0.05
0.05
0.04

0.06
0.07
0.04
0.03
0.02
0.03

0.05
0.03
0.03
0.03
0.03
0.04
0.04
0.05
0.04
0.04

0.03
0.03
0.03
0.02
0.02
0.02

Pery

0.87
0.58
0.87
0.90
1.14
2.33
217
3.44
2.87
2.16

0.27
0.4
0.5
0.6
0.6
2.2

B(ghi)P

0.07
0.05
0.05
0.05
0.03
0.05
0.05
0.05
0.05
0.04

0.05
0.05
0.04
0.03
0.02
0.02

D(ah)A

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

[deno

0.05
0.04
0.04
0.03
0.04

. 0.03
. 0.04
. 0.03
. 0.03

0.05

0.05

0.04
0.02
0.01
0.02

Lead (Pb)

25

18
13
10
10

oo~

W N WO, O M

Mercury (Hg)

0.26
0.28
0.27
0.23
0.22
0.21
0.20
0.18
0.17
0.18

0.33
0.25
0.20
0.17
0.16
0.18
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Sample

{Unless otherwise specified, all concentrations are in ppm or ma ka-1)

% Recovery Front
% Recovery Back

Napth

Lake B Middle Core

LBM 0-1
LBM 1-2
LBM 2-3
LBM 3-4
LBM 4-5
LBM 5-6

*

N.Q.
N.D.

84.7 102.8 0.05
85.1 1026 0.04
824 989 0.03
81.9 1029 *0.02
84.3 103.2 *0.02
85.3 93.5 *0.02

zzzzzz
bbobbb

Acey

Appendix A continued: Concentration Data Tables

Ace
Flu

N.D

N.D.

N.D

N.D.

N.D

N.D.

. N.Q.
N.Q.
. N.Q.
N.Q.
. N.Q.
N.Q.

ZZzzz=z2zZ
opoopPOD

Phen

Anth

0.08
0.08
0.06
0.05
0.04
0.04

Flua

0.13
0.13
0.08
0.04
0.03

>
o

0.09
0.09
0.05
0.03
0.02

0.03 *0.02

Concentration below quantification limit, value is an estimate
Concentration below quantification limit, no estimate was produced
Compound not detected

B(b)F and B(k)F

=
O
—
[ua]

Chry

0.07 0.03 0.083
0.07 0.02 0.082
0.04 0.02 0.05
0.03 *0.02 N.Q.
0.03 *0.02 N.Q.
0.02 *0.02 N.Q.

B(a)P

0.05
0.05
0.03
*0.02
*0.02
*0.02

Pery

2.8
3.2
3.7
4.2

B(ghi)P
D(ah)A

0.07 N.D.
0.07 N.D.
0.04 N.D.
N.Q. N.D.
N.Q. N.D.
N.Q. N.D.

Ideno

0.07
0.07
0.04
N.Q.
N.Q.
N.Q.

Lead (Pb)
Mercury (Hg)

26 0.26
13 0.23
9 0.20
6 0.18
5 0.18
5 0.18
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APPENDIX B:

29 dating

This appendix is divided into two parts. Part 1 is a report completed by Fan
Yang at the National Water Research Institute (NWRI) and provides the
background about 2'°Pb dating and modeling as well as the resuits for the
Siskiwit Lake site. Part 2 is the calculations and charts regarding 2!°Pb analysis in

Lakes A and B for chapter 3 of this thesis.
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21%pp Dating of Lacustrine Sediments from Lake
Siskiwit, site 4, (Core 295), Isle Royal National Park
Michigan, USA
Fan Yang

Report 06-04
June 2006

National Water Research Institute

Canada Centre for Inland Waters
Burlington, Ontario L7R 4A6

Yang, Fan, 2006. 2'’Pb Dating of Lacustrine Sediments from Lake Siskiwit (Core 295),
Province. National Water Research Institute, Burlington, Ontario. NWRI Report 06-04.
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SUMMARY

A lacustrine sediment core was dated from Lake Siskiwit (site4). The *'°Pb
activity profile of the sediment core was used to determine the chronological age of the
sediment as well as the sedimentation rate. The mean specific gravity was determined to
be 2.302 gem™. Data were analysed using two types of models: the Constant Initial
Concentration (CIC) model and the Constant Rate of Supply (CRS) model.

The sedimentation rate was calculated to be 0.172 cmyr” for core 295 using the CICI
model. The average mass sedimentation rate was determined to be 0.015 gem™yr using
the CIC1 model, 0.010 gem™yr! using the CIC2 model, and 0.009 + 0.003 gcmZyr’
using the CRS model. Porosity and density analyses indicate slight changes in sediment
composition which may be accompanied by varying accumulation rate. CRS results also

indicate the variability in sedimentation rate in this core.
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INTRODUCTION

In this study, a core (295) taken from Lake Siskiwit in Michigan, was dated using a 1%y
method (Eakins and Morrison, 1978). The core was collected and submitted by Dr.

Derek Muir of Aquatic Ecosystem Protection Research Division in Burlington, Ontario.

LOCATION AND CORE PREPARATION

The sample site from which the core was taken (48°00°13°°N, 88°47°40”"W) is located in
Michigan. On September 7, 2005, Lake Siskiwit was cored using a 6.7 cm inner diameter
corer. The core was subsectioned into 1/2 to 1-cm intervals giving thirty-three samples.
The samples were weighed, freeze-dried, and then re-weighed. These weights were used

to calculate porosity and the uncompacted depth (see Appendix A, Delorme, 1991).
A plot of porosity versus cumulative dry weight for core 295 is shown in Figure la.

