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SUMMARY

SUMMARY

Ombrotrophic peat bogs are natural archives of spmeric deposition of pollutants.
Therefore, peat profiles can be used to study kmenology of environmental contami-
nation with harmful pollutants such as polycyclioraatic hydrocarbons (PAHS), poly-
chlorinated biphenyls (PCBs), and per- and polyfhated alkylated substances (PFAS).
These mostly carcinogenic organic compounds arquitbusly present in the environ-
ment. To derive historical deposition rates from pleat archive the pollutants have to be
persistent and immobile, and an accurate datingniquae is needed to calculate the age
of the analyzed peat. To test these requirementsrenaccuracy of peat archives twelve
peat profiles were sampled in four bogs in OntaCianada, as well as surface peat in one
bog. To make sure sampling sites were not influgrmoe local roads, we analyzed the
concentration decrease in the air from the roamtstive bogs. Aerobic or anaerobic deg-
radation of PCBs and PAHs did not occur over a &ygeriod in incubation experi-
ments. The heterogeneity of concentrations withioog was determined in surface sam-
ples and by sampling three peat cores per bog.&xdrations varied up to 70 % indicat-
ing a high heterogeneity. A vertical sampling resoh of 5 cm lead to imprecision in
the dating of sampled peat segments. Temporal deposrends inferred from peat
cores are generally in agreement with trends deriren a sediment core sampled close
by, but rates are higher to the sediment for PAbissimilar for PCBs. Indication for
mobility of PAHs was minor but has been observepaat for PCBs and PFAS.

To predict the environmental behavior of pollutamtg). the atmospheric travel distance
of pollutants, computer models can be used. Touatalthe results of these models ex-
perimentally derived travel distances of PAHs weetermined using the peat bog ar-
chives along a transect originating at a large mgrarea. The comparison of the modeled
and experimentally derived travel distances in@i¢hat the computer models give realis-

tic results for most PAHS.

We conclude that peat cores are suitable archimeferring atmospheric deposition
trends for PAHSs, but not for PCBs and PFAS. Duth&orelatively low temporal resolu-
tion short-term events might not be discovered. ahalysis of more than one core per

site is suggested to provide realistic reconstoideposition trends and inventories.
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ZUSAMMENFASSUNG

Hochmoore sind naturliche Archive der atmosphaaac8chadstoffdeposition. Deshalb
kénnen diese Moorarchive genutzt werden um die @logie der Umweltverschmut-
zung durch Schadstoffe wie polyaromatische Kohleseestoffe (PAHS), polychlori-
nierte Biphenyle (PCBs), und polyfluorierte Kohleasserstoffe (PFAS) zu untersuchen.
Diese, meist krebserregenden Stoffe, sind in dewklinweit verbreitet. Um historischen
Depositionsraten im Moorarchiv bestimmen zu konmiémfen die Schadstoffe in diesem
nicht abgebaut werden oder mobil sein. Zudem s euverlassige Altersbestimmung
des zu untersuchenden Torfs von Noten. Um diesenBedgen und die Zuverlassigkeit
des Moorarchives zu untersuchen wurden zwolf Tonf&eaus vier Hochmooren in Onta-
rio, Kanada, sowie Oberflachenproben aus einem oo beprobt. Um zu garantieren,
dass die Probenahmestellen nicht von lokalen StréBeinflusst wurden, untersuchten
wir die Abnahme der Konzentrationen von der aual&trin die Moore. Weder fir PCBs
noch fur PAHs wurde Uber 3 Jahre ein Abbau in Lekperimenten beobachtet. Die
Heterogenitat der Konzentrationen in den Oberflaphgben und in den Torfkernen lag
bei bis zu 70 % innerhalb eines Moores. Die Bepngbwon 5 cm Schichten flhrte zu
einer hohen Unsicherheit in der Datierung der Detjoosraten. Die durch die Torfkerne
bestimmten Depositionsraten passen zeitlich seheguaenen mit einem Sedimentkern
aus einem nahen See bestimmten. Allerdings sin®dien fir PAHs aus dem Sediment
um Faktor vier hoher. Im Moorprofil wurde keine Midiit von PAHs beobachtet, aller-
dings von PCBs und PFAS.

Um das Umweltverhalten von Schadstoffen, wie ziB.aimospharischen Transportwei-
ten vorherzusagen, werden héaufig Computermodelteitge Um deren Ergebnisse zu
Uberprifen wurden experimentell bestimmte Transpatéen von PAHs bestimmt. Hier-

zu wurden Hochmoore entlang eines Transektes imidb@eines groRen Abbaugebietes
beprobt. Der Vergleich der modellierten und expenisll bestimmten Transportweiten

belegen, dass die Computermodelle fiir die meistdtisRealistische Ergebnisse liefern.

