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ABSTRACT

In this study, sediments from the Peoria Pool of the Illinois River were analyzed for the presence
and concentrations of polycyclic aromatic hydrocarbons (PAHSs) and metals.

The PAH source apportionment analysis utilized 225 PAH profiles from 10 PAH sources
collected through a literature search. The analysis suggested that anthropogenic sources
contributed the PAHs while the majority of metals originated from the Earth’s crust. Higher
PAH concentrations were generally found in sediment cores taken close to the main river
channel or the mouths of backwater lakes where they join the river, suggesting an association
with main river flows. Concentrations of PAHSs in the backwater areas varied considerably.

The source apportionment analysis suggested that coal dust; coal and wood combustion soot;
asphalt and coal-tar sealcoat; and traffic emissions are the main sources of PAHSs in Illinois River
sediments. The analysis also indicated coal dust or an aggregated PAH input from several
sources contributed approximately 47 + 7% of total PAHSs in the Peoria Pool sediments; coal
combustion (soot) contributed 28 + 4%; traffic emissions (soot) contributed 15 *+ 3%; and wood
combustion contributed 5%. The combined gas phase of coal and wood combustion and traffic
exhaust accounted for another 5% of the total PAHSs.

The analysis indicated that the majority of metals (60%) in the Illinois River sediments were

derived from crustal material weathering. Beyond that, industrial emissions contributed slightly
more than 20% of the total metals, and traffic emissions accounted for the remaining 20%.
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1. INTRODUCTION

1.1 BACKGROUND

The Illinois River is a tributary of the Mississippi River. It is formed by the confluence of the
Des Plaines River and the Kankakee River southwest of Chicago and joins the Mississippi River
at Grafton, IL, spanning a distance of 227 miles. The Illinois River watershed (Figure 1.1)
comprises 32,081 square miles, which includes about 44% of the state’s area (Marlin, 2002). It
provides water, transportation corridors, recreation, tourism sites, and ecological habitat for
much of Illinois.

The commercially navigable Illinois Waterway, with a total distance of 333 miles, was originally
established through the construction of the Illinois and Michigan Canal, which connected the
Illinois River to the Chicago River. The hydrology of the system changed dramatically in 1900
when the flow of the Chicago River was reversed to carry waste from the Chicago metropolitan
area down the river system. During the 1930s, federal locks and dams were built to establish a
minimum nine-foot channel for commercial navigation. The stretches of river between
navigation dams are called pools. These projects increased the volume of water entering the
system, increased its depth, and caused the river to expand over much of the original floodplain.
As a result, the water surface area of the Illinois River system approximately doubled. The
increased depth reduced the number of bottomland lakes in the Illinois River valley from 378 to
135. These changes altered the habitat in the river valley and introduced pollutants from
upstream metropolitan sources. The histories of the alterations to the watershed are discussed at
length in Bellrose et al. (1983), Demissie (1997), and Marlin (2002). This study is primarily
concerned with the Peoria Pool, which extends from the Peoria Lock and Dam at river mile
157.6 near North Pekin, IL, to the Starved Rock Lock and Dam at river mile 230 near Utica, IL.

Sedimentation is generally acknowledged as the greatest threat to the integrity of the Illinois
River and its bottomland lakes, which historically were renowned for their fish and wildlife
resources. Bellrose et al. (1983) estimated that by 1979 the average depth of bottomland lakes in
the Illinois River Valley was only 2 feet (0.62m). By 1985, the depth of the largest lake, Upper
Peoria Lake, was also about 2 feet outside the navigation channel (Demissie and Bhowmik,
1986). Overall, the bottomland lakes lost about 72% of their storage capacity by 1990 (Demissie,
1992). The most recent estimate by the Illinois State Water Survey (ISWS) (Demissie and
Keefer, 2013) is that 12.8 million tons of sediment were delivered to the river valley annually
from tributary streams between 1981 and 2010. Of this, 7.6 million tons were deposited in the
backwater lakes, side channels, bottomland lakes, and floodplains.

State and federal agencies have long considered restoring the ecological and economic qualities
of the river. Suggestions have included erosion control to reduce future sedimentation into the
river, sediment removal from the river, restoration of floodplain functions, and numerous other
activities and projects to enhance habitat and other attributes (Bhowmik et al., 2001; USACE,
2007). The Peoria Pool is a likely location for restoration efforts due to its largely intact
floodplain and habitat diversity.



The dredging of sediments to restore water depth is a frequently suggested restoration approach.
However, this activity would generate large quantities of dredged material. Traditionally, such
material was treated as having no value and was disposed of by dumping it in any convenient
area or facility that would accept it, including wetlands and backwaters. Since the 1980s,
agencies have increasingly sought to find beneficial uses for dredged material. The Illinois
Department of Natural Resources (IDNR) has actively sought uses for the mostly fine-grained
sediments in the Illinois River and many of the State’s other water bodies. This effort is
coordinated by the Illinois Sustainable Technology Center (ISTC), which was once an IDNR
division. Potential uses for the sediments include island restoration; construction of elevated
habitats; use as fill for construction sites; and as reclaimed topsoil at old industrial sites, landfills,
and strip mines (Marlin, 2002). Illinois has completed several such projects under the program
named “Mud to Parks.” The name came from the first large project which transported Lower
Peoria Lake sediment to Chicago for use as topsoil at the former US Steel South Works site. This
area is now being converted to a lake-front park. Other projects have used sediments from small
lakes and a recreational waterway as reclaimed topsoil at various locations.

The potential uses of sediment from a specific area depend upon its physical and chemical
characteristics. For example, some fine-grained sediment may have the texture and organic
matter characteristics of good topsoil, but may be unsuitable for use as construction fill. An
understanding of soil fertility and potential contaminants is important if sediment is to be used as
topsoil or in locations where the introduction of elevated levels of contaminants may impact the
environmental or human health. Studies of Peoria Pool sediment indicate that its fertility and soil
properties are similar to those of central Illinois topsoil (Darmody and Marlin, 2002). Chemical
contaminants in and along the Illinois River, primarily in the Peoria Pool backwater lakes, were
evaluated by Cahill (2001) and Cabhill et al. (2008). Concentrations of phenolic compounds,
chlorinated pesticides, and most PCBs were below reporting limits. PAH compounds (polycyclic
aromatic hydrocarbons) were detected at a wide range of concentrations, as were several metals
including nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd), mercury (Hg), and
lead (Pb). The concentrations of metals in most samples did not exceed Illinois’ Tiered Approach
to Corrective Action Objectives (TACO) regulatory levels for residential soil remediation levels
(by ingestion). However, some PAH compounds, especially benzo(a)pyrene (BaP), frequently
exceeded the objective levels for rural areas (IEPA, 2013). While TACO is not a topsoil use
standard, it is sometimes used as a surrogate to help determine if a soil is suitable for use in a
particular application.

While largely agricultural, the watershed upstream of the Peoria Pool is also home to many
potential sources of contaminants. It contains the Chicago Metropolitan area, which has been
home to steel mills, coke plants, metal plating, and many other industries with PAH and metal
emissions. Additionally, oil refineries near Joliet, IL, a steel mill near Henry, IL, and a zinc
smelter located in DePue, IL, have all introduced waste into the watershed. The Peoria area is
home to heavy equipment manufacturing and the metal-working industries that support it. Over
time, these industries have decreased their emissions in response to regulations and better
understanding of the impacts of many chemicals on human health and the environment. Home
heating during much of the region’s history was by wood or coal burning, which emits PAHSs.

Identifying possible contaminant sources and quantifying the contributions from different
sources to the receiving sediments is of great interest to the government, public, and researchers.
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This kind of analysis is called source apportionment analysis, and it has been an active research
topic for decades. Many source apportionment analysis algorithms and tools exist. The basic
concept in source apportionment analysis is based on the assumption that the pollutants released
from the same or similar sources maintain stable compositions. The composition of contaminants
from a source is called its fingerprint. Comparing the similarity of the fingerprints is one of the
most intuitive source apportionment methods, e.g., cosine ¢ value (Soonthornnonda et al., 2011).
There are also variations of this method, such as the diagnostic ratio (DR) of PAHs (Yunker et
al., 2002). In some cases, where the possible sources and their fingerprints are known (or
assumed to be known), only the contributions of the sources need to be calculated. This analysis
can be done by chemical mass balance (CMB) (Malinowski, 1991).

Another approach is to check the correlations between individual contaminants detected in the
receiving media (in this case, the Illinois River sediments). The most widely recognized method
using this approach is principal component analysis (PCA) (Jolliffe, 2002). Several advanced
methods based on PCA have been developed. These include factor analysis with non-negative
constraints (Rachdawong and Christensen, 1997), and positive matrix factorization (PMF)
(Paatero, 1997). PMF is one of the source apportionment tools that can generate source
fingerprints and contributions simultaneously. It generates the source fingerprints and loadings
through non-negative matrix rotation controlled by enhanced penalty terms (Paatero, 1997). The
non-negative matrix rotation is considered to be able to produce physically meaningful source
fingerprints. The PMF program is generally considered an advanced source apportionment tool.
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Figure 1.1. Map of the Illinois River watershed.




All these methods have been shown to be applicable in source apportionment analysis of PAH
and metal sources in aquatic sediments. Diagnostic ratios derived from a variety of paired PAH
compounds have been widely used to determine possible PAH sources (Yunker et al., 2002).
PCA is also commonly used in PAH source apportionment analysis (Harrison et al., 1996). Li et
al. (2003) applied CMB to estimate PAH sources and contributions in Lake Calumet, Chicago.
Christensen and Bzdusek (2005) used factor analysis to estimate PAH sources in sediments of
the Black River and the Ashtabula River, OH. However, application of these methods requires
insightful understanding of the principles underlying them. Many researchers have concluded
that unquestioning application of these models can lead to inappropriate or inaccurate
interpretations (Robinson et al., 2006). Therefore, the validation of results is essential for a
credible source apportionment analysis, which benefits greatly from good background
knowledge.

1.2 STUDY AREAS AND SAMPLE COLLECTION

This report is based on 80 sediment cores collected from the Peoria Pool between 2004 and 2010
(Figures A-1 to A-6) as part of ongoing state and federal river restoration efforts. The majority of
the samples were taken from backwater lakes and from the large Upper and Lower Peoria Lakes.
A few cores were taken from the navigation channel and a side channel. Several were taken near
the boat ramps at the Woodford and Marshall County State Fish and Wildlife Areas. Some cores
were collected from locations in portions of bottomland lakes shown on old maps from 1902-
1904, prior to the building of navigation dams that resulted in increased water levels (Woermann,
1905). Other sampling locations were on former floodplains, some of which were farmed.

Sediment cores were collected by the Illinois State Water Survey (ISWS) using a vibracore
mounted on a pontoon boat. The vibracore uses a steel core tube 10 cm in diameter with high
density polyethylene (HDPE) liners. The core tube was designed to obtain cores with a
maximum length of about 270 cm, although shorter lengths were obtained when sediment
became too dense to penetrate. Details of the vibracore methodology are contained in
Slowikowski et al. (2008).

The cores were processed by splitting them in half lengthwise and then dividing them into
subsamples for analysis of various parameters. The chemical samples consisted of 2 cm
subsample slices of sediment taken every 20 cm, beginning 8 cm from the top of the core. The
slices were thoroughly mixed in a stainless steel bowl and sent to the laboratory in a cooler.
Whole-core chemical samples contained a mixture of slices from all of the chemical subsamples
from a given core. Segment chemical samples contained subsamples from only a portion of a
core. For example a core may have a top segment from the first 80 cm of a core and a bottom
segment from the remaining 100 cm. In some cases, a whole core sample and one or more
segment samples were obtained by using both halves of the split core. In a few instances, a
discrete sample was taken. This was usually from a 10 cm section taken for a specific purpose.
Had funds not been limited, all cores would have included segment analyses to clearly determine
the varying quality of sediment deposited at different times as well as the background material.
For this study, data from top segments were used where possible.



1.3 OBJECTIVES

The primary objective of this study was to use several source apportionment methodologies to
determine the physical source of PAHSs in the sediment. PAHSs are found in coal dust and a
variety of petroleum and combustion products. Knowing the source of PAHs can help determine
the risk associated with their presence. For instance, some PAHSs in coal dust may not be
available for biological uptake (Meyer et al., 2013). Knowledge of the sources could also help
target regulatory efforts. Secondly, the sources of sediment contamination by metals were
evaluated. Because there is not as much information on metal fingerprints, metals source
apportionment is not as definitive as that for PAHs. However, comparing the metals results with
PAH results may help advance future work on metals apportionment. Finally some spatial
relationships of contaminants in the pool were examined.



2. POLYCYCLIC AROMATIC HYDROCARBONS (PAHS)

PAHSs are a large group of persistent organic pollutants (POPSs) containing a structure consisting
of two or more fused aromatic rings (Ravindra et al., 2008). PAHSs can be released from natural
petrogenic materials such as crude oil, oil shale (Ravindra et al., 2008), and coal dust (Stout and
Emsbo-Marttingly, 2008). Major anthropogenic sources of PAHs are emissions from pyrogenic
processes of carbonaceous materials, especially incomplete combustion (Zhang and Tao, 2009;
Shen et al., 2013). These include such materials as soot from coal, wood, diesel, and gasoline
combustion (Ravindra et al., 2008), as well as asphalt and coal-tar sealant (Mahler et al., 2005).

Many PAH compounds have been identified. The United States Environmental Protection
Agency (USEPA, or simply EPA) has listed 16 priority PAHSs, which are acenaphthene (AcNe),
acenaphthylene (AcNy), anthracene (An), benz[a]anthracene (BaA), benzo[a]pyrene (BaP),
benzo[b]fluoranthene (BbF), benzo[ghi]perylene (BghiP), benzo[k]fluoranthene (BkF), chrysene
(Chy), dibenz[a,h]anthracene (DBahA), fluoranthene (FIA), fluorene (FI), indeno[1,2,3-
cd]pyrene (IP), naphthalene (Nap), phenanthrene (PhA), and pyrene (Py). These 16 EPA priority
PAHSs are frequently targeted in PAH studies. Based on their molecular structures, PAHs are
divided into two groups. Lower molecular weight PAHs have two or three rings and include
Nap, AcNe, AcNy, Fl, PhA, and An. Higher molecular weight PAHs, which have four or more
rings, include FIA, Py, Chy, BaA, BKF, BbF, BaP, DBahA, IP, and BghiP.