Specific Gravity was determined wusing an automated Accupyc pycnometer
(Micromeritics, 1992). Figure 1b is a plot of specific gravity (or density) versus
cumulative dry weight. Mean specific gravity for the sediments of core 295 is 2.302
+0.031 gem™ based on 5 samples and 25 determinations (see Appendix B this report).
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Figure 1. Relationship between cumulative dry weight and (a) porosity, (b) density.

METHOD

Laboratory Procedures

Homogeneous portions of 11 samples (Table 1) from core 295 were treated using a
variation on the Eakins and Morrison (1978) polonium distillation procedure. Details of

the laboratory procedure are found in a laboratory manual (Turner, 1990).

Following grinding and homogenizing, 0.5 g of sediment waas treated with concentrated
HCI to remove carbonate materials, then mixed with approximately 10 dpm of **Po spike
in a test tube. The “®Po spike was prepared on September 6, 1991 at 6.07 dpm ml

activity. The test tube and contents were then placed in an oven at 110°C until dry.

After cooling, glass wool plugs (one to hold the sediment at the bottom of the tube, one
dampened to catch polonium at the opening of the tube) were inserted, then the tubes
were placed into a tube furnace and heated to 700°C for 2 hr to distil the polonium from

the sediments. At this temperature, polonium passes easily from the sediment, through
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the dry wool plug and does not condense until reaching the wet wool plug outside the

furnace.

After cooling, the tube was cut, and the upper part containing the damp glass wool
(condenser) was digested in concentrated HNO; under reflux (to destroy organic
material). The residue was then filtered and the filtrate boiled down and digested with

two HCI treatments to remove any remaining traces of HNO;.

The polonium was then plated from the remaining solution onto a finely polished silver
disk. The disk was counted in an alpha spectrometer. **Po was identified by its 4.88
MeV alpha particle, and *'°Po by its 5.305 MeV alpha particle. The 2!°Po counts obtained

209

from the spectrometer were compared to the “ Po counts (of known activity) to

determine the activity of '°Po in the sediment sample.

Sediment Dating Theory

Dating of lacustrine sediments has been actively pursued for several decades (Robbins
and Edgington, 1975; Matsumoto, 1975; Appleby and Oldfield, 1978; and Farmer, 1978).
Sedimentation rates are derived using either the CIC (constant initial concentration of
unsupported *'°Pb; Robbins and Edgington, 1975; Matsumoto, 1975) or the CRS
(constant rate of supply; Appleby and Oldfield, 1978) model. The CIC model assumes a
constant sedimentation rate over the time period in which unsupported >!°Pb is measured.
The CRS model assumes a variable sedimentation rate. Both models assume a constant
flux of unsupported 2'°Pb to the sediment/water interface. Depth can be corrected for
sediment compaction in the CIC model using sediment porosity measurements (CIC1),
otherwise cumulative dry weight is used (CIC2). Sediment compaction is accounted for

in the CRS model by dealing with cumulative dry weight instead of sediment depth.

The profile of *'°Pb in a sediment core can be described as follows:
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Ax = (Auge™ + A’ (1a)

where Ary is the total activity of *'°Pb in the sample in pCi'g” dry wt at depth x, and of
age t. -

A' is the activity of *'°Pb supported by “*Ra in pCi'g'l dry wt (represented by
constant 2!%Po activities attained at depth),

Ao is the unsupported activity of 2'°Pb at the sediment/water interface in pCig’

dry wt,

A is the radioactive decay constant for 219 (0.693/22.26 yr' = 0.0311 yr'h),

Andsince Aux=Arc-A' then  Auc = (Auo)e ™ (1b)
where Ay is the unsupported activity of 2'°Pb in the sample in pCig™ dry wt at depth x.

The Constant Initial Concentration (CIC) Model:

In the following derivations, equations which refer to the usage of cumulative dry weight

instead of uncompacted depth in the CIC model are designated with an 'a’.

In the CIC model, uncompacted mid-depth, z, can be used instead of natural depth, x, to
compensate for sediment compaction (CIC1 model). Otherwise cumulative dry weight is
used (CIC2 model). The uncompacted mid-depth is calculated from uncompacted
thickness (Delorme 1991).

i = {(4)0 - ¢i)/(1 - ¢o)} +(TV; * Vq) (2)

where ty; is the uncompacted thickness of the i sample,
di is the porosity of the i™ sample expressed as a percentage,
¢, is the porosity at the sediment-water interface calculated by regressing the top
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eight sample porosities (¢;) against natural mid-depth, and ¢, = y intercept,
TV is the total volume of the i sample,
V, is the volume of a cylinder | ¢cm high and surface area equal to either the inside
of the core tube or the stainless steel extrusion ring, whichever is appropriate.
The CIC model assumes a constant sedimentation rate (or mass sedimentation rate) over
the time period in which unsupported *!pp is measured, thus

t=2/S, 3)

t=c/mw (3a)

where S, is the sedimentation rate in cm'yr" at the sediment/ water interface,
z is uncompacted mid-depth,
¢ is cumulative dry weight in g‘cm’z,
 is the mass sedimentation rate in gem>yr'.
The total 2'°Pb activity at the sediment water interface is:

At = (P/w) (4)

where P is the flux of *!°Pb at the sediment water interface in pCicm™?yr', (assumed
constant).