Hochmoore sind somit geeignete Archive fur die apmdrischen Depositionsraten fur
PAHSs aber nicht fir PCBs und PFAS. Durch die relgéringe zeitliche Auflosung kén-
nen kurzfristige Ereignisse maskiert werden. Unlisesche Depositionsraten und In-

ventare zu rekonstruieren, ist es ratsam mehirads d orfkern pro Moor zu beproben.

X
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1. Introduction

1.1 Rationale

Pollution is not a new phenomenon. In fact, padintcaused by heavy metals can be
traced back to the Roman Empire and still causamgerns today. During the last centu-
ry the rapid growth in chemical and agrochemicdustries has resulted in the environ-
mental releases of a large number of new chemmalpounds into the environment.
Over the last decades, there has been an increfasing on a subset of harmful organic
chemicals, mostly of anthropogenic origin, that asenmonly classified as Persistent
Organic Pollutants (POPs) (Shatalov et al., 20BédLause of their harmful effects many
environmental pollutants have been banned or #missions have been restricted. To
demonstrate that these regulations are effectasent concentrations of the pollution in
the environment have to be compared to historinasoThese are not always available
but can be obtained of natural archives of pollutass sediment or peat cores. Om-
brotrophic peat profiles have been used to impmwueknowledge about historical con-
tamination pattern, especially of heavy metals.yTéee promising natural passive sam-
plers for atmospheric pollutants as they only neevet and dry deposition but no terres-
trial inputs. In combination with continuous growtimited degradation, and the possi-
bility of dating by?'%Pb, they can be used as archives of atmospherasiigm of multi-
ple classes of organic contaminants and are aynidadl medium for recording temporal
changes (Rapaport and Eisenreich, 1988). Peat baxesbeen used to study historical
deposition rates of POPs before (Berset et al.12D@eyer et al., 2005; Malawska et al.,
2002; Rapaport and Eisenreich, 1988; Sanders ,e1395b). Nevertheless, they have
only been studied at single locations, using simglees and few groups of chemicals.
Aim of this work was to analyze if peat cores angable to study historical deposition
rates of POPs and how reliable these archives sadiagnostic tool in environmental
chemistry.

1.2 Peat archives

Dated lake sediments cores have been used to detetine historical input of contami-

nants. Nevertheless, dynamic lake processes (bation, sediment focusing, resuspen-
sion) and the delivery of substances from non aptmesc sources might mislead the
interpretation (Rapaport and Eisenreich, 1988)cdntrast, chemical input occurs only
by atmospheric deposition to ombrotrophic peatlaamis they are isolated from surface

1
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and groundwater flow (Sanders et al., 1995a). Dukeir high content of organic mate-
rial (up to 90 %) they form an ideal medium to analate organic contaminants (Berset
et al., 2001). Due to the prevailing anaerobic acidic conditions in ombrotrophic bogs
microbiological degradation and transformation gfltophobic organic compounds are
limited (Rapaport and Eisenreich, 1988). Thereftmgdrophobic contaminants are al-
most conserved in the peat matrix over decades. ilwhy peat bogs form an excellent

archive for the determination of depositional chemgf environmental contaminants.

1.3 Pollutants

1.3.1 POPs

In this study we analyzed polycyclic aromatic hydndons (PAHS), polychlorinated
biphenyls (PCBs), and polyfluorinated alkylated tahces (PFAS). These are classes of
organic pollutants. All of them are widely distrted in the environment and resist to a
high degree biotic and abiotic degradation. Theyuawlate along the food chain and
have harmful effects. They are transported oveg ldistances and reach remote areas.
Therefore, several of them are banned worldwide.pfiedict their potential for long

range transport computer models are used.

1.3.2 PAHs

Polycyclic aromatic hydrocarbons (PAHs) are a grofijpver 100 different chemicals
composed of fused benzene rings. They are formedglincomplete combustion or
high temperature pyrolytic processes of fossil $uehd other organic materials. There-
fore, they are ubiquitously present in the envirenm(Wild and Jones, 1995). The pre-
dominant source of PAHs are anthropogenic emissiwh#e some arise from natural
combustion like forest fires (Baek et al., 1991]dke, 2000). They were one of the first
groups of atmospheric pollutants to be identifisctarcinogenic and mutagenic (Baek et
al., 1991). Due to their structure their carcinaggmotential differs. The most potent car-
cinogens are the benzo[b]fluoranthene, benzo[kjflnthene, benzo[j]fluoranthene, ben-
zo[a]pyrene, benzo[alanthracene, dibenzo[a,h]-antwe, dibenzo[a,l]-anthracene, and
indeno[1,2,3ed]pyrene (IARC, 1998). The United States Environmkrrotection
Agency (USEPA) and the European Community havediftAHs as priority pollutants
(Wild and Jones, 1995). Several studies have ma@uittheir concentrations in the envi-
ronment (Hung et al., 2005; Jacob et al., 1993¢élier et al., 1995).