The global total annual atmospheric emission of the 16 EPA priority PAHs in 2007 was 504
gigagrams (Gg) (Shen et al., 2013). PAHs have become an environmental concern due to their
negative impact on human health, e.g., as carcinogens (ATSDR, 1995; WHO, 2000). Efforts
during the last two decades to control PAH releases have led to a reduction of atmospheric
emissions from 592 Gg in 1995 to 499 Gg in 2008 (Shen et al., 2013). Even though emissions of
PAHSs are decreasing, huge amounts of PAHs have accumulated in the environment, resulting in
elevated concentrations in air, water, sediments, and soils.

PAHSs in sediments are thought to be stabilized by physicochemical association with sediment
matrices, and therefore, undergo few changes once combined with sediment (Page et al., 1999;
Tobiszewski and Namiesnik, 2012). Thus, PAHSs in sediments are often used as a proxy to trace
anthropogenic pollutant inputs in the environment (Liu et al., 2013). Information on PAH source
identification is of great interest to researchers and regulators. This interest has inspired
numerous studies on PAH source apportionment analysis. Widely used source apportionment
methods include diagnostic ratios (DR) (Yunker et al., 2002); chemical mass balance (CMB)
(Malinowski, 1991); principal component analysis (PCA) (Jolliffe, 2002); factor analysis (FA)
with non-negative constraints (Rachdawong and Christensen, 1997); positive matrix factorization
(PMF) (Paatero, 1997); and Unmix (Henry, 2003). These methods generally rely on the PAH
profile (i.e., proportions of PAH compounds) in samples to identify specific sources.

The fate and transport of PAHS, including their release to the atmosphere and deposition to
aquatic sediments, are dynamic and complex. Degradation, gas-particle phase partitioning, and
air-water and water-sediment redistribution or mixing during airborne transport and
sedimentation will alter PAH compositions. This alteration of the original PAH profiles hinders
source apportionment analysis (Robinson et al., 2006; Galarneau, 2008). For example, the DR



method has been widely challenged due to its questionable ability to account for the change of
PAH profiles once introduced to the environment (Dvorska et al., 2011; Katsoyiannis et al.,
2011; Tobiszewski and Namiesnik, 2012). Another factor that hampers source identification is
that PAH profiles from the same category of sources can be dramatically diverse (described
below). Alternatively, PAH profiles from different sources might also be very similar. This
variability, therefore, leads to difficulty in determining sources when using some methods, e.g.,
DR and CMB. To overcome these issues, more powerful source apportionment tools are needed.

2.1 PAH ANALYSIS AND DATA PREPARATION
2.1.1 PAH Analysis and Quality Control

Sediment samples were analyzed by Test America Chicago, previously Severn Trent
Laboratories. USEPA standard methods were used for the analyses. Sample processing followed
USEPA Method 3540C (EPA, 1996b) and chemical analysis followed USEPA method 8270C
(EPA, 1996a). The 16 USEPA priority PAHs were analyzed. Quality control concerning PAH
sample analysis was conducted according to the USEPA Method 8270C, including laboratory
control samples (LCS), matrix spikes, and the appropriate surrogate application.

2.1.2 Data Selection and Pretreatment

The concentrations of some PAHs were below the reporting limit (RL) in some sediment cores.
RL is defined as the lowest level that can be achieved within specified limits of precision and
accuracy during routine laboratory operating conditions. These imprecise values could introduce
uncertainties into the analysis, but complete deletion of these data would have resulted in the loss
of some useful information. Core samples in which more than eight of the targeted PAHs were
detected below RL were not used for spatial analysis. However, a stricter criterion was adopted
when selecting PAH data for source apportionment analysis; samples with more than four target
PAHs below RL were not used. Additionally, cores taken from portions of the floodplain above
normal pool level, which had very shallow sediment deposits, were also excluded. For the
retained sediment samples, the non-detects were replaced by the RL. The actual values (“J”
values) provided by the contract lab were used when the detections were less than RL but higher
than the method detection limit (MDL). In total, 80 sediment cores were selected for spatial
distribution analysis, and 65 sediment cores were retained for source apportionment analysis (n =
1040, data dimensions of 16 (PAHSs) x 65 (samples)). The sediment cores from the La Grange
Pool of the Illinois River between Pekin and Beardstown, IL, generally had very low PAH
concentrations, with most concentrations below the MDL. Therefore, the sediment cores from
the La Grange Pool river segment were excluded from this study.

2.2 PAH RESULTS AND DISCUSSION

2.2.1 PAH Concentrations in Sediments

The total concentration of the 16 USEPA priority PAHs (3 16PAH) of 80 individual sediment
cores are plotted in Figure 2.1. This figure includes lines indicating the threshold effect
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concentration (TEC) and probable effect concentration (PEC) as points of reference. They are
consensus-based sediment quality guidelines explained in MacDonald et al. (2000). Contaminant
concentrations below the TEC are likely to have no harmful effects on sediment-dwelling
organisms. At or above the PEC level, the effects are expected to be negative on some of these
benthic organisms. The total PAH values in 3 sediment cores (i.e., 254, 269, and 360) were
higher than that of PEC. In contrast, 27 of them were below TEC level. In addition, the total
PAHSs in 33 of the sediment cores were distributed in a narrow range between TEC and the mean
values. The total PAH concentrations in the majority of the sediment cores could be considered
to pose low environmental risk.

A total of 20 sediment cores exhibited Y 16PAH higher than the mean. Thirteen of these sediment
cores were taken from locations close to the main river channel or the mouths of backwater lakes
near where they join the main channel; these included sediment cores 284, 347, 349, 272, 269,
266, 280, 362, 361, 360, 357, 382, and 337 (Figures 2.1, and A-1 to A-6). However, there were
also high > 16PAH in some cores that were located in other areas, e.g., sediment cores 346, 254,
252, 274, 250, 251, and 354. Six of these high }'16PAH concentration cores were from backwater
lakes and one was from the Goose Lake area adjacent to Upper Peoria Lake. Five of these were
west of the main channel, including two each from Wightman and Meadow Lakes. Unlike most
backwater lakes which are largely separated from the river channel, the segment from Chillicothe
to Peoria, IL, consists of wide open water areas comprising Goose Lake (Woodford County, IL),
Upper Peoria Lake, and Lower Peoria Lake. The main or navigation channel is within the Peoria
Lakes.

The > 16PAH in the selected 80 sediment cores ranged from 389 to 23,323 pg/kg (dry weight,
dw), with a mean concentration of 3,702 pg/kg. Note that PAH concentrations are essentially the
average value for each whole sediment core or segment. The boxplots of > 16PAH grouped by
river segments are shown in Figure 2.2. Overall, the ANOVA test rejected the significant
differences hypothesis at p = 0.05 (p = 0.15), indicating no significant differences in the total
PAHSs in the sediments between the river segments grouped as Hennepin-Henry (7 cores), Henry-
Lacon (8 cores), Lacon-Chillicothe (25 cores), Upper Peoria/Above Spring Bay (9 cores), Upper
Peoria/Below Spring Bay (6 cores), and Lower Peoria Lake (22 cores). However, given the
variability between individual sediment cores, there were clearly localized differences in total
PAH concentrations. Specifically, a t-test suggested that the average total PAH concentration in
sediment cores from Upper Peoria Lake/Above Spring Bay was significantly (p = 0.037) higher
than Lower Peoria Lake.

Some cores in the river segment from Lacon to Chillicothe exhibited higher concentrations.
Figure 2.2 also shows boxplots for the cores east and west of the channel and in the north and
south halves of this reach. Wightman and Meadow Lakes on the west side appeared to have
higher PAH levels than the other sections, as did the portion of Upper Peoria Lake above Spring
Bay. Lower Peoria Lake samples were generally lower in PAH concentration and were less
variable than those from other segments.

Explanation of the varying PAH concentrations at various locations is beyond the scope of this
report and will require further investigation. However, these differences are likely related to such
factors as depth and extent of recently deposited sediment, hydrologic conditions, and historic



regional contaminant sources (John Marlin, Illinois Sustainable Technology Center, personal
communication).

2.2.2 PAH Profiles

A PAH profile is a representation of the percentages of 16 PAHs in a sample. Four-Ring (BaA,
Chy, FIA, Py) and 5-ring (BaP, BbF, BKF) PAHs were dominant in sediments of the Peoria Pool
of the Illinois River (Figure 2.3); however, the fraction of 4-ring PAHSs is higher than the others.
Six-ring PAHSs (IP, BghiP) were moderately abundant, while 2- and 3-ring PAHs (Nap, AcNe,
AcNy, An, Fl, PhA) were relatively rare. This PAH distribution pattern appears to be similar to
that found in the Ammer River (Germany) (Liu et al., 2013). It is somewhat different from that in
the Liangtan River (China) (Liu et al., 2013), where higher fractions of 2- and 3-ring PAHSs,
smaller fractions of 4- and 5-ring PAHSs, and higher variance in 6-ring PAHs were found. The
PAH profiles in the Ammer River were thought to be typical of those in countries with a long
history of industrialization with widespread non-point sources and legacy contamination that is
becoming relatively diffuse (Liu et al., 2013). The similarity of the PAH profile in the Peoria
Pool to the Ammer River sediments may also indicate early industrial contamination. It is
noteworthy that 4-ring PAHs are dominant in low-rank coals (Table D-1) (Stout and Emsbo-
Mattingly, 2008), while comparable 4-ring and 5-ring PAHs have been found in coal combustion
soot (Table D-2) (Zhang et al., 2008); therefore, the higher fraction of 4-ring PAHSs could
indicate the presence of local mineral coal dust deposition in Illinois River sediments.
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Figure 2.1. Total PAHs for 80 selected sediment cores taken in the Peoria Pool of the Illinois River. River segments were divided
as Hennepin-Chillicothe, Upper Peoria, and Lower Peoria. TEC=1,610 (pg/kg, dw), PEC=22,800 (pg/kg, dw). Upper dashed line

indicates the probable effect concentration (PEC); solid line represents the mean PAH concentration; and the lower dotted line
indicates the threshold effect concentration.
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Figure 2.2. Boxplots of total PAHSs in divided river segments in the Peoria Pool of the Illinois River. River segments: Hennepin-
Henry (7 cores), Henry-Lacon (8 cores), Lacon-Chillicothe (25 cores), Upper Peoria/Above Spring Bay (9 cores), Upper
Peoria/Below Spring Bay (6 cores), and Lower Peoria Lake (22 cores). Lacon-Chillicothe/North refers to Lacon to Strawn Creek
(11 cores), Lacon-Chillicothe/South refers to Strawn Creek to Chillicothe (14 cores), Lacon-Chillicothe/West refers to Wightman
Lake and Meadow Lake and core 352 (10 cores), Lacon-Chillicothe/East refers to Sawyer Slough and Babb Slough (15 cores). The
box shows 25 (lower bound, Q2s%) and 75 (upper bound, Q7s%) percentiles of the data. Red line in the box indicates the median.

Dashed tails are whiskers, which are calculated by Q7se+1.5(Q75%-Q25%), and Q2s0-1.5(Q75%-Q259%) respectively. “+” represents
outliers.
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bound, Q25%) and 75 (upper bound, Q7s%) percentiles of the data. Red line in the box indicates the median. Dashed tails are
whiskers, which are calculated by Q7s%+1.5(Q7s0-Q25%), and Qa2s%-1.5(Q750-Q25%) respectively. “+” represents outliers.
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Examining the consistency of the PAH profiles in the Peoria Pool sediments involves comparing
each individual sample’s profile to the profiles of the other 64 samples selected for PAH
analysis. A cosine ¢ value (cose) (Soonthornnonda et al., 2011) was used to quantitatively
estimate the similarity of the paired PAH profiles. When calculating the cose, the individual
PAH profile is treated as a vector and is projected onto other profiles, so the cosg value is
calculated as

_ ViV
cosp = A7 @

where Vi and V;j are the PAH profiles for samples i and j respectively; the numerator is the dot
product of the two vectors; and the denominator is the product of the norms. The cos¢ value is
between 0 and 1. A value of zero means that the two PAH profiles are not similar, while a value
of one means that the two profiles are identical. Generally, a cose value larger than 0.7 suggests
the two profiles have high similarity (Soonthornnonda et al., 2011). Cosine ¢ values were
estimated by a self-coded MATLAB program.

Relatively similar PAH compositions were exhibited in the 65 sediment cores selected for source
apportionment analysis (Figure C-1). These cores exhibited higher > 16PAH than the 15
eliminated cores with greater than four non-detects (Figure C-1). The paired cosg values for the
65 sediment cores ranged from 0.80 to 1.00, indicating a high degree of similarity. The PAH
profiles of the 17 cores with the highest > 16PAH values were further examined (Figures C-2).

The pairwise cos ¢ values for these cores ranged from 0.86 to 1.00. The similar ranges of the
two groups of cores indicate that the PAH profiles across the Peoria Pool of Illinois River are
generally consistent. Some of the similarity may have been due to mixing and redistribution of
PAHSs during release and transport to river sediments.

2.2.3 PAH Source Apportionment Analyses

Using diagnostic ratios (DRs) as markers of different sources is probably the most common PAH
source apportionment method. The DR method uses predetermined ratios of PAHs known to be
associated with specific sources for comparison with the PAH ratios of samples to determine
possible sources. Two commonly-used DR plots, FIA/(FIA+Py) vs. An/(An+PhA) and
IP/(1IP+BghiP) vs. BaA/(BaA+Chy) (Granberg and Rockne, 2015), are shown in Figure 2.4. The
FIA/(FIA+Py) vs. An/(An+PhA) plots suggest that most of the PAHSs in Peoria Pool sediments
were from petroleum combustion, while biomass and coal combustion had relatively small
contributions. However, the IP/(IP+BghiP) vs. BaA/(BaA+Chy) plots indicated contrasting
results. Petroleum combustion was suggested by IP/(IP+BghiP), while only biomass and coal
combustion were indicated by BaA/(BaA+Chy) (Figure 2.4). The PAH DR method is considered
questionable in apportioning PAHs sources (Galarneau, 2008; Katsoyiannis et al., 2011;
Tobiszewski and Namiesnik, 2012). Therefore, conclusions should be drawn with caution from
DR plots.