Substituting equations (3) [and (3a)] and (4) into equation (1a) gives:

A = (Plo)eZMSo 4 A1 (5)
or

Ar = (P/(o)e'c}“/m + A (5a)

Equation (5) or [5(a)] can be simplified using natural logarithms:
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In(At, - A") = In(P/w) - (A/Sy)z (6)
In(Arx - A") = In(P/w) - (Mo)c (6a)

The form of the equationis y=b +(m)x

A graphical solution for P/@ (the y-intercept) and A/S, [or (A/®)] (the slope of the line)
is possible from a plot of x and y {z vs In(A, - A")} [or ¢ vs In(A- A")] (see Figure 3). As
A is known, then S, [or ®w] can be calculated.

So = A/slope = A/(m) )

® = A/slope = A/(m) (7a)

When using uncompacted depth, the mass sedimentation rate

(gem™yr’) is represented by:

® = S5 (1 - o) ps = Si (1 - ) ps (8)

where ps is the density of the solid phase of the sample (assumed constant),

S; is the sedimentation rate (cm'yr’') at a given uncompacted mid-depth z.

The flux at the sediment/water interface P (pCicm™>yr') can be calculated from the y-
intercept and mass sedimentation rate.

P=0w(") ©)
Using equation (6) [or (6a)] the time 't' in years since the sample was deposited is given

by:

t=In(Ar,-A)-In(P/w)=2z  CICl (10)
(‘}\‘) So
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or t=In (A -A)-In(P/w)=¢c CIC2 (10ai)
(-1) ®

which can be written as;

t=-1In(Ar,-A") =z or=
A Ato So

(10ait)

€ 1o

The uncompacted mid-depth (cm) divided by the sedimentation rate (cmyr') [or

cumulative dry weight, (gcm™) divided by mass sedimentation rate (gcm™>yr')] gives t.

The Constant Rate of Supply (CRS) Model:
Since the CRS model assumes a constant rate of supply, then
P=Ay * o (11)
where P is the flux of 2'°Pb at the sediment water interface in pCi‘cm'z'yr’l, (assumed
constant)
Ay is the initial activity of unsupported *'°Pb in sediment of age t
a is the dry Mass Sedimentation Rate (gcm>yr') at time t.
Sediment laid down during time period 8t occupies a layer of thickness (8x):

Ox=_w; Ot (12)
Px

were py is the dry mass/unit wet volume of the sample ( g‘cm'3) at depth x.

px = dw (13)
dx

The rate of change of depth is

= (14)
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Px

where ' denotes differentiation with regards to t.

and Xx'px = ® = X' po (15)

Equation (15) combines with (1b) to give

x' Px Ay = X Po (AUo)e-}\t (16)
') (‘ ® {‘
Let Bx)=Jx p:*Auxdx=Jx Auxdo (17

represent the total residual or cumulative unsupported *'°Pb beneath sediments of depth x,

oor' oor
and  B(0)=Jy po* Avodx=Jy Auodo (18)

represent the total residual unsupported *'°Pb in the sediment column, then

B(x) = B0)e ™™ (19)

The age of layer at depth x is thus:

t=-_1 InBx) (20)
A B(0)

where B(x) and B(0) are calculated by direct numerical integration of the *'°Pb profile

(the plot of unsupported activity versus cumulative dry weight).

The mass sedimentation rate is calculated by dividing the change in the mid-sample

cumulative dry weight by the difference of time in years for the sample analysed.

The mean *'°Pb supply rate (flux) is calculated from
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21

Table 1 lists the *'°Po activities for the 11 samples prepared for core 295. Figure 2

depicts the *'°Po activity profile with depth and cumulative dry weight.
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Figure 2. Distribution of Total *!°Po activity in dpm'g” in relation to uncompacted mid-
depth and cumulative dry weight for core 295.

Table 1. Activity of *'°Po in Core 295 Sediment.

Sample | Cum. Dry
Wt., gem™

Uncompacted
Mid Depth, ¢cm

ZII)PO’
dpm.g-l

Sample

Cum. Dry
Wt., g‘cm'z

Uncompacted
Mid Depth, cm

5

210pg,
dpmg’
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1 0.06 0.42 79.09 i2 0.77 12.60 16.97
2 0.11 1.20 80.41 14 0.92 15.03 13.82
4 0.23 2.96 67.92 16 1.05 17.30 8.96
6 0.35 5.18 50.79 18 1.19 19.76 5.54
8 0.50 7.69 38.98 22 1.62 25.45 5.23
10 0.64 10.21 21.77
5
4
< XN
2‘ .\\.0
3’2 \ |
1 ' ¢ 3
10 5 . |
0 ‘

Uncompacted Mid Depth, cm

Figure 3. The distribution of uncompacted mid-depth against In(A, - A") for core 295.
The y intercept of the regression line = 3.901, the slope = -0.181, r’= 0.978.

219pp Analysis of core295 using the CIC model.

For the first CIC model (CIC1), the unsupported activity is plotted against uncompacted

mid-depth (Figure 3) using the expanded equation (6). Based on the graphical solution,

the y-intercept is In(P/m) = 3.901 and the slope of the line (A/S,) is -0.181 (see Appendix

C). Samples 2 to 9 were used to calculate an average sedimentation rate of 0.172 cmyr”,

an average mass sedimentation rate of 0.015 gcm™yr! and a flux of 0.759 pCicmyr".
y

The mean dates calculated for each core section, based on a division of the uncompacted

mid-depth by the sedimentation rate (equation 3), are given in Appendix F. The 't' values

are two standard deviations based on data calculated for the top, bottom, and mid-depth

of the sample.

104




Andrew A. Benson McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

For the second CIC model (CIC2), the unsupported activity is plotted against cumulative
dry weight (Figure 4) using the expanded equation (6a). Based on the graphical solution,
the y-intercept is In(P/®) = 3.970 and the slope of the line (A/w) is -3.153 (see Appendix
D). Samples 2 to 9 were used to calculate an average mass sedimentation rate of 0.010
gemZyr' and a flux of 0.523 pCicm™yr'. The dates calculated for each core section,
based on a division of the cumulative dry weight by the mass sedimentation rate
(equation 3a) are given in Appendix F. The 't' values are two standard deviations based

on data calculated for the top, bottom, and mid-section of the sample.

4
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g e
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5 4 L
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0 0.5 1 1.5

Cumulative Dry Weight, g/cm2

Figure 4. The distribution of cumulative dry weight against In(Ax - A") for core 295. The
y intercept of the regression line = 3.970, the slope = -3.152, r*=0.978.

Ideally, the CIC1 and CIC2 models should give almost identical results. A difference in
the mass sedimentation rates or calculated fluxes determined from the CIC1 and CIC2
models may indicate a problem in the calculation of uncompacted mid-depth. It may
indicate a change in lithology that was not completely accounted for by porosity or

specific gravity measurements.

“1°pp Analysis of core295 using the CRS model.

For the CRS model, the unsupported activity is plotted against cumulative dry weight
(Figure 2). The profile is integrated to determine B(0) and B(x) and calculate time (see
Appendix E) according to equation 20. Since not all samples were analysed for 2'°Pb

activity, a multiple regression analysis was performed to obtain the dates for each core
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section as given in Appendix F. Samples | to [0 were used in this example to calculate a
mass sedimentation rate of 0.009 + 0.003 gem™yr" and flux of 0.484 pCiem™yr'. The
variation in mass sedimentation rate in core 295 is illustrated in figure 5.

0.02 {

0 0.5 i
Cumulative Dry Weight, g/cm2

Figure 5. Plot of mass sedimentation rate (MSR) versus cumulative dry weight for core
295. Points represent mass sedimentation rates determined from integrated area defined
by activity and cumulative dry weight for the sample, the line represents the running
mean of the mass sedimentation rate.

Comparison of CIC and CRS *'°Pb Analysis of Core295.

Table 2 lists mass sedimentation rates and flux rates as calculated from the CIC and CRS
models. The rates are very low. The mass sedimentation rates are in fair agreement.
Although the flux rates of the CRS and CIC2 models agree most closely, all three rates
are within the same order of magnitude.

The year corresponding to individual core sections (Appendix F) as determined by the
CIC and CRS models are plotted against cumulative dry weight in Figure 6. Figure 6
shows good agreement between the chronology of the two CIC models. CRS model
chronology is within error of the CIC model chronologies except for the cumulative dry
weight higher than 0.77 g/cm’.

Table 2. Summary of Mass Sedimentation Rate and Atmospheric Flux.

Model Average Mass Calculated
Sedimentation Rate, Flux Rate
gem™yr! pCiem™yr”
CICI 0.015 0.759
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CIC2 0.010 0.523
CRS 0.009 + 0.003* 0.484

" Based on incremental mass sedimentation rates (Appendix E)

—eo—CIC11-Y

1990 —o—CIC21-Y |
o 1970 ‘
! A CRS1x |
. 1950 | !
e ---X--- CRSMR |
| §1930
>
1910
1890 +
1870 { X
1850 t . ¢ - :X ;
0 0.2 0.4 0.6 0.8 1 12
Cumulative Dry Weight, g/cm2 ‘

Figure 6. Plot of the Year determined from CIC (squares and circles)/CRS (triangles)
models versus cumulative dry weight for core 295.

Due to the variability in sedimentation illustrated in Figure 5, the CRS chronology is

considered to be the most accurate chronology for this core and is given more credence.

Comparison with other cores

Baker and Hites (2000) reported a mass sedimentation rate of 0.018 g cm™ yr!' for the
first 6.0 cm and 0.007 g cm™yr" below 6.0 cm for a core from Site 5. This is slightly
higher than the sedimentation rate found for Core 4 or Core 5 (see Yang 2006). The
inventory of unsupported >'°Pb in the sediment core dated by Baker and Hltes (2000) was
23.0 pCi/cm’. Since the expected inventory in this region is 15.5 pCi/cm2, they calculated
a focusing factor of 1.48. This is in good agreement with the focussing factor calculated
based on the surface slices from Core 4 and 5 (Appendix G) but lower than the focussing

factor calculated based on the average sedimentation rate.
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A Calculation of porosity and uncompacted depths given sample wet and dry
weights, and specific gravity for core295.

109



Andrew A. Benson McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

B Specific gravity determination.

C Lead sedimentation rate analysis, CIC1 Model.

D Lead sedimentation rate analysis, CIC2 Model.

E Lead sedimentation rate analysis, CRS Model.
F Mean date calculated for each core slice.