Principal component analysis (PCA) is another widely used source apportionment method. PCA

reduces the dimensionality of a dataset by transforming a large number of interrelated variables
into a new set of uncorrelated variables called principal components (Jolliffe, 2002). Principal
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components are a set of orthogonal vectors (profiles) that best span the variance of data. An
individual principal component can be considered as a profile of selected elements (in this case
the 16 USEPA priority PAHS) generated through mathematical data matrix rotation. The PCA
method suggests possible sources of the PAHs based on the PAH compounds exhibiting high
positive values in the principal component. However, this inference is not evident in all cases
(Mari et al., 2010; Brown and Brown, 2012; Zou et al., 2013). It is also used to evaluate data
uncertainties, therefore estimating the number of factors (Brown and Brown, 2012; Zou et al.,
2013). The statistical program SPSS 21 (IBM) was used to generate PCA results from the PAH
data with Varimax rotation. The generated principal components are referred to as factors, which
correspond to specific PAH sources. Five factors were determined (Table 2.1) based on the
criterion of an eigenvalue larger than 1. The selected factors accounted for 80% of the total data
variance (Table 2.1). The PCA components were distinguished by different molecular weight
PAHSs, e.g., component 1, 2, and 4 (Table 2.2). It was not possible to get a clear definition of
PAH sources using this method with the data set. The values in each principal component reflect
the pooled correlations among the 16 PAH compounds. The positive values mean these PAHs
have similar contributions to the total data variance as the corresponding principal component. In
contrast, the negative values indicate the PAHs have opposite contributions to the total data
variance as the corresponding principal component.
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Figure 2.4. Diagnostic ratio (DR) of FIA/(FIA+Py) vs. An/(An+PhA) and IP/(IP+BghiP) vs.
BaA/(BaA+Chy) plots for 65 selected sediment cores.
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Table 2.1. Eigenvalues and variance explained (%) of extracted principal components from PAH
data.

\o. of Total
Co. 0 . Variance variance
omponents explained  explained

Eigenvalue (%) (%)

1 5.26 32.90 32.90

2 3.59 22.43 55.33

3 1.59 9.93 65.26

4 1.32 8.25 73.51

5 1.05 6.57 80.09

Table 2.2. Compositions of extracted principal components from PAH data.

Rotated Component

PAH 1 2 3 4 5

Nap 870 121 -129 -.197 -177
AcNe 897 .070 -.153 -.169 -.193
AcNy 793 -.130 .096 -.327 071
FI 832 -.056 -.015 -.249 -.224
PhA -.074 -.096 .008 795 -114
An -416 -.160 -014 655 177
FIA -241 -.646 136 491 -.103
Py -675 -.406 -.262 -.280 -331
Chy -736 -.034 140 -126 239
BaA -.456 - 477 -.033 .003 610
BkF -.154 518 733 -.051 -175
BbF .064 .066 -.945 -.106 -075
BaP -315 223 .051 -.059 839
DBahA .009 565 537 -.224 271
1P .009 904 .180 -.017 .059
BghiP -,009 927 023 -.097 -.039
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Using the cose value to compare the similarity of PAH profiles from samples to specific known
sources is relatively straightforward. Source identification using 16 USEPA priority PAHSs is
considered superior to DRs because generally only two PAHSs are used in DR comparison. There
are two primary advantages of using the 16 USEPA priority PAH fingerprints. First, while some
of the lower molecular weight PAH compounds (e.g., AcNe, AcNy, Fl, and Nap) are susceptible
to degradation or volatilization (Atkinson and Arey, 1994; Kim et al., 2009; Dvorska et al.,
2011), higher molecular weight (4-6 rings) congeners are more persistent in the environment
(Kim et al., 2009; Dvorska et al., 2011). Second, the ratio of selected paired PAH compounds
could be easily altered by mixing in the sediment. However, the profile based on 16 PAHSs is
more likely to retain its characteristics after mixing. Therefore, comparing fingerprints of 16
PAHSs reduces the uncertainties of source identification.

A total of 225 PAH profiles from nine specific PAH sources were collected through a literature
search (Table D-1 to D-12), including mineral coal; coal-tar; soot; asphalt; petroleum products;
vehicle exhaust; particulate matter emitted from coal combustion; industry boiler and stack
emissions; and emissions from wood and biomass combustion. Additionally, the PAH profiles in
traffic tunnel air have also been presented because they may be more representative of real on-
road PAH emissions from traffic. The PAHSs in traffic tunnel air (in both particulate and gas
phase) were assumed to be largely from vehicular emissions. The selection of PAH sources was
based on the primary objectives of this study, i.e., understanding the contribution of mineral coal
to the PAHSs in the Peoria Pool of the Illinois River. In addition, we also attempted to identify the
major local PAH contributors and their universally recognized sources.

The cosg values provide a quantitative estimation of the similarity of two profiles, and therefore
may help in source identification. The average cosg values between the PAH profiles in
sediment cores and the specific sources are shown in Table 2.3. Dust from lower-rank coals
(lignite A and sub-bituminous) and soot from wood combustion have the most similar PAH
profiles to the Peoria Pool sediments. It should be noted that there is huge variation in the PAH
fingerprint of wood soot, which makes it difficult to distinguish wood soot from the other
sources. Wood combustion is not considered a major energy source in lllinois. However, PAHs
derived from previous wood combustion are retained. They are probably a minor portion of the
total PAHSs in the recently deposited sediments. On the other hand, unburned mineral coal has
been shown as a significant hydrocarbon source in sediments (Tripp et al., 1981; Barrick et al.,
1984; Achten and Hofmann, 2009). There are ample opportunities for mineral coal, especially
fine coal dust, to enter the watershed. The mining and transportation activity of coal has been
documented in previous studies; topics range from the transport of specific local coals to aquatic
sediments by erosion (Barrick et al., 1984; Yang et al., 2008).

Illinois is a major coal producing state. The coals in Illinois are in the rank of bituminous (Hatch
and Affolter, 2014; Hopkins and Simon, 1974), which makes it uncertain that the low-rank coals
(lignite A and sub-bituminous) are the major PAHs source in the sediments. However, sub-
bituminous coal from western states was increasingly used in Illinois for power generation after
the 1990 Clean Air Act regulations required the reduction of sulfur emissions from flue gas. This
coal supplanted much of the bituminous coal from Illinois mines which had been used
previously. More importantly, trains loaded with much greater volumes of low sulfur western
coal than was ever consumed within the state crossed Illinois on their way to power plants in the
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eastern U.S. (Scott Elrick, Illinois State Geological Survey, personal communication). Mineral
coal dust from the transport and handling of this fuel is a likely source of some of the PAH in the
river sediment.

The tunnel particles from traffic emissions also exhibited high similarity to the PAH profiles in
the Peoria Pool sediments. Traffic emissions have long been recognized as a major PAH source.
According to the 2013 Illinois Travel Statistics, the annual vehicle miles of travel increased from
27 billion miles in 1950 to more than 108 billion miles in 2004 (IDOT, 2013). lllinois was the
sixth highest fuel (gasoline + diesel) consumption state in the US in 2009 (US DOT, 2011).
Therefore, it is expected that PAH emissions from motor vehicles could have contributed
significantly to the PAHSs in sediments.

Asphalt and coal-tar also showed relatively high similarity to the PAH sediment profile. Asphalt
is widely used in road construction within the watershed and is a likely source of PAH. Coal-tar
is used as a parking lot and driveway sealcoat in the eastern and central area of the US (Mahler et
al., 2012). Coal-tar has been recognized as a major PAH source to urban water-body sediments
(Mabhler et al., 2005; Van Metre, 2010; Mahler et al., 2012). The Illinois River watershed
includes the large Chicago metropolitan areas and numerous small cities and towns (Figures 1,
and A-1 to A-6). Therefore, asphalt and coal-tar could be one of the PAH contributors to Peoria
Pool sediments.

Coal combustion soot has a similar PAH profile to the sediments as well (Table 2.3). Coal
combustion has been recognized as a major PAH source worldwide (Zhang and Tao, 2009;
Zhang et al., 2008; Shen et al., 2013). Coal became a major household energy source replacing
wood during the second half of the 19" century and the first quarter of the 20" century in the US
(Kibbel, 2009). Illinois’s coal production peaked in the late 1910s at 90 million tons per year
(ISGS, 2014). The availability of coal was one of the driving powers for the rapid development
of the manufacturing and steel industries in the Chicago region before the 1930s (Hirsch, 2004).
Coal is currently the second largest energy source in Illinois (US EIA, 2012). Therefore, coal
combustion is likely a large source of PAHSs in the sediments.
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Table 2.3. The similarity (cose values) of PAH profiles between sediments and specific sources.

Source Categor Specific source cosp
gory P mean std
Lignite A 0.872 0.034
Sub-bituminous 0.82 0.078
Coal .
Bituminous 0.33 0.15
Anthracites 0.37 0.14
Wood (particle) 0.89 0.35
Biomass combustion Wood (gas) 0.23 0.11
Biomass (gas + particle) 0.22 0.10
Diesel Engine (gas+particle) 0.21 0.18
Traffic emissions Gasoline engine (gastparticle) 0.44 0.30
Tunnel (particle) 0.80 0.055
Tunnel (gas) 0.30 0.21
Asphalt 0.74 0.023
Road Pavement/Sealcoat
coal-tar 0.70 0.10
. L Residential (particle ) 0.71 0.092
Coal combustion emissions i i
Industrial (particle) 0.63 0.13
Gasoline 0.089 0.058
Petroleum products Diesel 0.18 0.14
Motor/Lubricant 0.52 0.11
Industrial stack/boiler Non-coal fuel (gas+particle) 0.21 0.19

emissions

acosep > 0.7 were bolded, indicating high similarity of PAH profiles in sediment cores to corresponding
source

One of the concerns is whether liquid petroleum products (specifically, used crank oil) was a
significant PAH contributor to the sediments, considering that it was historically common for
used crank oil to be disposed of improperly (John Marlin, Illinois Sustainable Technology
Center, personal communication). The cosg values indicate that unburned petroleum products,
e.g., gasoline, diesel, motor oil, and lubricant oil contributed minimally to the PAHSs in Peoria
Pool sediments (Table 2.3). It should be noted that PAHs associated with particle emissions from
combustion appeared to be well documented in sediments, while PAHs associated with gas
emissions were less prevalent, probably due to volatilization (Table 2.3). Also, it is noteworthy
that there was a common feature in the PAH fingerprints for liquid petroleum products and the
gas phase of combustion emissions; that is, both had a high fraction of lower molecular weight
PAHSs, especially Nap, AcNe, and AcNy (Tables D-5 to D-12). Therefore, the low cosg values
also indicated that the gas phase of combustion emission had a minor contribution to PAHSs in the
sediments.
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A MATLAB version of the PMF program in Bzdusek (2005) was used to analyze PMF in this
study. Three to six factors were tested during the PMF analysis. To understand the PMF results,
one should begin by examining the 3-factor solutions. The PMF method produced robust results
for three factors. There was almost no variation in the fingerprints of the three factors. This is
indicated by the extremely small standard deviations acquired from ten sequential PMF analyses
using random seeds (see error bars in Figure E-1). The small variation in ten sequential PMF
analyses suggests that the three factors extracted by PMF were definite and distinct. Factor PMF
3-1is dominated by 4-ring PAHSs, with a moderate fraction of 5-ring PAHSs. High levels of 4-ring
PAHSs are normally indicative of dust from low-rank coals (Lignite A and sub-bituminous) (Stout
and Emsbo-Mattingly, 2008). High levels of 4- and 5-ring PAHSs are generally found in
particulate matter from low temperature combustion of coals, wood, and other biomass fuels
(Levendis et al., 1998; Larsen and Baker, 2003; Zhang et al., 2011). Therefore, PMF 3-1
probably indicates coal-originated inputs including coal dust; coal-derived products (e.g., coal-
tar); and products of coal and wood combustion. Factor PMF 3-2 exhibits high fractions of 5-
and 6-ring PAHs. High concentrations of 5- and 6-ring PAHs have been found in gasoline engine
emissions (Miguel et al., 1998; Marr et al., 1999; Marr et al., 2006). Specifically, 6-ring PAHs
were dominant in particle emissions from light-duty vehicles (Marr et al., 1999; Marr et al.,
2006). Therefore, PMF 3-2 is likely derived from traffic-related PAH emissions. Factor PMF 3-3
shows a large fraction of 2- and 3-ring PAHSs and likely represents the gas phase of combustion
emissions and/or liquid petroleum products (see Appendix D).

When the number of factors was increased to four, PMF introduced a new factor (PMF 4-3,
Figure E-2). The previously-determined three factors were preserved in the PMF 4-factor
solutions, with slight changes to their fingerprints. Again, the uncertainties (indicated by error
bars on Figures E2) of the 4-factor fingerprints remained small. The new factor (PMF 4-3) had a
high fraction of 3-ring (AcNe, AcNy, Fl) and 4-ring (FIA, Py, Chy) PAHSs, which is similar to the
PAH profiles found in wood combustion and dust from low-rank coals; however, as previously
stated, wood combustion soot and dust from low-rank coals have similar PAH fingerprints. It
should be noted that this PAH profile is also very similar to urban air samples (gas + particles)
collected in winter (Harrison et al., 1996). Overall, this factor is similar to wood combustion,
which may be related to household heating.

The results are less definitive when the number of factors was raised to five, as indicated by the
increased size of the error bars (Figure 2.5). At this point, the model may have reached the limit
of data signal and noise. Recall that five factors were suggested by PCA. Although both five and
six factors (Figure E-3) produce reasonable results, it is preferable to choose the smallest number
of factors that sufficiently reproduce the original data matrix (Zou et al., 2013); five, in this case.
The fingerprints of 5-factor solutions are given in Figure 2.5. The cosg values were again used to
provide quantitative estimation of the similarities of PMF-determined fingerprints to the PAH
profiles from specific sources (Table 2.4).

The PAH profile of factor PMF 5-1 is quite similar to PAH fingerprints from low-rank coal dust
(e.g., lignite A and sub-bituminous). The cosg values between factor PMF 5-1 and low-rank coal
dust are much higher than for other PAH sources (Table 2.4), which strongly suggests that PMF
5-1is related to coal dust. It is noted that PMF 5-1 also showed high similarity to other sources,
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e.g., wood combustion, particles from engine emissions, tunnel air (particle), asphalt, and coal-
tar (Table 2.4). All of these sources may have contributed, as they combine during PAH transport
in natural environments and homogenization of sediment samples during sample preparation.
Further research may use scanning electron microscopy to differentiate these particles and
determine whether they originate from oil, wood, or coal combustion, or from mineral coal
particles and coal dust (Kralovec et al., 2002; Obst et al., 2011).