G. Focussing factor
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Appendix A: Calculation of porosity and uncompacted depths given sample wet and dry
weights, (Delorme, 1991) and specific gravity for core295.

Sample{ Wet Dry | Cumm. | Water | Sed. | Total [Comp.|Comp.{Comp.|Sample{ Uncomp | Uncomp |Uncomp.| Time
Number| Wt. Wt. | Dry Wt | Cont. | Vol. | Vol. | Thick | Depth | Mid-pt| Poros. | Thick. Depth Mid-pt | B.P.
g g glcm2 | cm3 [ em3 | ecm3 | cm { c¢cm | cm % cm cm cm | Years
1 25.16 | 2.07 0.06 23.09 | 0.9 |23.98| 0.68 | 0.68 | 0.34 | 96.25 0.83 0.83 0.42 2
2 2133 | 1.717 0.11 19.57 | 0.77 }120.33| 0.58 | 1.26 | 0.97 | 96.23 0.73 1.56 1.2 6
3 20.78 | 1.98 0.16 18.8 | 0.86 {19.66| 0.56 | 1.81 | 1.54 | 95.63 0.9 2.46 2.01 11
4 20.74 | 2.12 0.23 18.62 | 0.92 }19.54] 055 | 2.37 | 2.09 | 95.29 1 3.46 2.96 17
5 2256 | 2.5 0.3 20.05 | 1.09 |21.14} 0.6 | 2.97 | 2.67 | 94.86 117 4.63 4.05 23
6 18.23 | 2.07 0.35 16.15 | 0.9 [17.05] 0.48 | 3.45 | 3.21 | 94.72 1.1 5.73 5.18 30
7 22,02 | 2.67 0.43 19.35 | 1.16 | 20.51| 0.58 | 4.03 | 3.74 | 94.36 1.31 7.04 6.39 37
8 19.16 | 2.39 0.5 16.77 | 1.04 |17.81] 0.51 | 4.54 | 4.29 | 94.16 1.29 8.33 7.69 44
9 20.07 | 2.38 0.57 1768 | 1.03 |18.72| 0.53 | 5.07 | 4.8 | 94.48 1.22 9.55 8.94 51
10 2251 | 2.71 0.64 19.8 | 1.17 [20.98| 06 | 567 | 537 | 944 1.31 10.86 10.21 59
1 1936 | 2.2 0.7 17.16 | 0.96 | 18.11] 0.51 | 6.18 | 5.92 | 94.72 1.13 11.99 11.43 66
12 2098 | 2.44 0.77 18.54 | 1.06 | 196 | 0.56 | 6.73 | 6.46 | 94.59 1.21 13.2 12.6 73
13 2259 | 26 0.85 19.99 | 1.13 [21.12| 0.6 | 7.33 | 7.03 | 94.65 1.24 14.44 13.82 80
14 2148 | 2.42 0.92 19.06 | 1.05 |20.11] 057 | 7.9 | 762 | 94.77 1.17 15.61 15.03 87
15 20.81 | 2.41 0.99 18.39 | 1.05 | 19.44] 0.55 | 8.46 | 8.18 | 94.61 1.2 16.81 16.21 94
16 20.63 | 2.33 1.05 18.3 | 1.01 | 19.31] 0.55 9 8.73 | 94.76 1.15 17.96 17.39 | 101
17 2112 | 2.44 1.12 18.68 | 1.06 | 19.74| 0.56 | 9.56 | 9.28 | 24.63 1.2 19.16 18.56 | 107
18 21,15 | 2.44 1.19 18.72 | 1.06 119.77] 0.56 | 10.12] 9.84 | 94.65 1.2 20.36 19.76 | 114
19 20.71 | 2.26 1.25 18.45 | 0.98 | 19.43| 0.55 | 10.68 | 10.4 | 94.96 1.09 21.45 20.91 121
20 20.35 | 2.23 1.32 18.12 | 0.97 | 19.09| 0.54 | 11.2210.95| 94.93 1.09 22.54 22 127
21 42.18 | 5.29 1.47 36.88 | 2.3 |39.18] 1.11 |12.33]11.77 | 94.13 1.91 24.45 235 136
22 422 | 5.52 1.62 3668 | 24 |39.07] 1.11 [13.44 |12.88| 93.86 1.99 26.44 2545 | 147
23 43.39 | 5.77 1.79 3761 | 2.51 [40.12| 1.14 | 14.57 | 14.01 | 93.75 2.05 28.49 27.47
24 41.29 | 5.63 1.95 35.67 | 2.44 |38.11{ 1.08 | 15.66 | 15.11 | 93.59 2,04 30.53 29.51
25 44.24 | 6.06 212 38.18 | 2.63 |40.81| 1.16 | 16.81}16.23 | 93.55 2.13 32.66 316
26 36.67 | 5.3 227 3137 | 2.3 }33.67] 0.95 |17.77}17.29 | 93.16 2.05 34.71 33.69
27 4548 | 6.7 2.46 38.78 | 2.91 |41.69]| 1.18 | 18.95]18.36 | 93.02 2.32 37.03 35.87
28 41.46 | 6.06 2.63 354 | 2.63 |38.03| 1.08 | 20.03|19.49| 93.08 22 39.23 38.13
29 39.85 | 5.96 2.8 33.89 | 2.59 |36.48] 1.03 |21.06 | 20.55| 92.9 221 41.44 40.34
30 379 | 5.76 2.96 3214 | 2.5 |34.64( 0.98 |22.05]|21.55| 92.77 22 43.64 42.54
31 379 | 6.13 3.14 31,78 | 2.66 | 34.44| 0.98 |23.02}22.53| 92.27 2.34 45,98 44 .81
32 37.71 | 6.37 3.32 31.34 | 276 ]34.11 0.97 [23.99)23.51] 91.89 245 48.43 47.21
33 40.26 | 6.9 3.51 33.36 3 |36.36| 1.03 [25.02(24.51 | 91.76 2.55 50.98 49.71
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Appendix B. Specific gravity determination.

The specific gravities (gcm™) of Core 295 sediments were determined
using an automated Accupyc pycnometer (Micromeritics, 1992).

Sample No. Of JUncompacted] Specific | Standard { Mean | Standard
Slice Tests Mid Depth | Gravity { Deviation Deviation
1 5 0.42 2.3480 0.0095
6 5 5.18 2.2743 0.0086
12 5 12.60 2.2882 0.0090
18 5 19.76 2.3210 0.0121
24 5 29.51 2.2806 0.0099 123024 0.0312
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In(A-A")=1In(49.427)-0.181 (Z) R=-0.989

where (A - A') = unsupported 1% in pC ig!,

and Z = uncompacted depth in cm.

based on data from lines 2 to 9

Specific Gravity = 2.302 gem™

McMaster University

School of Geography and Earth Sciences
Appendix C. Lead Sedimentation Rate Analysis, CIC1 Model.

P/o=49.427 ®©=0.015

The initial porosity at the sediment/water interface is 96.13

Atmospheric flux rate at the time of collection 2005.68 is 1.685 dpmem™>yr™

or 0.759 pCi'cm'z'yr‘l
Supported *Ra activity = 2.356 pCi‘g'l or 5.230 dpm'g™
Sedimentation Rate = 0.172 cmyr”’
Mass Sedimentation Rate = 0.015 gem>yr™

Summary of 210Pb Analyses
Uncomp | Porosity |Total 210Pb|Total 210Pb |Unsupp 210Pb|Unsupp 210Pb| Sed.Rate | Years
Depth cm dpm.g-1 pCi.g-1 dpm.g-1 pCi.g-1 cm.yr-1 (*)
1.2 0.9623 80.41 36.221 75.18 33.865 0.2227 | 2000
2.96 0.9529 67.92 30.595 62.69 28.239 0.2575 | 1994
5.18 0.9472 50.79 22.878 45.56 20.523 0.2895 | 1988
7.69 0.9416 38.98 17.559 33.75 15.203 0.2889 | 1979
10.21 0.944 21.77 9.806 16.54 7.451 0.2601 | 1966
12.6 0.9459 16.97 7.644 11.74 5.288 0.2664 | 1958
15.03 0.9477 13.82 6.225 8.59 3.869 0.2618 | 1948
~17.39 0.9476 8.96 4.036 3.73 1.68 0.2662 | 1940

(’) Year calculated using the sedimentation rate of the sample
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Appendix D. Lead Sedimentation Rate Analysis, CIC2 Model.
In(A-A")=1In(52.963) -3.153 (X) R=-0.989

where (A - A") = unsupported *'°Pb in pCig”,

and X = cumulative dry weight in gcm™

based on data from lines 2 to 9
Specific Gravity = 2.302 gecm™  P/w =52.963 ©=0.010
“The initial porosity at the sediment/water interface is 96.13
Atmospheric flux rate at the time of collection 2005.68 is 1.161 dpmemyr
or 0.523 pCi‘cm'z'yr'l
Supported **°Ra activity = 2.356 pCig" or 5.230 dpm'g”
Mass Sedimentation Rate = 0.010 g'cm’z'yr'I

Summary of 210Pb Analyses
Mid-Sample |Porosity | Total 210Pb | Total 210Pb|{Unsupp 210Pb| Unsupp 210Pb | Years
Cum Dry Wt dpm.g-1 pCi.g-1 dpm.g-1 pCi.g-1 ™
g.cm-2
0.09 0.9623 80.41 36.221 75.18 33.865 1997
0.19 0.9529 67.92 30.595 62.69 28.239 1986
0.32 0.9472 50.79 22.878 45.56 20.523 1973
0.47 0.9416 38.98 17.559 33.75 15.203 1959
0.61 0.944 21.77 9.806 16.54 7.451 1944
0.74 0.9459 16.97 7.644 11.74 5.288 1931
0.88 0.9477 13.82 6.225 8.59 3.869 1916
1.02 0.9476 8.96 4.036 3.73 1.68 1902

(") Year calculated using the mass sedimentation rate of the sample.
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Appendix E. Lead Sedimentation Rate Analysis, CRS Model.