Two factors may have caused these sources to be clumped together in PMF 5-1. First, these PAH
sources (e.g., low rank mineral coal, wood combustion soot, particle phase of traffic emissions,
asphalt, and coal-tar) have similar fingerprints, which can be difficult to discern. Second, the
methodology of PMF (and analogous source apportionment models, e.g., PCA) operates by
aligning the most significant data feature to the most important factor (i.e., principal component)
(Robinson et al., 2006). Due to the similar fingerprints of these sources, a similar central feature
is likely. For these reasons, it is very likely that PMF 5-1 encompasses these aggregated sources.
The contribution of each factor can be estimated simultaneously through least square regressions
(Paatero, 1997; Bzdusek, 2005). Factor PMF 5-1 accounts for about 47 + 7% of the total PAHs
in Peoria Pool sediments.

Factor PMF 5-2 is similar to coal combustion, especially industrial coal combustion emissions
(particle phase) (Table 2.4). The cose value suggests it is also similar to dust from low-rank
coals (Table 2.4). However, other coal dust-related factors can be ruled out because it has a
higher fraction of 5- and 6-ring PAHSs than is normally found in coal dust (Figure 2.5). It is not
surprising that coal combustion was identified as the second most important PAH contributor. It
accounts for 28 + 4% of the total PAH in the sediment.

The cosg values indicate that the most probable sources represented by factor 3 (PMF 5-3) are
wood combustion and traffic emissions (tunnel air particle) (Table 2.4). However, the results are
not very convincing because the cosg values are low (Table 2.4). Wood combustion is
considered a minor PAH contributor because it has long been phased out as a major source of
fuel for home heating. There is a lower fraction of 4-ring PAHSs but higher fractions of 5- and 6-
ring PAHSs in PMF 5-3 (Figure 2.5), which is a characteristic that distinguishes it from coal and
wood combustion. Recall that higher 5-ring and, particularly, 6-ring PAH fraction are indicators
of engine emissions. Therefore, this factor likely represents PAH inputs from the particle phase
of traffic emissions. This factor contributes about 15 + 3% of the total PAHSs. This estimation is
very close to previous published results. For example, Shen et al. (2013) estimated that motor
vehicles contribute 17.6% of total PAH emissions in the US. Simcik et al. (1999) reported a
similar estimate of 15% of total PAH emission from traffic in the Chicago area.

Factor 4 (PMF 5-4) is highly similar to the gas phase of coal combustion as well as biomass
combustion emissions (gas + particles), gas emissions from engines, and industrial stack/boiler
emissions (gas + particles) (Table 2.4). The high fraction of Nap and AcNe are indicators of gas
phase emissions from combustion. Therefore, this factor might indicate gas phase PAH
emissions from different combustion processes. The gas phase emissions contribute about 5% of
the total PAHSs in the sediments.
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Factor 5 (PMF 5-5) was not close to any of the sources in Table 2.4, according to the average
cosg values (Table 2.4). As discussed before, factor 5 (PMF 5-5) is similar to wood soot, dust
from low-rank coals, and urban air in winter. It might be a factor that represents PAH emissions
from wood combustion, e.g., household heating or cooking. It contributes another 5% of the total

PAHSs in the sediments.
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Table 2.4. The average cos values and corresponding standard deviations between the PMF 5-factor fingerprints and PAH sources.

Source Category Specific source cosp
PMF 5-1 PMF 5-2 PMF 5-3 PMF 5-4 PMF 5-5
Lignite A 0.91+0.0262 0.71+0.12 0.63+0.040 0.50+0.025 0.65+0.027
Coal Sub-bituminous 0.87+£0.044 0.67+£0.13 0.59+0.096 0.44+0.10 0.68+0.047
Bituminous 0.28+0.18 0.26+0.12 0.23+£0.11 0.52+0.084 0.33+£0.17
Anthracites 0.28+0.12 0.371£0.21 0.24+0.11 0.51+£0.10 0.33+£0.17
Wood (particle) 0.76+0.31 0.65+0.27 0.66+0.24 0.39+£0.14 0.61+0.069
Biomass combustion Wood (gas) 0.17+0.15 0.10+0.086 0.13+0.083 0.47+0.28 0.38+0.26
Biomass (gas + particle) 0.20+0.17 0.19+0.18 0.17+£0.12 0.63+£0.010 0.23+£0.17
Diesel Engine (gas) 0.14+0.041 0.15+0.037 0.15+0.025 0.62+0.036 0.22+0.058
Diesel Engine (particle) 0.77+0.061 0.57+0.069 0.48+0.038 0.27+0.023 0.56+0.040
Gasoline engine (gas) 0.049+0.065  0.040+0.038  0.060+0.034 0.60+0.018 0.076+0.055
Traffic emissions g}iﬁ!:‘ee) engine 0.75:011  055:0.095 0504011  0.28+0.093  0.53+0.068
Tunnel (particle) 0.79+0.12 0.69+0.11 0.63+0.10 0.43+£0.14 0.59+0.089
Tunnel (gas) 0.36+0.023 0.28+0.16 0.23+£0.13 0.33+£0.19 0.47+0.27
Road Pavement/Sealcoat Asphalt 0.70£0.12 0.66+0.096 0.59+0.091 0.51+0.095 0.56+0.069
Coal-tar 0.76+0.035 0.56+0.019 0.56+0.034 0.49+0.065 0.60+0.020
] Residential (particle ) 0.66+0.15 0.68+0.14 0.55+0.12 0.42+0.14 0.53+0.11
ecnﬂ?s's‘;grrgbus“on Industrial (particle) 0514011  076+0.056  055+0.070  0.70+0.0066  0.44+0.0094
Gas phase emission 0.092+0.039  0.080+0.031 0.1040.023 0.69+0.010 0.34+0.027
Gasoline 0.028+0.057  0.033£0.062  0.046+0.035 0.57+£0.049 0.072+0.11
Petroleum products Diesel 0.11+0.14 0.12+0.17 0.11+0.087 0.55+0.086 0.35+0.22
Motor/Lubricant 0.50+0.13 0.48+0.093 0.39+0.085 0.40+0.15 0.46+0.073

2 cosg greater than 0.7 was bolded, indicating high similarity
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One important factor that interferes with PAH source apportionment analysis is the altering of
PAH profiles during transport from emission sources to receiving sites. Heterogeneous reactions
such as photo degradation might be responsible for the rapid dissipation of the low molecular
weight PAHs such as Nap, FI, AcNe, and AcNy (Marr et al., 2006; Kim et al., 2009). These low
molecular weight congeners are more prevalent in the gas phase. Compared to the low molecular
weight PAHSs, the compounds with high molecular weight are more likely sorbed to particulate
matter. The condensation of the secondary aerosols will further wrap up the particulate-sorbed
PAHs, which would reduce their photo-reactivity during airborne transport (Marr et al., 2006;
Kim et al., 2009). In addition, these sorbed PAHSs are likely inert to microbial degradation once
they are trapped in sediments (Schneider et al., 2001; Thuens et al., 2013). The recalcitrance of
the high molecular weight PAHSs in the environment may prevent dramatic alteration of PAH
profiles. Therefore, the PMF analysis in conjunction with cosg comparison provides a useful
PAH source apportionment analysis.

Another factor that may impede source recognition is that all possible sources have not been
categorized. For example, coke ovens were found to be a major PAH source to the sediment of
Lake Calumet, Chicago (Li et al., 2003; Bzdusek et al., 2004). However, coke ovens were not
included in Table 2.4. A comparison of the coke oven profile (from Li et al., 2003) to the PMF
five factor fingerprints shows a high cose for PMF 5-1 (0.81) and PMF 5-2 (0.88). Therefore,
coke oven deposits are possibly an important PAH contributor to the sediments in the Peoria
Pool of the Illinois River. Natural gas was identified as a major PAH contributor in the Chicago
area (Simcik et al., 1999), likely due to its increasing use for energy production in Illinois (U.S.
Energy Information Administration, http://www.eia.gov/state/?sid=IL#tabs-1). However, natural
gas fingerprints are not available in the literature, so natural gas was not included in Table 2.4.
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3. METALS

Excessive exposure to heavy metals has negative effects on human health (Jarup, 2003).
Additionally, some heavy metals bioaccumulate through ecosystem food chains. For example, up
to 100,000 times more methyl mercury was found in fish than in the surrounding water medium
(Hammerschmidt and Fitzgerald, 2006). Due to their potential environmental risks, heavy metals
in the environment are a major concern. Industrial facility waste, waste incineration, and fossil
fuel burning are the main anthropogenic sources of heavy metal emissions (Zereini et al., 2005;
Zhang et al., 2009; Rigaud et al., 2011). Motor vehicle traffic is another major source by which
heavy metals can be released, through fuel combustion, tire abrasion, brake lining wear, and
exhaust catalysts (Zereini et al., 2005; Loganathan et al., 2013). Additional sources include fuel
spills, tailing water from mines, and improper disposal of electronics (Zhang et al., 2009; Lee et
al., 2013). It is also important to note that the main sources of heavy metal emissions are
changing. For example, gold mining was the major source of mercury release in the early 1900s,
but coal-burning power plants are now the dominant source (Tewalt, 2001).

Heavy metals from anthropogenic sources enter sediments through different pathways.
Suspended particles carried by stormwater runoff are widely recognized as an important source
of heavy metals to river sediments (Taylor and Owens, 2009; Loganathan et al., 2013; Rossi et
al., 2013). Industrial and domestic wastewater discharge and improper solid waste disposal are
additional sources (Zhang et al., 2009). Atmospheric deposition is also a widely recognized
major input of heavy metals into terrestrial and aquatic ecosystems (Zereini et al., 2005; Duan
and Tan, 2013; Gratz et al., 2013). Heavy metals deposited in sediments undergo dynamic
transformation, as evidenced by physicochemical changes of the sediments, including redox
potential and pH (Calmano, 2004; Equeenuddin et al., 2013; Percival and Outridge, 2013; Ye et
al., 2013). Acidity is the most serious long-term threat from metal-bearing sediments, due to the
potential oxidization of sulfide to sulfate, which, when accompanied by a decrease in pH, can
lead to the release of heavy metals such as copper and lead (Calmano, 2004). Microbial activity
may also change the form of metals; that is, inorganic mercury can be transformed to organic
mercury (methyl mercury) by a complex bacterial conversion (Tewalt, 2001; Ullrich et al.,
2001). Methyl mercury is a highly toxic compound that bioaccumulates in fish and birds
(Williams, 1953). Generally, leaching of heavy metals from metal-bearing sediments poses risks
to ecosystems and human health.

Unlike anthropogenic organic contaminants, heavy metals can also be introduced by natural
geological processes (Taylor and Mclennan, 1995; Wimpenny et al., 2010; Sandler et al., 2012).
Therefore, the background concentrations of heavy metals have to be taken into account when
evaluating pollution levels. Several indexes have been introduced; for example, the geo-
accumulation index and the enrichment factor. Understanding the sources of heavy metals to
receiving aquatic environments is important in contaminant mitigation and pollution control.
Source apportionment analysis of heavy metals in sediments has been intensively studied (Lu et
al., 2012; Chen et al., 2013; Lee et al., 2013; Peng et al., 2013; Sun et al., 2013).

Investigation of heavy metal contamination comprised the second part of our analysis. In this

study, we sought to acquire a deeper understanding of the sources of metals present in the Illinois
River Basin.
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3.1 MATERIALS AND METHODS FOR METAL ANALYSIS

The metals in the collected Illinois River sediment cores were measured by TestAmerica
Chicago. First, the collected samples were digested according to USEPA Method 3050B “Acid
Digestion of Sediments, Sludges, and Soils.” Metals analysis, with the exception of mercury, was
performed by inductively coupled plasma (ICP) based on USEPA Method 6010B. Mercury
analysis was performed by USEPA Method 7471 “Mercury in Solid or Semisolid Waste (Manual
Cold-Vapor Technique).” Quality control measures associated with metal analysis included
continuing calibration blanks/verifications (ICB-CCB/ICV-CCV), preparation/method blanks,
laboratory control samples (LCS), matrix spikes, and sample duplicates.

A total of 25 inorganic elements were analyzed. Sediment cores with more than 25% non-
detections were excluded from further analysis. Several elements that have naturally high
background concentrations in the environment were discarded, e.g., Ca, K, and Na. These are not
good indicators of anthropogenic sources of contaminants, even though substantial quantities of
Na can be derived from road salt (deicing salt). However, the three highly enriched elements Al,
Fe, and Mg were retained to act as indicators of earth crustal background input. Seventeen metals
were selected for further data analysis after screening: Al, As, Ba, Be, Cd, Cr, Co, Cu, Fe, Pb,
Mg, Mn, Hg, Mo, Ni, V, and Zn. For source apportionment analysis, 80 samples were selected (n
= 1,360 [17 x 80]). The RL was used for those entities with non-detect “U” values.

3.2 METALS RESULTS AND DISCUSSION
3.2.1 Metal Concentrations in Sediments

The concentrations of metals in sediments ranged from parts per billion (ug/kg, Hg) to parts per
hundred (K, Mg, Al, Ca, and Fe), but most metals were present in the parts per million (mg/kg)
range. The concentrations of six metals (As, Cd, Cu, Pb, Hg, and Zn) which are considered to be
introduced mainly by anthropogenic activities are shown in Figure 3.1. The six metals showed
roughly similar spatial variations to > 16PAH in Illinois River sediments. This spatial distribution
pattern indicated that the discharge of anthropogenic metal pollution was generally accompanied
by the discharge of PAHSs.