Uncomp | Cum Dry |Mid Scn|  Unsup Area Cum Arca |[Time B.P.| Cum Avg Date Mass Sed
Mid-Pt cm | Wt g.cm-2 [Cum Dry| Activity |pCi.cm-2| pCi.cm-2 Years |Mass Sed Rate Rate
Wt pCi.g-1 g.cm-2.yr-1 g.cm-2.yr-1
g.cm-2 .
0.42 0.06 0.03 33.27 0.998 0.998 2.13 0.014 2003 0.014
1.2 0.11 0.09 33.27 1.846 2.8344 6.486 0.013 1999 0.013
2.96 0.23 0.19 33.865 3.416 6.26 16.539 0.012 1989 0.011
5.18 0.35 0.32 28.239 3.169 9.43 29.933 0.011 1975 0.01
7.69 0.5 0.47 20.523 2.501 11.93 46.784 0.01 1958 0.008
10.21 0.64 0.61 15.203 1.586 13.516 65.26 0.009 1940 0.008
12.6 0.77 0.74 7.451 0.828 14.344 81.99 0.009 1923 0.008
15.03 0.92 0.88 5.288 0.687 15.031 108.868 0.008 1896 0.006
17.39 1.05 1.02 3.869 0.375 15.406 149.066 0.007 1856 0.003

3ased on data from lines 1 to 10
[otal Area equals 15.56
Atmospheric flux rate at the time of collection 2005.68 is 0.484 pCicm™yr’
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Sample | Uncompacted |Cumulative| Cumulative | CIC1 | Std | CIC2 Std  [CRS Year|CRS MLR*
Mid Depth |Dry Weight| Dry Weight| Year | Dev | Year | Dev Year
cm g.cm-2  [Mid Sample +- -

1 0.42 0.06 0.03 2003 5 2003 6 2003 2005
2 1.2 0.1 0.09 1999 4 1997 5 1999 1998
3 2.01 0.16 0.13 1994 5 1992 5 1994
4 2.96 0.23 0.19 1989 6 1986 7 1989 1987
5 4,05 0.3 0.27 1982 7 1979 7 1980
6 5.18 0.35 0.32 1976 6 1973 5 1975 1975
7 6.39 0.43 0.39 1969 8 1966 8 1968
8 7.69 0.5 047 1961 8 1959 7 1958 1959
9 8.94 0.57 0.53 1954 7 1951 7 1952
10 10.21 0.64 0.61 1946 8 1944 7 1940 1942
11 11.43 0.7 0.67 1939 7 1938 6 1933
12 12.6 0.77 0.74 1933 7 1931 7 1923 1922
13 13.82 0.85 0.81 1925 7 1924 8 1909
14 15.03 0.92 0.88 1918 7 1916 7 1896 1894
15 16.21 0.99 0.96 1912 7 1909 7 1874
16 17.39 1.05 1.02 1905 7 1902 6 1856 1857
17 18.56 1.12 1.09 1898 7 1896 7

*Calculation based on a Multiple Linear Regression with an

R? of 0.999 and a Standard Error of 2.000.

Appendix G. Focussing factor

Core 5 Core 4

Latitude 48°00°18”N 48°00°13”N

Longitude 88°46°22°W 88°47°40”°W

Year 2005 2005

Core diameter 10 6.7

Avg Pb-210 flux Bgm~* yr’ 172 179

Avg Pb-210 flux pCi cm’ yr' 0.464 0.484

Background Pb-210 | Bqm™ yr' 175 175

flux

Focusing Factor' using avg Pb-210 0.98 1.02

flux’
surface Pb-210 flux Cicm® yr' 0.69 0.68
Focusing Factor® using surface Pb- 1.46 1.43
210 flux

'Using average flux for the entire core
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? FF calculated using surface flux of excess Pb-210
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APPENDIX B, PART 2

210pp Dating of Lakes A and B

A.A. Benson and G.F. Slater
Total >'°Pb activity was analyzed at University of Quebec at Montreal via alpha
spectroscopy of 2'°Po. Unsupported 210pp activity was determined by subtracting the
supported 2'°Pb activity which is produced through geological sources as opposed to
atmospheric flux (figure 1). Wet and dry weights, final dates and core uncompaction
modeling was done in the same manner as the previous report by Fan Yang in part | of
this appendix (Tables 1-4).

Constant Initial Concentration model (CIC1)

In the CIC1 model the natural logarithm of the unsupported 2!°Pb activity is
plotted versus uncompacted mid-point depth as determined in core uncompaction (figure
2). In the CIC2 model the natural logarithm of the unsupported *'°Pb activity is plotted
versus cumulative dry weight as determined by wet and dry weights of the sediment
(figure 2). A linear trend line is fit through the two sets of data and the slopes of these

lines are used to solve for the following parameters.

For CIC1 (Ln unsupported vs. uncompacted mid point):
Slope = A/ S,
Where:

A = decay constant for >'°Pb = 0.0311 yr-1
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So = Average sedimentation rate (cm yr-1)

For CIC2 (Ln unsupported vs. cumulative dry weight)
Slope= M ®

Where:

® = Mass sedimentation rate (g cm-2 yr-1)

These parameters can be used to calculate the amount of time (t) the sediments have been

buried:

For CIC1:
t=12/S,
Where:

z = the uncompacted mid-point depth

For CIC2:
t=c/o®
Where:

¢ = the cumulative dry weight

Results
The results of the two models agree well with each other and are in fact within the

average error of 8 years. Based on the suggestion from Dr. Bassam Ghaleb at University

119



Andrew A. Benson McMaster University
M.Sc. Thesis School of Geography and Earth Sciences

of Quebec at Montreal, the CIC2 model was used for the final dates because the use of the
cumulative dry weight for calculation generally has less inaccuracies as it is directly

measured from wet and dry sediment weights whereas uncompacted mid-point depth is

modelled using other assumed parameters.