3.2.2 Source Apportionment Analysis of Metals

The PCA method was performed on metals data by SPSS 21.0 (IBM, 2012) using Varimax
rotation in a manner similar to PAH analysis. PCA results are given in Tables 3.1 and 3.2. Three
factors were suggested, accounting for 80% of the total data variance. Component 1 contained
high fractions of As, Cd, Cr, Cu, Pb, Hg, and Zn. A literature search suggested these elements
were likely introduced via anthropogenic means in the sediments. Arsenic, Cr, Cu, Pb, Hg, and
Zn are suggested to originate from steel industry waste, smelting furnace burning (Chow et al.,
2004; Querol et al., 2006; Li et al., 2012), coal, and coal combustion (Chow et al., 2004; Tian et
al., 2010). Therefore, component 1 likely represents industrial inputs.
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Component 2 was dominated by Al, Ba, Be, Co, Fe, and V. Component 3’s high fraction of Mg,
Mn, and Mo could be another crustal input factor representing different clay minerals in
sediments. Magnesium and Mn were found to be highly associated in soils with both high and
low organic matter content, suggesting that they were contained in the background soil materials
(Niu et al., 2013). Liu et al. (2009) suggested bulk sediments showed higher Mg (MgO) and Mn
(MnO) contents than the clay fraction of river sediments (Luzon, Philippines), while the clay
fraction showed high contents of Al (Al.Oz) and Fe (Fe20z). The difference in mineral
compositions was due to the sequential processes of clay mineral formation (Liu et al., 2009).
Therefore, both component 2 and component 3 represented metals from crustal material
weathering, but from different mineral components.
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Figure 3.1 Metal concentrations (As, Cd, Cu, Pb, Hg, Zn) in selected sediment cores. Dotted line indicates
the TEC value, dashed line the PEC value, and solid line the TACO Tier 1 objective.
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Table 3.1. Eigenvalues and data variance explained by corresponding principal components.

Variance ;;9;2'(:(3
Component  Eigenvalue Explained v II' d
%) explaine
( (%)
1 9.66 56.84 56.84
2 2.66 15.64 72.48
3 1.17 6.85 79.33
4 0.88 5.16 84.50
5 0.82 4.82 89.31

PMF analyses were also carried out on metals data. Three-factor PMF fingerprints are given in
Figure F-1. Highly consistent with PCA results, factor 1, with a high fraction of As, Cd, Cr, Cu,
Pb, Hg, and Zn, represents anthropogenic inputs; factor 2, with a high fraction of Al, Ba, Be, Co,
Fe, Ni, and V, indicates crustal weathering; and factor 3, dominated by Mg and Mn, with
moderate Mo and As, suggests another crustal input factor.

Notice that in the PCA results, the eigenvalues of components 4 and 5 were very similar (Table
3.1) and five factors spanned 89% of the data variance. Therefore, in order to validate the model
output, four and five factors were tested in the PMF analysis. The fingerprints of PMF 4- and 5-
factor solutions are given in Figures 3.2 and F-2. Increased uncertainties were associated with 4-
and 5-factor fingerprints (as indicated by the error bars). Again, this suggests that the limit of the
data signal and noise was reached. The newly-introduced factor 4 (PMF 4-4) was enriched with
Cd, Cr, Cu, Pb, Ni, Zn, and a high fraction — as well as a high uncertainty — of Mn. Cadmium
was suggested to be derived from rubber tire wear (Hjortenkrans et al., 2007) and lubricating oil
(Aucelio et al., 2007). Nickel is known to be released from petroleum combustion (Tian et al.,
2012). Zinc has been widely recognized to be partially from vehicle emissions and tire wear
(Chow et al., 2004). Manganese can be released from lubricating oil (Aucelio et al., 2007), tire
wear (Hjortenkrans et al., 2007), corrosion and wearing of auto parts (Duan and Tan, 2013); it
was also used as a gasoline antiknock additive (Loranger and Zayed, 1995). Therefore, this
newly introduced factor very likely represents traffic emissions. Notice that this factor was also
suggested by the PMF 5-factor solution (PMF 5-2, Figure F-2). Factor 5 is dominated by the
single metal Mo and small amounts of all other metals in the PMF 5-factor fingerprints (PMF 5-
5, Figure F-2), which probably represents data uncertainty. Generally, the 4-factor PMF results
represent a clear and meaningful interpretation of the sources of metals in the Peoria Pool
sediments.
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Table 3.2. Rotated principal component profiles of metal data. Vales are loadings for individual
factors on each principal component; high loadings (those shown in bold) indicate the principal
components with which the factors are most strongly correlated.

Rotated principal component

1 2 3

Al 297 899 103
As 811 159 253
Ba .303 .802 .064
Be 294 768 235
Cd 828 348 .095
Cr 850 AT4 .088
Co 175 .902 .186
Cu 921 341 .039
Fe 267 871 231
Pb 964 233 071
Mg .003 -.626 451
Mn .098 301 667
Hg 832 -.016 -.043
Mo 077 .067 678
Ni 530 649 183
\4 231 .895 .064
Zn 916 358 .098
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4. CONCLUSIONS

PAHs and metals detected in Illinois River sediments were analyzed to provide information on
the possible sources of contaminants to the Peoria Pool. The following conclusions could be
drawn from this study:

(1) Both PAH and metal concentrations showed some spatial variation within the Peoria Pool
of the Illinois River. Some of the high-concentration samples were taken in locations
close to the main river channel. The sediment cores taken downstream of Spring Bay in
Upper Peoria Lake and in Lower Peoria Lake generally showed lower concentrations.
Concentrations showed considerable variation in cores collected above Spring Bay and in
the backwater lakes above Chillicothe.

(2) Concentrations of 4- and 5-ring PAHs were dominant in Peoria Pool sediments; 6-ring
PAHSs were moderately abundant; and 2- and 3-ring PAHs were generally rare. The
comparison of PAH profiles in Peoria Pool sediments with PAH fingerprints from
specific sources (cosg) suggested that low-rank coals (lignite and sub-bituminous), coal-
tar sealcoats, coal and wood combustion soot, and traffic soot were the most probable
sources of PAHSs in Illinois River sediments.

(3) Positive matrix factorization (PMF) analysis suggested five factors, and when combined
with cose, indicated multiple potential PAH sources for several of those factors. Further
evaluation led to selection of dominant sources for each factor. Coal dust was the most
likely PAH source in the first factor (PMF 5-1), but PMF 5-1 may also have represented
aggregated PAH sources. In total, PMF 5-1 represented 47 + 7% of the total PAHS in
sediments within the Peoria Pool of the Illinois River. Coal combustion soot was likely
the dominant source of factor 2 (PMF 5-2), which accounted for 28 + 4% of the PAHSs.
Another possible source associated with factor 2 (PMF 5-2) is coke oven emissions.
Traffic soot, represented by factor 3 (PMF 5-3), contributed another 15 + 3% of the total
PAHs. Combining the PMF deductions and our prior knowledge, wood combustion soot
was identified as a minor PAH contributor (factor 5, PMF 5-5), making up about 5% of
the total PAHSs. In addition, the gas phase of PAH emissions from combustion and engine
exhaust (factor 4, PMF 5-4) accounted for the remaining portion (about 5%) of the total
PAHSs in the sediments.

(4) The analysis indicated that metals in the Peoria Pool sediments were mainly derived from
weathering of Earth crustal materials. The two different fractions of the crustal-based
materials, the Al/Fe-based fraction (clay materials) and Mn/Mg- based fraction (bulk
sediments) contributed 32% and 20% of the metals in the sediments, respectively. The
industrial-associated metal emissions composed slightly less than 28% of the total metals,
while traffic emissions accounted for about 20% of the total metals.
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Figure A-1. Map index for sampling sites in Peoria Pool of Illinois River.
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Figure A-2. Locations of sediment cores taken in backwater lakes Senachwine, Sawmill,
Billsbach, Weis, and Goose (at Marshall). L indicates sediment sample was generated by long
core composite; T, top segment composite; B, bottom segment composite.

49



Source: USGS

Figure A-3. Locations of sediment cores taken in backwater lakes Wrightman, Sawyer Slough,
Meadow, and Babb Slough. L indicates sediment sample was generated by long core composite;
T, top segment composite; B, bottom segment composite.
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Figure A-4. Locations of sediment cores taken in Upper Peoria Lake. L indicates sediment
sample was generated by long core composite; T, top segment composite; B, bottom segment
composite.
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Figure A-5. Locations of sediment cores taken in Lower Peoria Lake. L indicates sediment
sample was generated by long core composite; T, top segment composite; B, bottom segment
composite.
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Figure A-6. Locations of sediment cores taken in Wesley Lake. L indicates sediment sample was
generated by long core composite; T, top segment composite; B, bottom segment composite.
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APPENDIX B: Detailed Information About Selected Sediment Cores
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Table B-1. Core ID, locations, and sampling date of the selected sediment cores.

core #
185
186
187
189
190
191
192
194
195
196
197
198
199
200
250
251
252
254
255
256
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284

latitude
40.69134605
40.70748007
40.7063746
40.71431163
40.71473175
40.7184454
40.72293695
40.69023257
40.69868109
40.6967953
40.69533527
40.69640443
40.69846969
40.70036277
40.9627
40.95761
41.0069
41.01226
40.98302
40.95726
40.94858333
40.95375
41.01827778
41.01066667
41.00130556
41.05563889
41.04152778
41.03638889
41.01077778
41.00461111
40.99269444
40.98325
40.97738889
40.96538889
40.95536111
40.93952778
41.1725
41.17044444
41.15494444
41.15505556

longitude
-89.55825967
-89.54881642
-89.54585069
-89.54292152
-89.54551814
-89.54376554
-89.54349859
-89.57672442
-89.55730962
-89.55461019
-89.55261357
-89.54988513
-89.55221255
-89.55417848
-89.45424
-89.45648
-89.4351
-89.43306
-89.43306
-89.43479
-89.45913889
-89.45852778
-89.43202778
-89.43844444
-89.43291667
-89.4155
-89.42430556
-89.41908333
-89.41991667
-89.42130556
-89.42477778
-89.42675
-89.43786111
-89.43819444
-89.43916667
-89.45166667
-89.33397222
-89.34969444
-89.34811111
-89.33483333

date
7-Oct-2004
7-Oct-2004
7-Oct-2004
7-Oct-2004
7-Oct-2004
7-Oct-2004
7-Oct-2004
17-Nov-2004
17-Nov-2004
17-Nov-2004
17-Nov-2004
17-Nov-2004
17-Nov-2004
17-Nov-2004
23-Mar-2006
23-Mar-2006
23-Mar-2006
23-Mar-2006
23-Mar-2006
23-Mar-2006
8-May-2006
8-May-2006
8-May-2006
8-May-2006
8-May-2006
8-May-2006
8-May-2006
8-May-2006
8-May-2006
8-May-2006
9-May-2006
9-May-2006
9-May-2006
9-May-2006
9-May-2006
9-May-2006
17-May-2006
17-May-2006
17-May-2006
17-May-2006
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Table B-1 (continued).

core #
285
286
287
289
329
330
332
333
335
336
337
346
347
348
349
352
353
354
355
356
357
358
360
361
362
378
379
380
381
382
383
384
385
394
397
398
400
402
405
409

latitude
41.09427778
41.08305556
41.07375
41.08655556
40.71035
40.71001
40.70555
40.69566
40.68549
40.69027
40.65269
41.11574
41.11529
41.1261
41.0603
40.93602
40.88385
40.89196
40.82007
40.83606
40.8318
40.85965
40.86183
40.88076
40.8847
40.80153
40.78779
40.78608
40.78756
40.77251
40.72123
40.69337
40.66267
40.65858
40.9557
40.95459
40.95459
40.96038
40.87942
40.95607

longitude
-89.35580556
-89.36791667
-89.37983333
-89.3835
-89.54754
-89.54211
-89.54369
-89.54906
-89.57031
-89.57893
-89.60925
-89.34181
-89.33
-89.32214
-89.39419
-89.45947
-89.46573
-89.47507
-89.5507
-89.54172
-89.52606
-89.49696
-89.50861
-89.49605
-89.4866
-89.54725
-89.55466
-89.54455
-89.56714
-89.5516
-89.54338
-89.54832
-89.6079
-89.60832
-89.42882
-89.42928
-89.43221
-89.43848
-89.46111
-89.4288

date
17-May-2006
17-May-2006
17-May-2006
17-May-2006
25-Oct-2006
25-Oct-2006
25-0Oct-2006
25-0Oct-2006
25-Oct-2006
25-Oct-2006
25-0Oct-2006
11-Apr-2007
11-Apr-2007
11-Apr-2007
11-Apr-2007
11-Apr-2007
11-Apr-2007
11-Apr-2007
23-May-2007
23-May-2007
23-May-2007
23-May-2007
23-May-2007
23-May-2007
23-May-2007
9-Aug-2007
9-Aug-2007
9-Aug-2007
9-Aug-2007
9-Aug-2007
9-Aug-2007
9-Aug-2007
9-Aug-2007
2-Mar-2009
22-Mar-2010
22-Mar-2010
22-Mar-2010
22-Mar-2010
27-May-2010
27-May-2010
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APPENDIX C: PAH Profiles in Sediment Samples
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Figure C-1. PAH profiles of selected 65 sediment cores (for source apportionment analysis).
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Figure C-2. PAH profiles in sediment cores whose total PAH concentration is higher than mean
concentration (part 1).
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Figure C-2 (continued). PAH profiles in sediment cores whose total PAH concentration higher
than mean concentration (part 2).
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Figure C-2 (continued). PAH profiles in sediment cores whose total PAH concentration higher
than mean concentration (part 3).
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APPENDIX D: PAH Profiles in Specific Sources
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Table D-1. PAH profiles in coals. List of abbreviations: Lig — Lignite, Sub — Sub-bituminous, HVC - high volatile C, HVB - high
volatile B, HVA - high volatile A, MV — medium volatile, LV — low volatile, ANTH — Anthracite.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
COAL
Lignite A Sub-bituminous Bituminous Anthracites charcoal
PAH LigA LigA LigniteA SubC Sub C Sub B Sub B Sub A HVC HVB HVA HVA MV v HVA SEMI-ANTH ANTH ANTH charcoal

AcNe 2.70 0.52 224 12.60 0.56 2.61 9.47 0.46 324 7.88 3.53 1.36 1.44 0.53 1.85 0.20 2.53 5.10 19.29
AcNy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.57 0.36 0.61 0.96 053 0.04 1.39 0.00 0.00 1.28 221
An 138 0.89 1.35 1.10 0.00 1.40 1.25 0.64 6.18 5.39 14.47 0.43 1.01 0.46 0.74 0.11 0.00 153 0.22
BaA 4.44 9.60 5.23 5.28 4.47 7.02 4.89 6.88 3.68 3.99 5.38 2.25 1.97 1.64 231 1.05 0.00 0.77 0.28
BaP 234 2.73 3.74 1.97 4.47 1.80 217 6.88 1.25 2.99 1.86 1.20 0.58 0.70 1.39 1.57 0.00 0.00 0.00
BbF 15.58 14.03 14.95 4.73 9.87 331 3.36 20.65 221 1.80 241 0.63 1.73 337 0.92 20.97 0.00 1.02 0.00
BghiP 1.14 0.81 1.49 0.57 254 0.45 0.52 3.07 0.44 1.20 0.95 0.59 053 1.54 0.46 481 0.00 2.04 0.00
BKF 5.99 6.94 5.98 228 4.70 1.70 1.92 9.53 1.19 1.30 1.50 0.68 0.25 0.24 0.74 0.96 0.00 0.00 0.00
Chy 6.59 9.60 7.47 5.99 14.10 521 5.19 7.41 4.41 3.59 724 241 9.60 8.67 2.77 19.66 0.00 2.04 0.00
DBahA 0.50 0.25 0.75 0.42 0.44 0.32 037 1.01 0.40 0.27 0.19 0.18 0.30 0.87 0.18 2.66 0.00 0.00 0.00
FIA 29.37 14.03 26.16 20.48 19.74 22.05 25.96 16.94 11.47 3.39 9.09 1.44 2.30 0.87 1.85 1.79 0.00 2.04 1.93
Fl 1.98 0.81 1.49 2.60 0.47 7.62 3.67 035 12.06 9.98 8.91 3.85 7.68 13.73 4.62 8.30 16.02 1531 2.76
1P 432 3.62 6.35 134 4.70 1.10 1.19 6.88 0.40 0.77 0.83 0.19 0.10 0.58 0.46 2.88 0.00 0.00 0.00
Nap 1.08 0.74 0.75 1.81 1.03 1.30 2.47 0.58 22.06 17.96 18.18 60.16 25.45 38.53 59.10 2.05 40.73 35.71 68.91
PhA 5.81 8.12 561 3.39 9.40 22.05 12.83 053 19.12 31.94 17.81 20.86 43.70 26.49 18.47 29.70 27.15 20.41 413
Py 16.78 27.32 16.44 35.45 23.50 22.05 24.74 18.00 11.33 7.19 7.05 2.81 2.83 1.76 277 3.28 13.58 12.76 0.28
Total PAH 1668.3 13544 8508 12695  2127.3 997.7 3274 18889 6799 10020 5390 12467 20826  4152.5 76258  2289.2 36.83 177 8258
Unit ng/g ng/g ue/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ng/g ue/g ng/g ng/g ug/g ue/g
Reference | 1] 1] 2 1] 1] 1] 1] 1] 1] 1] 1] 1] 1] 1 2 1 1 2 2
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Table D-2. PAH profiles in coal soot. List of abbreviations: Comb — combustion, Ind — industrial, Res — residential, Bitu — bituminous,
Brig — briquette.

21 22 23 24 25 26 27 28 29 30 31 32 33
COAL COMBUSTION
Industrial Coal Comb Residential Coal Comb coal briquette charcoal
Res Res sub- Res Coal  Res Coal
PAH Ind Brown Ind Mixed Anthracite bitu Res Bitu Brig (Lab) Briq (field) total vapor particle  total vapor particle

AcNe 0.00 0.00 0.04 0.13 0.05 0.00 0.00 30.07 30.07 0.00 37.78 39.19 1.06
AcNy 0.00 0.00 0.02 0.12 0.08 0.04 0.00 14.39 14.40 0.00 7.01 7.28 0.00
An 0.97 0.64 8.64 14.61 3.77 1.41 0.04 1.27 1.27 5.26 2.46 2.53 0.64
BaA 6.37 3.53 7.40 5.34 10.67 6.55 7.20 0.11 0.11 5.26 0.24 0.24 0.42
BaP 11.97 14.58 3.74 3.70 11.73 6.41 9.18 0.30 0.30 5.26 0.67 0.70 0.00
BbF 22.11 21.07 8.87 7.30 17.40 19.64 26.28 0.57 0.57 0.00 0.07 0.00 1.80
BghiP 15.03 15.35 1.67 1.83 6.58 9.99 13.61 0.00 0.00 0.00 0.01 0.00 0.30
BkF 3.46 4.24 1.89 1.80 4.03 2.31 3.25 1.66 1.66 0.00 3.38 0.04 90.49
Chy 5.96 3.02 4.98 4.14 11.46 15.47 22.75 0.59 0.59 0.00 041 0.42 0.11
DBahA 1.17 2.63 0.65 0.55 3.82 5.08 7.63 0.00 0.00 0.00 0.00 0.00 0.00
FIA 7.54 1.93 12.72 10.12 5.47 5.03 0.51 0.99 0.99 26.32 2.37 2.37 2.54
FI 1.73 12.97 15.32 9.27 191 0.81 0.34 3.01 3.01 0.00 1.93 2.00 0.11
IP 13.14 10.60 1.77 2.44 10.36 5.20 7.86 0.00 0.00 0.00 0.00 0.00 0.00
Nap 1.83 4.17 0.07 0.03 0.06 0.08 0.00 43.87 43.88 0.00 29.31 30.44 0.00
PhA 2.90 3.53 22.39 28.50 6.90 18.24 0.47 1.03 1.03 5.26 9.44 9.78 0.42
Py 5.81 1.73 9.82 10.13 5.72 3.75 0.88 2.15 2.14 52.63 4.90 5.01 2.12
Total PAH 196.3 155.7 14948.9 26944.6 12506.8 5401 6210.5 101.436 101.417 0.019 25.5168 24.573 0.9438
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Reference 3 3 3 3 3 3 3| 4 a 4 4 4 4
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Table D-3. PAH profiles in coal-tar products. List of abbreviations: SRM — standard reference material.

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53
COAL TAR
PAH Product2  Product3 Product4 Product5 Product6 Product7 Product8 Product9 Product10 Product11l Product12 SRM 1597a SRM 1597 CTpl CTp2 CTp3 CTp4 CTp5 CTp6

AcNe 3.53 3.40 474 3.46 3.24 3.21 3.98 4.10 3.99 3.88 3.52 0.25 0.00 4.05 4.16 3.98 4,07 3.59 3.65
AcNy 0.27 0.40 0.11 0.65 0.03 0.56 0.98 0.75 0.54 1.11 1.44 8.59 7.91 0.00 0.00 0.00 0.00 0.00 0.00
An 8.52 6.54 6.19 5.07 4.94 5.13 5.10 5.16 5.06 4.95 5.23 3.50 3.20 5.22 5.24 5.09 5.17 5.34 5.43
BaA 5.80 5.30 6.33 5.89 6.02 6.10 417 4.02 4.26 4.28 4.99 321 3.12 421 408 4.29 437 5.13 5.14
BaP 4.66 491 4.69 6.04 6.38 6.00 458 456 476 4.82 5.16 3.05 3.03 4.66 463 478 471 5.39 5.26
BbF 3.96 473 4.44 6.26 6.32 6.09 4,06 3.83 3.97 4.22 4.40 2.16 2.09 411 3.89 3.99 422 4.90 423
BghiP 236 1.29 217 4.02 451 4.07 3.18 3.08 3.28 3.26 3.11 1.65 1.70 3.23 3.13 3.30 3.27 3.21 3.21
BKF 3.34 434 3.45 4.46 5.20 4.79 2.76 2.81 2.95 2.74 3.46 1.35 1.36 2.80 2.86 297 2.86 347 3.63
chy 5.77 5.87 5.86 6.82 7.12 7.13 417 4,05 433 437 5.13 2.16 227 421 411 435 437 5.32 5.26
DBahA 0.27 0.81 1.03 1.65 1.93 1.81 0.98 0.75 0.29 1.11 1.44 0.23 0.00 0.00 0.00 0.29 0.00 0.00 0.00
FIA 18.23 17.51 16.95 16.80 16.33 16.76 17.30 17.46 17.70 17.38 14.47 10.68 10.19 17.72 17.72 17.80 17.47 14.84 14.96
FI 3.48 439 5.17 2.89 3.25 2.92 331 3.41 3.37 3.27 3.45 5.03 443 3.35 3.46 3.39 3.43 3.52 3.58
1P 2.68 261 2.15 4.00 4.28 4.15 247 242 254 2.55 251 1.81 191 2.50 245 2.55 2.56 261 256
Nap 5.86 5.58 4.29 2.06 1.37 1.32 8.27 8.23 7.93 7.63 13.17 33.65 36.72 8.39 8.36 7.97 8.57 13.36 13.72
PhA 18.50 20.80 20.19 22.17 21.68 22.18 21.07 21.80 21.25 21.16 17.24 14.83 14.62 21.47 22.14 21.38 21.53 17.69 17.81
Py 12.76 11.50 12.23 7.75 7.38 7.77 13.61 13.57 13.80 13.25 11.25 7.84 7.44 14.08 13.78 13.88 13.40 11.61 11.57
Total PAH 9323 20959  22359.5 70823  58111.8 79364 70304 131181 233390 89781 65538  3060.66 3159 98740 129200 232030 39100 57090 70190
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Reference | 5] 5] 5] 5] 5] 5] 5] 5] 5] 5] 5] 6] 6| 7 7 7 7 7] 7
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Table D-4. PAH profiles in other combustion soot and asphalts. List of abbreviations: SRM — standard reference material, Asp —
asphalt product.

54 55 56 57 58 59 60 61 62 63 64 65 66 67 68
PAH SOOoT ASPHALT
VEHICLE SOOT
Diesel Brazilian
Traffic Wood sootSRM  Gasoline Diesel asphalt road
soot Oil soot  soot Coal soot coal charcoal 1650 eigine engine ASp1l ASp2 ASp3 binder Asphalt asphalt

AcNe 0.00 0.00 0.00 0.00 0.00 0.00 0.32 0.00 0.00 3.58 297 3.71 0.00 0.00 0.00
AcNy 0.00 0.00 0.00 0.00 0.00 0.00 0.32 0.00 0.00 0.07 0.00 0.00 0.00 0.00 0.00
An 5.59 1.97 1.22 0.64 0.55 4.23 1.60 1.36 3.92 5.03 4.86 4.40 4.46 3.64 0.00
BaA 4.05 3.22 6.78 9.48 3.10 6.62 3.84 5.46 451 6.30 5.64 4.69 6.93 347 10.34
BaP 5.10 0.21 14.48 1.60 1.24 7.14 0.32 10.78 451 4.80 4.64 4.85 7.21 8.32 0.00
BbF 543 18.07 13.34 14.33 3.69 5.95 3.20 12.69 6.83 10.42 4.20 4.97 8.70 12.48 10.34
BghiP 18.04 1.48 13.25 3.91 2.41 3.63 0.77 31.79 4.80 0.00 1.87 2.70 14.64 11.96 13.79
BkF 2.22 2.84 5.83 5.23 1.15 2.84 1.92 0.00 0.00 0.00 3.97 3.00 5.94 0.00 5.17
Chy 3.87 17.81 8.32 21.61 9.36 6.76 11.51 5.18 11.05 6.57 5.70 493 1.77 9.01 17.24
DBahA 0.62 0.74 1.29 2.08 0.83 1.03 0.32 0.00 0.00 0.00 0.00 0.00 11.24 0.00 0.00
FIA 13.26 31.18 8.45 21.17 5.64 12.15 23.02 5.46 11.77 14.92 20.17 17.78 5.02 10.23 3.45
FI 0.00 0.00 0.00 0.00 0.00 0.00 1.28 0.00 0.00 3.85 3.55 3.40 7.07 0.00 3.45
IP 8.07 1.78 12.62 5.06 1.67 2.78 0.64 15.14 2.76 0.00 1.80 2.43 11.67 5.37 5.17
Nap 0.00 0.00 0.00 0.00 0.00 0.00 0.45 0.00 0.00 11.81 3.22 6.76 3.47 0.00 10.34
PhA 16.40 12.10 4.10 2.97 50.74 33.50 27.49 3.55 29.65 17.97 22.71 22.60 5.66 22.01 13.79
Py 17.36 8.60 10.32 11.93 19.61 13.36 23.02 8.59 20.20 14.68 14.70 13.78 6.22 13.52 6.90
Total PAH 128.26 58.01 118.62 785.63 71.23 44.68 882000 73.3 68.8 337.83 7485 1451.3 141.4 57.7 29
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg Hg/g He/g us/g mg/kg mg/kg mg/kg mg/kg Hg/g
Reference | 8| 8 8 8 8 N 9 9 7| 7| 7l 10 9 2
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Table D-5. PAH profiles in gasoline. Notes: A, B, C, D, E refer to gas stations where gasoline samples were taken. LFG — lead-free

gasoline, PLG — premium leaded gasoline.

69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84
PETROLEUM (Products)
Gasoline
light
cracked
PAH  Straight-rur distillate Al A2 B1 B2 c1 2 D1 D2 E1 E2 95-lIFG  92-IFG  PLG

AcNe 6.67 10.26 0.00 0.40 0.29 0.37 0.29 0.44 0.51 0.38 0.23 0.21 0.27 1.19 1.79 1.62
AcNy 0.00 0.00 0.00 0.03 0.01 0.01 0.01 0.03 0.02 0.01 0.01 0.10 0.14 4.12 5.62 4.79
An 0.00 3.42 0.41 1.56 0.93 1.24 1.01 1.70 2.01 0.51 0.68 0.19 0.66 1.26 1.91 1.42
BaA 0.00 0.85 0.00 0.05 0.06 0.09 0.08 0.05 0.04 0.06 0.08 0.00 0.04 0.28 0.12 0.34
BaP 0.00 0.00 0.00 0.02 0.02 0.05 0.03 0.04 0.05 0.02 0.03 0.00 0.04 0.07 0.06 0.05
BbF 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.00 0.01 0.03 0.01 0.01
BghiP 0.00 0.00 0.00 0.02 0.03 0.04 0.03 0.02 0.04 0.04 0.03 0.00 0.03 1.05 0.84 0.94
BKF 0.00 0.00 0.03 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.21 0.06 0.02
Chy 0.00 1.71 0.00 0.02 0.04 0.04 0.05 0.02 0.03 0.05 0.06 0.00 0.02 0.07 0.12 0.20
DBahA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.24 0.27
FIA 0.00 1.71 0.11 0.11 0.12 0.13 0.13 0.12 0.18 0.13 0.13 0.02 0.09 0.42 0.72 0.54
FI 20.00 13.68 0.00 0.61 0.36 0.39 0.32 0.53 0.78 0.40 0.23 0.62 0.87 6.15 7.42 573
IP 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 2.59 1.85 1.69
Nap 26.67 29.06 98.26 96.17 97.32 96.68 97.20 95.90 95.05 97.40 97.78 98.42 96.98 79.70 76.73 77.59
PhA 40.00 32.48 0.87 0.87 0.65 0.75 0.65 0.97 1.03 0.72 0.56 0.42 0.73 2.66 2.15 452
Py 6.67 6.84 0.32 0.13 0.14 0.18 0.16 0.15 0.20 0.25 0.15 0.02 0.10 0.07 0.36 0.27
Total PAH 24100 75700 10584 831.878 2157.874 1861.81 2469.16 823.801  946.88 1950.696 2659.06 121922 71.1473 14304 16722  14.822
Unit pe/s He/g ue/s mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/| mg/| mg/|
Reference 2 2l 11 | 12 12| 12 12| 12 12| 12 12| 12 12| 13 13 13
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Table D-6. PAH profiles in diesel and motor/lubricant oil. Note: number of kilometers refers to the distance of the vehicle has been
driven.