120



McMaster University

School of Geography and Earth Sciences

Andrew A. Benson
M.Sc. Thesis

Table 1- Core uncompaction process for Lake A

Sample Wet Dry Cumm. Cumm. Water Sed. Total Comp Comp. Comp. Sample Uncomp. Uncomp Uncomp
Wt. Wt Wt Dry wWt. Cont. Vol. Vol. Thick. Depth Mid-pt Porosity Thick Depth mid-pt

# g g g g/cm2 gorcm3 cm3 ¢cm3 cm cm cm % cm cm cm

0-1 33.8 4.2 445 1.3 296 1.8 31.4 0.9 0.9 0.4 94.2 0.9 0.9 0.4
1-2 32.9 3.4 47.9 2.6 29.6 1.5 31.0 0.9 1.8 1.3 95.3 0.9 1.8 1.3
2-3 32.0 3.0 50.9 4.1 29.0 1.3 30.3 0.9 2.6 2.2 95.7 0.9 2.7 2.2
3-4 31.7 2.9 53.8 5.6 28.8 1.3 30.0 0.9 3.5 3.1 95.8 0.9 3.5 3.1
4-5 374 3.8 57.6 7.2 33.6 1.7 35.3 1.0 4.5 4.0 95.3 1.0 4.5 4.0
5-6 36.3 4.0 61.6 9.0 323 1.8 34.0 1.0 5.4 5.0 94.8 1.0 5.5 5.0
6-7 35.7 4.3 65.9 10.8 314 19 33.2 0.9 6.4 5.9 94.4 0.9 6.5 6.0
7-8 39.5 4.8 70.6 12.8 34.7 2.1 36.8 1.0 7.4 6.9 94.4 1.0 7.5 7.0
8-9 33.6 3.7 744 14.9 299 1.6 31.5 0.9 8.3 7.9 94.9 0.9 8.4 7.9
9-10 37.5 39 78.3 17.2 33.6 1.7 35.3 1.0 9.3 8.8 95.2 1.0 9.4 8.9

Table 2- Summary of core dates

Depth  Total-Supp Ln(Total-Supp) Cumm. Dry Wt Uncomp Mid Time (B.P) Calendar Year Time (B.P) Calendar Year

Ax-A' (Ln(Ax-A") g cm-2 cm using CIC2 Using CIC2 Using CIC1 Using CIC1
0.5 13.04 2.57 1.26 0.89 7.67 2000 9.73 1998
1.5 10.15 2.32 2.62 1.78 15.92 1992 19.48 1989
2.5 9.66 2.27 4.06 2.66 24.69 1983 29.04 1979
3.5 8.20 2.10 5.59 3.53 33.96 1974 38.53 1969
4.5 6.19 1.82 7.22 4.54 43.89 1964 49.59 1958
5.5 4.33 1.47 8.97 5.51 54.51 1953 60.21 1948
6.5 2.94 1.08 10.84 6.45 65.87 1942 70.53 1937
7.5 1.48 0.39 12.84 7.50 78.05 1930 81.96 1926
8.5 1.00 0.00 14.95 8.40 90.87 1917 91.81 1916
9.5 0.76 -0.28 17.17 9.41 104.37 1904 102.86 1905
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Table 3- Core uncompaction process for Lake B

Sample Wet Wt. Dry Wt. Cumm. Cumm. Water

H#

|

Ln-bkf)Nl—lO
aOUnTdh WN =

9
30.47

41.60
37.61
34.93
36.71
41.55

g
2.76

3.60
3.64
3.40
3.43
3.82

wt
g

44.49
48.09
51.73
55.13
58.56
62.38

Table 4- Core dating summary

Depth Total-Supp

0.5
1.5
2.5
3.5
4.5
5.5

Ax-A'
1

(Ln(Ax-A') g cm-2

9.04
6.99
3.13
1.32
1.14
1.01

2.95
1.94
1.14
0.27
0.13
0.01

Dry Wt. Cont.

g/cm2 gorcm3 cm3
1.26 27.71
2.63 38.00
4.09 33.97
5.66 31.53
7.32 33.28
9.09 37.73

cm
1.26
2.63
4.09
5.66
7.32
9.09

1.20
1.57
1.58
1.48
1.49
1.66

0.41
1.38
2.44
3.41
4.37
5.41

cm3 cm
28.91 0.82
39.57 1.12
35.55 1.01
33.01 0.94
34.77 0.99
39.39 1.12

Sed. Vol. Total Vol. Comp Comp. Comp.
Thick. Depth Mid-pt
cm

cm %
0.82 0.41
1.94 1.38
2.95 2.45
3.89 3.42
4.87 4.38
5.99 5.43

using CIC2 Using CIC2

15.31
31.86
49.67
68.64
88.80
110.27

1993
1976
1958
1939
1919
1898

Ln(Total-StCumm. Dry Wt Uncomp Mid Time (B.P) Calendar Year Time (B.P)

Using CIC1
7.89
26.62
47.13
65.80
84.27
104.51

Sample
Porosity Thick

95.85
96.04
95.55
95.52
95.71
95.78

Uncomp.

0.82
1.12
1.00
0.93
0.98
1.11

Calendar Year
Using CIC1

2000
1981
1961
1942
1924
1903

Depth

0.82
1.94
2.94
3.87
4.86
5.97

Uncomp Uncomp
mid-pt

0.41
1.38
2.44
3.41
4.37
5.41