85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102
PETROLEUM (Products)
Diesel fuel Motor Oil/Lubracant Oil
Used used
crankcase used hydraulic
PAH Diesel1  Diesel 2  Diesel 3 Diesel 4  Diesel 5 min max mean Oil Shale Okm 473 km 2130 km 3144 km  3635km oil motor oil  oil

AcNe 0.00 2.82 14.58 6.16 0.85 17.37 18.99 18.88 18.81 5.38 0.00 1.58 0.97 1.03 0.96 0.00 0.71 0.00
AcNy 0.00 0.07 0.29 0.32 0.09 2.29 26.38 27.64 28.53 1.77 0.00 0.45 0.35 0.27 0.36 0.00 0.71 0.00
An 0.64 0.00 0.00 0.00 0.00 0.00 3.32 3.26 3.61 15.29 0.00 12.09 14.26 14.36 14.05 9.65 3.55 13.51
BaA 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.22 0.22 2.48 0.00 4.55 5.27 5.74 5.71 5.95 7.80 0.00
BaP 0.00 0.00 0.00 0.00 0.00 0.00 0.66 0.61 0.62 3.66 0.00 6.00 6.18 6.48 6.66 5.13 2.13 0.00
BbF 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.30 0.34 10.90 0.00 3.06 2.99 3.20 3.18 4.11 0.35 0.00
BghiP 0.00 0.12 0.00 0.00 0.00 0.58 0.13 0.17 0.14 0.23 0.00 4.38 4.46 4.57 4.64 3.90 4.26 0.00
BkF 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.05 0.06 3.91 0.00 0.68 0.33 0.55 0.66 0.00 3.55 0.00
Chy 0.00 0.00 0.00 0.47 0.00 0.00 0.16 0.22 0.15 3.58 0.00 2.35 2.58 2.81 2.74 5.13 5.32 0.00
DBahA 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.42 0.34 0.39 0.00 0.02 0.19 0.23 0.23 0.00 0.00 0.00
FIA 0.00 0.17 0.07 0.17 0.01 0.00 1.54 1.86 1.92 13.52 0.00 5.99 6.73 7.05 6.91 13.14 6.03 0.00
Fl 6.68 7.16 31.23 20.52 1.83 0.00 11.55 13.82 12.39 0.96 0.00 9.25 7.01 5.90 5.37 0.00 2.48 13.51
P 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.23 0.24 0.39 0.00 4.09 3.98 4.09 4.09 2.67 0.71 0.00
Nap 77.12 76.36 31.23 52.23 94.97 4.09 33.30 27.45 28.46 4.20 12.00 14.02 9.08 8.71 10.30 0.00 40.43 541
PhA 7.33 11.45 15.62 17.35 143 22.33 2.63 453 3.86 20.30 52.00 22.53 25.93 24.72 24.16 29.16 11.35 43.24
Py 8.23 1.86 6.98 2.80 0.82 53.34 0.15 0.35 0.29 13.04 36.00 8.98 9.69 10.28 9.98 21.15 10.64 24.32
Total PAH 778 2095.4 96.051 536.1 600.219 161.23 209.6 361.78 284.93 355.1 2.5 621.4 910 1027.4 1050.6 48.7 81570 630000
Unit ug/km  mg/L me/L me/L me/L me/L pe/m*  pg/m’  pg/m’ ue/g ue/g ue/g ug/e ue/g ue/g ue/g ue/g
Reference | 14 | 12] 12| 12| 12| 12] 15] 15] 5] 16 | 17] 17] 17] 17] 1] o ] 2] 2
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Table D-7. PAH profiles in oil spill and industrial boiler/stack emissions. List of abbreviations: HO — heavy oil, NG — natural gas,
COG - coke oven gas, BFG — blast furnace gas, BOF — biomass oil fuel, EAF — electric arc furnace.

103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121
Oil Spill Industrial boiler/stack
Sample Sample Sample Sample cooking  Blast Heavy oil  Power
PAH 1460 1461 1462 1463 Sea water sediment Heavyoil Diesel HO+NG COG+BFG oil furnace BOF Coke Oven EAF plant plant Cement1l Cement2

AcNe 11.36 12.34 10.05 8.07 0.72 1.08 0.51 1.65 0.81 0.05 0.87 0.90 1.40 131 1.50 1.72 1.80 16.74 21.43
AcNy 4.08 3.90 3.90 3.48 0.00 0.70 0.50 0.75 0.36 0.02 1.16 0.88 0.82 1.76 5.89 2.32 2.55 9.05 1.44
An 2.03 2.63 2.10 2.09 12.85 3.08 0.80 1.08 0.34 1.01 3.35 0.06 0.07 0.34 0.26 0.41 0.20 0.15 0.54
BaA 0.11 0.15 0.11 0.32 0.47 8.79 0.24 0.28 0.13 0.00 0.73 0.33 0.13 0.47 0.05 0.13 0.15 0.14 0.16
BaP 0.04 0.05 0.03 0.16 0.31 7.03 0.82 091 0.59 0.74 1.15 2.98 0.60 6.66 2.52 8.13 1.54 1.50 1.79
BbF 0.00 0.06 0.00 0.00 0.29 20.22 0.48 0.66 0.09 0.07 3.05 0.44 0.19 0.74 0.74 1.09 1.08 0.84 0.54
BghiP 0.00 0.00 0.00 0.00 0.56 4.83 0.95 0.26 0.00 0.00 3.00 0.06 0.03 0.06 0.16 0.16 0.26 0.18 0.11
BkF 0.04 0.00 0.00 0.22 0.17 1.98 0.27 1.69 0.18 0.29 5.73 0.19 0.10 0.21 0.39 0.30 0.36 0.25 0.29
Chy 0.20 0.26 0.17 0.38 1.03 5.05 0.21 0.18 0.42 0.02 1.50 0.04 0.05 0.24 0.16 0.25 0.28 0.13 0.11
DBahA 0.00 0.00 0.00 0.00 0.00 2.42 2.84 0.39 0.03 0.26 0.06 0.22 0.14 0.27 1.69 1.12 2.20 0.45 0.29
FIA 1.11 1.10 0.93 1.53 241 11.43 2.79 38.97 4.54 76.28 6.61 0.26 0.27 0.55 0.52 0.70 0.69 0.56 0.44
FI 27.80 27.17 23.84 19.10 11.60 2.20 2.49 2.39 2.57 0.75 2.08 0.58 0.52 1.44 231 1.56 0.79 2.04 4.05
P 0.00 0.00 0.00 0.00 0.60 6.37 2.18 0.10 0.00 0.12 1.59 0.07 0.02 0.01 0.28 0.09 0.12 0.06 0.20
Nap 1.37 2.74 15.97 24.82 59.57 4.61 79.92 44.15 65.06 18.01 50.54 91.37 93.59 81.65 79.90 77.19 83.90 64.81 62.63
PhA 42.21 40.22 34.73 31.79 4.70 10.99 2.36 2.75 21.80 0.11 12.45 0.77 1.04 2.52 2.10 2.56 1.46 1.10 461
Py 9.64 9.39 8.18 8.04 4.70 9.23 2.62 3.78 3.08 2.26 6.13 0.85 1.02 1.76 1.54 2.27 2.61 1.99 1.37
Total PAH 492.76 474.83 486.62 298.5 31.897 455.1 13638.6  2860.84  2820.66 207.12 45465 75.629 512.88 232.709 160.2 3506.98 560.168 124.82 174.025
Unit mg/g mg/g me/g mg/g ng/L ng/gdw  pg/ke ug/kg pg/kg pg/kg pg/Nm®  pg/Nm®  pg/Nm’  pg/Nm®  pg/Nm®  pg/Nm®  pg/Nm®  pg/Nm’
Reference 13 18] 18] 18] 19| 19| 20] 20| 20| 200 16 | 21 21 21 21 21] 21 21] 21
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Table D-8. PAH profiles in diesel engine emissions. Note: creep, transient, and cruise refer to the operation mode. Mazda, King Long,
and MAN are the manufacturers’ names, but here they refer to specific engine models from corresponding manufacturers. D — diesel
engine.

122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140

Engine Emissions
Diesel Engine

Diesel
PAH Creep Transient Cruise Engines Mean (mg/l gas particle Mazda min King Long (¢ MAN (non-c model 1 model 2 model 3 model 4 model 5 Light-duty [ Heavy-duty ave D aveD

AcNe 3.15 2.37 2.28 12.93 248 1.97 0.00 9.83 13.28 4.47 291 413 4.08 2.82 2.51 0.00 0.00 0.00 0.00
AcNy 1.45 1.61 1.15 10.60 4.44 7.17 0.00 0.00 0.00 0.00 3.19 6.54 6.54 2.27 4.30 5.88 2.30 0.00 0.00
An 1.19 0.89 0.54 5.74 1.02 1.28 1.30 5.55 12.19 4.93 1.96 1.79 2.37 3.80 5.79 0.00 0.00 18.57 30.53
BaA 1.57 1.06 1.16 5.69 0.47 0.30 093 1.17 0.64 0.41 0.11 0.11 0.09 0.04 0.16 0.30 2.49 2.54 2.24
BaP 1.66 0.90 1.08 6.90 0.23 0.00 0.00 2.51 2.12 1.24 0.20 0.12 0.13 0.13 0.43 0.00 0.00 1.30 1.47
BbF 1.72 131 0.94 3.13 0.26 0.00 0.00 4.49 2.34 0.86 0.29 0.11 0.14 0.48 0.14 0.84 0.19 3.80 6.28
BghiP 6.54 3.51 371 2.47 0.35 0.00 0.00 1.84 1.02 0.40 0.32 0.19 0.17 0.14 0.75 0.30 0.56 2.74 2.05
BkF 1.42 1.27 1.14 2.23 0.26 0.00 0.00 0.10 0.50 0.22 0.13 0.14 0.15 0.12 0.24 0.00 0.00 0.00 0.00
Chy 141 1.05 1.13 3.27 0.38 0.34 1.87 0.65 0.30 1.30 0.17 0.22 0.24 0.13 0.31 0.42 0.44 5.06 3.23
DBahA 5.06 3.53 3.30 3.88 0.00 0.00 0.00 0.79 041 0.15 0.22 0.20 0.15 0.12 0.93 0.00 0.00 0.13 0.20
FIA 6.57 5.77 8.68 1.84 0.79 5.42 6.77 0.76 0.91 1.24 0.25 0.36 0.82 0.44 1.33 3.30 137 29.60 24.56
Fl 6.65 8.28 6.16 14.88 5.26 3.54 1.14 2.13 1.40 24.87 2.37 3.01 3.01 7.19 8.16 6.06 3.05 0.00 0.00
IP 4.09 3.45 2.67 571 0.35 0.00 0.00 2.27 0.95 0.33 0.62 0.80 0.40 0.44 0.33 0.12 0.06 1.57 1.08
Nap 24.54 29.63 25.22 8.82 76.15 63.10 71.78 58.94 60.32 51.00 86.81 81.65 80.51 79.83 72.76 79.08 87.12 0.00 0.00
PhA 16.13 18.92 16.31 10.79 6.28 9.52 5.62 6.14 243 7.09 0.21 0.21 0.29 1.71 0.66 0.00 0.00 0.00 0.00
Py 16.83 16.42 24.52 1.12 1.26 7.35 10.59 2.84 1.19 1.49 0.24 0.42 0.92 0.35 1.21 3.72 2.43 34.70 28.36
Total PAH 99.82 99.882 99.918 4.3762 3421 977.83 235.86 671.36 508.58 2169.41 1497.47 505.81 561.39 1119.83 316.09 0.01668 0.001607 3.0266  0.73692
Unit ug/mi ug/mi ug/mi mg/kg ug/km ug/km |.1g/m3 ug/m3 },Lg/m3 },lg/m3 |.1g/m3 pg/m3 ug/m3 },Lg/m3 mg/kg mg/kg. A

Reference | 22 22 2] 23 | 20 | 14] 14] 13 13] 13 15] 15] 15] 15] 15] 25] 25] 26 26
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Table D-9. PAH profiles in gasoline engine emissions. Note: L, ML, M, H, and S are measurements of engine emission rates. L —low
emitter, ML — medium low emitter, M — medium emitter, H — high emitter, and S — gasoline engine.

141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156 157 158 159
Gasoline Engine
summer winter
noncataly noncataly Hyundai Hyundai  DACIA
catalyst- catalyst- st- st- Avanta Elantra Super
equipped, equipped, equipped, equipped, (catalytic) (non- Nova

PAH avel ave M ave H avesS avel ave ML avem ave H aveS Phase 1 Phase 2 Smoker gas particle gas particle (ug/m3) catalytic) (catalytic)
AcNe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.33 0.00 2.80 1.92 2.69
AcNy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 591 5.05 7.81 3.40 0.00 4.05 0.00 0.00 0.00 0.00
An 16.83 28.51 20.52 16.77 20.56 16.45 21.39 15.54 26.27 0.00 0.00 0.00 0.34 0.00 0.27 8.69 2.57 1.18 18.48
BaA 1.22 2.25 2.95 3.27 0.25 0.56 0.39 0.98 1.53 0.05 0.11 0.08 0.02 14.56 0.01 4.26 0.71 0.26 0.24
BaP 0.40 1.46 3.84 4.76 0.12 0.40 0.27 1.86 1.96 0.00 0.00 0.00 0.00 3.15 0.00 3.36 1.59 0.84 1.22
BbF 0.05 1.74 4.49 4.03 0.00 0.94 0.73 3.06 3.84 0.14 0.10 0.17 0.00 0.00 0.00 3.06 2.57 091 0.87
BghiP 0.68 343 6.57 10.48 0.03 0.70 0.64 5.10 5.39 0.17 0.07 0.20 0.02 9.46 0.02 3.84 1.14 0.43 0.37
BkF 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 12.46 0.00 2.68 0.81 0.20 0.20
Chy 0.96 2.22 3.05 3.74 0.25 0.62 043 1.08 1.38 0.05 0.11 0.06 0.04 30.93 0.01 4.27 0.46 041 0.12
DBahA 0.05 0.20 0.31 0.18 0.00 0.01 0.01 0.08 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.17 0.15
FIA 37.02 28.10 25.30 20.07 36.15 34.32 33.24 29.14 25.32 1.77 10.74 1.80 0.39 10.36 0.30 12.47 091 0.67 0.19
Fl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.88 2.50 239 0.89 0.00 0.67 1.65 5.18 2.63 0.82
P 0.25 1.21 2.84 2.37 0.00 0.24 0.20 1.26 1.67 0.05 0.02 0.06 0.00 7.51 0.00 2.34 1.07 1.10 1.07
Nap 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 87.75 67.28 85.27 91.90 0.00 92.89 0.00 77.08 81.06 72.92
PhA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.99 0.00 1.16 35.59 0.92 7.48 0.13
Py 42.53 30.88 30.14 34.33 42.62 45.76 42.71 4191 32.48 2.25 14.02 2.16 0.39 11.56 0.30 17.80 1.73 0.73 0.53
Total PAH 0.13073 0.1687 0.27869 0.87678 0.602992 0.77802 130874 3.49361 231823 0.19032 0.19694 0.06516 1088.089 0.666 53825.57 12194 69.28 361.06 133.12

Unit mg/mi mg/mi mg/mi mg/mi mg/mi mg/mi mg/mi mg/mi mg/mi pg/km ug/km ug/km ug/km pg/m? ug/m? ug/m?
Reference 26 26 26 26 26 26 26 26 26 25 25 25] 11] 1] 11] 11] 13 13 13
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Table D-10. PAH profiles in wood combustion emissions.

160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178
Wood Combustion
Oak Pine, Pine, Oak, Eucalyptus  Eucalyptus Eucalyptus Wood wood, wood,

PAH gas+particle gas+particle Pine, gas particle gas+particle Oak, gas Oak, particle gas+particle gas particle gas+particle combustion gas+particle wood, gas particle softwood hardwood  woodstove syntheticlog
AcNe 5.04 7.08 0.73 0.00 0.70 3.47 0.00 3.03 2.99 0.00 2.67 1.47 32.35 33.95 0.00 0.59 7.41 0.81 0.41
AcNy 2.42 3.49 6.74 0.00 6.41 32.62 0.00 28.45 33.42 0.00 29.87 52.30 10.05 10.55 0.00 10.05 7.08 8.24 13.49
An 20.86 13.22 1.25 161 1.26 6.43 0.47 5.67 5.89 0.17 5.28 10.00 1.67 1.73 0.39 0.00 0.00 0.00 0.00
BaA 1.49 2.03 0.00 8.64 0.42 0.00 12.97 1.66 0.08 15.02 1.66 0.53 0.74 0.39 7.92 0.07 0.04 0.04 0.00
BaP 2.85 5.52 0.00 5.04 0.25 0.00 5.05 0.65 0.00 8.48 0.90 5.80 0.63 0.15 10.34 0.51 0.25 0.27 0.62
BbF 1.70 3.88 0.00 5.60 0.27 0.00 8.24 1.05 0.00 9.21 0.98 0.67 0.49 0.19 6.65 0.00 0.00 0.00 0.00
BghiP 0.64 0.65 0.00 3.10 0.15 0.00 0.00 0.00 0.00 4.87 0.52 0.00 0.46 0.00 9.65 0.29 0.16 0.15 0.41
BkF 2.70 4.64 0.00 4.75 0.23 0.00 6.24 0.80 0.00 8.06 0.86 1.27 0.41 0.29 2.70 0.00 0.00 0.00 0.00
Chy 2.88 339 0.00 8.07 0.39 0.00 15.55 1.99 0.09 16.71 1.85 0.94 0.80 0.33 10.31 0.00 0.00 0.00 0.00
DBahA 0.23 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 0.00 11.60 0.00 0.00 0.00 0.00
FIA 7.60 9.90 1.10 27.98 241 10.90 24.71 12.67 12.54 14.34 12.74 2.74 4.50 3.83 18.11 11.37 11.89 15.05 6.64
Fl 9.42 11.00 1.61 0.00 153 11.57 0.00 10.09 8.73 0.00 7.80 3.66 4.40 4.62 0.00 0.00 0.00 0.00 0.00
IP 0.51 0.60 0.00 3.67 0.18 0.00 0.00 0.00 0.00 4.73 0.50 0.00 1.03 0.49 11.94 0.29 0.12 0.15 0.41
Nap 21.12 3.32 82.21 0.00 78.21 0.00 0.00 0.00 0.00 0.00 0.00 11.49 35.63 37.40 0.00 4321 53.54 59.77 50.21
PhA 11.64 14.78 5.69 4.77 5.64 27.76 1.43 24.39 27.23 192 24.54 6.26 4.06 4.24 0.58 28.61 15.68 12.15 19.50
Py 8.89 15.94 0.68 26.77 1.95 7.25 25.33 9.56 9.03 16.48 9.82 2.86 2.22 1.85 9.82 4.99 3.83 3.37 8.30
Total PAH 610.7 463.6 276.12 14119  290.239 33.11 4.8555  37.9655 29.893 3.5494  33.4424 3.4989 109.743  104.552 5.191 0.01363 0.0243  0.02585  0.00482
Unit mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Reference 16 16| 27| 27| 27 27] 27| 27| 27| 27] 27] 23 4 q] 4 25 25 25 25
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Table D-11. PAH profiles wood/biomass combustion emissions.

179 180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198

Wood/Biomass Combustion

almond, walnut, fir, pine,
almond, stoked/fla almond, walnut, stoked/fla walnut, fir, stoked/fla fir, pine, stoked/fla pine, barley barley corn straw corn straw ricestraw ricestraw wheat wheat
PAH flaming ming average  flaming ming average  flaming ming average  flaming ming average straw 1 straw 2 1 2 1 2 straw 1 straw 2

AcNe 1.23 131 1.27 6.90 8.18 7.47 8.24 11.94 9.01 7.96 6.24 7.00 0.32 29.15 221 8.97 3.75 0.76 0.45 0.02
AcNy 19.19 18.64 18.96 4.59 4.62 4.60 8.14 10.58 8.65 5.04 5.48 5.29 10.37 2.30 0.98 7.08 438 10.84 1.26 3.61
An 2.80 1.58 2.27 192 1.24 1.62 2.87 1.51 2.59 211 1.20 1.61 1.87 3.29 0.19 4.50 2.10 197 1.76 1.50
BaA 1.52 1.52 1.52 0.21 0.32 0.26 0.89 0.90 0.89 0.61 0.29 0.43 0.52 1.86 0.67 2.48 0.79 1.22 3.14 0.56
BaP 0.24 0.15 0.20 0.05 0.00 0.03 0.14 0.07 0.13 0.16 0.00 0.07 0.35 133 13.84 0.09 0.28 0.74 0.91 0.27
BbF 0.37 0.22 0.31 0.00 0.00 0.00 0.23 0.08 0.20 0.31 0.00 0.14 1.09 4.04 29.73 0.26 0.78 1.21 2.69 0.55
BghiP 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.00 0.25 0.00 0.90 0.00 0.13 0.26 1.44 0.00
BkF 0.35 0.37 0.36 0.00 0.00 0.00 0.56 0.22 0.49 0.33 0.00 0.15 0.32 0.84 13.57 0.43 0.50 0.78 0.91 0.52
Chy 1.03 2.04 1.46 0.31 0.38 0.34 0.76 0.85 0.78 0.52 0.26 0.37 0.65 2.37 1.00 3.32 0.90 1.47 3.21 0.71
DBahA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.00 0.00 0.00 0.00 0.00
FIA 3.97 341 3.72 5.17 6.18 5.62 6.46 5.79 6.32 5.49 4.73 5.07 134 2.85 2.03 13.77 3.23 3.56 9.17 2.08
Fl 0.46 0.15 0.33 478 3.09 4.03 3.22 2.48 3.07 2.79 2.37 2.55 1.54 3.46 0.50 1.21 4.66 1.20 0.42 0.57
IP 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.00 2.67 0.00 0.13 0.59 0.93 0.00
Nap 50.23 54.16 51.94 61.66 65.07 63.17 47.31 53.22 48.54 58.11 67.97 63.60 70.26 17.96 24.37 18.96 63.96 61.44 61.20 82.64
PhA 15.34 13.37 14.49 10.81 591 8.65 15.73 7.81 14.09 12.58 7.46 9.73 9.83 22.38 4.43 25.99 12.16 11.07 7.18 5.13
Py 3.24 3.09 3.18 3.60 5.00 4.22 5.45 4.52 5.26 3.99 4.01 4.00 1.00 8.18 2.00 12.94 2.24 2.91 5.34 1.84
Total PAH 15976 12168 14069 25698 20406 23053 44288 11619 27952 15368 64231 26667 212840 61531 31322 7015 15077 11928 72537 58070
Unit ug/ke pg/kg ug/kg ug/kg pg/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg pe/kg ug/kg ug/kg ug/kg ug/kg

Reference | 28] 28 28] 28] 28 28] 28] 28 28] 28] 28 28] 28 28] 28] 28 28] 28] 28 28
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Table D-12. PAH profiles in tunnel air (gas phase).

199 200 201 202 203 204

Tunnel air, gas

Roadside Lundby gasoline diesel

PAH winter summer  air Tunnel exhaust exhaust
AcNe 8.79 16.19 0.00 2.03 0.00 0.00
AcNy 10.96 10.69 0.00 2.17 9.97 0.00
An 3.04 1.85 5.06 1.88 9.97 3.83
BaA 3.05 0.86 1.38 0.00 1.53 0.14
BaP 0.06 0.08 0.00 0.00 235 0.00
BbF 0.21 0.16 0.00 0.00 1.71 0.08
BghiP 0.04 0.00 0.00 0.00 1.96 0.00
BkF 0.07 0.08 0.00 0.00 0.00 0.00
Chy 3.32 1.64 3.07 0.00 1.43 0.81
DBahA 0.04 0.00 0.00 0.00 0.00 0.00
FIA 8.29 7.23 26.84 3.82 7.30 6.50
Fl 9.33 2791 0.00 12.62 14.95 0.00
IP 0.01 0.00 0.00 0.00 0.57 0.00
Nap 9.30 7.11 0.00 32.87 8.19 0.00
PhA 17.07 14.76 32.98 41.09 32.39 84.88
Py 26.44 11.43 30.67 3.52 7.69 3.77
Total PAH
Unit
Reference 29 29 9 30 30 30
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Table D-13. PAH profiles in tunnel air (particle phase) continued. Note: 41506 — 41509 are sample numbers marked by the researchers.

208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225

Tunnel air, particle

truck- truck-
influenced influenced light-duty light-duty Traffic site suburban suburban Lundby
PAH bore bore bore bore light duty lightduty heavyduty heavy duty 41506 41507 41508 41509 41514 day site site Tunnel

AcNe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AcNy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
An 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.63 1.59 0.00 0.00 4.13
BaA 8.25 8.83 8.80 10.24 5.42 9.73 9.97 7.58 5.16 5.61 10.03 9.34 8.99 8.99 7.80 3.92 3.64 1.59
BaP 7.04 7.42 8.80 8.40 7.23 9.18 0.00 5.31 8.23 6.31 1.73 0.00 1.86 2.29 3.03 3.92 5.45 0.45
BbF 5.28 6.00 9.34 8.14 8.59 8.96 1.78 3.79 8.95 8.30 4.70 434 3.94 3.43 4.62 9.80 9.09 0.53
BghiP 0.93 2.03 22.67 21.00 20.34 22.90 0.00 0.00 20.40 20.36 293 3.01 2.06 3.43 4.78 7.84 7.27 0.71
BkF 2.78 3.18 3.20 2.89 2.82 3.32 0.20 2.48 3.16 2.40 1.29 0.98 0.81 131 1.75 3.92 3.64 0.04
Chy 7.23 7.95 8.54 9.98 791 9.51 4.70 5.89 8.12 7.68 6.82 6.14 6.00 4.90 5.89 5.88 5.45 1.67
DBahA 0.53 0.36 1.57 1.29 18.31 1.44 0.00 0.00 16.81 19.72 3.80 2.89 2.75 0.16 0.16 1.96 0.00 0.08
FIA 29.66 27.38 12.54 12.86 9.04 11.39 34.19 33.43 8.86 9.13 29.00 29.37 29.92 22.22 20.54 25.49 3091 30.97
FI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.65 0.64 0.00 0.00 0.87
IP 0.30 0.64 8.27 7.35 10.17 8.30 0.00 0.00 11.20 9.19 1.04 1.50 1.38 1.63 2.55 7.84 7.27 0.21
Nap 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.12 2.71 3.92 1.82 0.00
PhA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 10.62 11.46 11.76 12.73 20.64
Py 38.00 36.21 16.27 17.85 10.17 15.27 49.15 41.52 9.12 11.28 38.67 42.43 42.30 36.60 32.48 13.73 12.73 38.11
Total PAH

Unit

Reference 12 12 12 12 12 12 12 12 31 31 31 31 31 32 32 32 32 30
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Figure E-1. PAH 3-factor fingerprints generated by PMF analysis.
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Figure E-2. PAH 4-factor fingerprints generated by PMF analysis.
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Figure E-3. PAH 6-factor fingerprints generated by PMF analysis.

82




APPENDIX F: PMF Extracted Metal Fingerprints

83



Normalized Composition (%)

14 { PMF 3-1,38.01x047%

zﬂﬂﬂﬂ Hm pll-mimlm

PMF 3-2,37.65 £ 0.43%

% N HH H ﬂﬁﬂ H 1

20 4 PMF 3-3,24.34 +0.26%

15 4

10 4

?ﬂﬂmﬂ alulln Hmﬂﬂﬂﬁ

Al As Ba Be Cd Cr Co Cu Fe Pb Mg Mn Hg Mo Ni V Zn

Metal

Figure F-1. Metal 3-factor fingerprints generated by PMF analysis.
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Figure F-2. Metal 5-factor fingerprints generated by PMF analysis.
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