2
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Most of the PAHs are neither very volatile nor veptuble and will adsorb on almost

any solid surface. They have a strong affinity doganic matter (Berset et al., 2001).

Still they have the potential to travel long distas e.g. bound to particles in the atmos-
phere (Bjorseth et al., 1979).

Besides photolysis and chemical degradation, mialtalzgradation is the major degra-
dation process of PAHs resulting in the decontatitnaof sediment and surface soil
(Cerniglia, 1992; Haritash and Kaushik, 2009). Nthwaess, the extent of biodegrada-
tion in sediments has been discussed in severdicptibns. While Lei et al. (2005) ob-

served a 50-80 % removal of 2- to 5-ring PAHs @ldicontaminated sediment during 24
weeks of incubation under aerobic conditions, Siclareet al. (2001) reported no degra-
dation of PAHs in sediment cores sampled in theaGrakes. The degradation of PAHS
in peat has never been studied before. Because dfigh organic matter content of peat
a very high fraction of PAH is adsorbed. This lisnthe bioaccessibility (Johnsen and
Karlson, 2007) and therefore degradation shouldvée/ slow or does not occur

(Eriksson et al., 2000; Johnsen et al., 2005)h&neaxperiments by Lei et al. (2005) no
degradation of PAHs was observed under anaerobidittons. They also saw that deg-
radation was inhibited at a pH below 4.5. These ¢twnditions apply to the anaerobic
parts of ombrotrophic bogs and limit the PAH degtaxh there.

In several studies sediments and peat cores hareusad to analyze historical deposi-
tion rates of PAHs (Berset et al., 2001; Dreyealet2005; Lima et al., 2003; Malawska
et al., 2006; Mastran et al., 1994, Sanders efi@85b; Usenko et al., 2007; Yunker and
Macdonald, 2003). The suitability of these archit@sepresent truthful rates for PAHs

has been discussed but to our knowledge nevemsgttally studied.

1.3.3 PCBs

Polychlorinated biphenyls (PCBs) are produced Wgrafation of biphenyls and com-
prise a class of 209 congeners. The general steuofuthe chemically very stable com-

pounds is shown in Fig. 1.

After their production started in 1929, they werglely used as dielectric fluid in the
electrical industry, and as an additive in a raofgproducts such as copying paper, seal-
ants and plastics (Badsha and Eduljee, 1986). Afieduction peaked in the 1960s and
their large production volume and worldwide useBB®ecame distributed in the envi-

ronment globally (Tanabe, 1988).
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(Ch, (Cl),,

Fig. 1: Structure of PCBs; n and m give the numbeof chlorines

Some of these congeners are highly toxic and hatle @arcinogenic and teratogenic
properties (Safe, 1989). Due to their persistetaacity and potential for bioaccumula-
tion, PCBs have caused considerable public, goventah and scientific interest and
concerns since the mid-1960s (Harrad et al., 199¢duction of PCBs was banned by
the United States Congress in 1979 and by the BodwkConvention on Persistent Or-
ganic Pollutants in 2001 (Himberg and Pakariner@419JNEP, 2001). Depending on
their chlorine substitution PCBs are hydrophohjmophilic, and poorly degradable. Due
to their low degradation rates, they are still presin several environmental compart-
ments (Berset et al., 2001). For the lighter artdrmediate PCB congeners atmospheric
reaction with the OH radical is the major loss @ss: The higher chlorinated congeners
are mainly deposited bound to particles (Wania Baty, 2002). After deposition, for
example to sediments, anaerobic reductive declaboim might occur (Li et al., 2009a).
As lower chlorinated biphenyls can be co-metabdliaerobically, higher chlorinated
biphenyls are potentially fully biodegradable irsequence of reductive dechlorination
followed by aerobic mineralization of the lower @hihated products (Abramowicz,
1990; Field and Sierra-Alvarez, 2008). Neverthel€s3SBs are slower to biodegrade in
the environment than are many other organic chdsi@eyer et al., 2009). They can
undergo volatilization from secondary sources agBoil, vegetation, water, atmospher-
ic particles, and products containing PCBs (Jagtuml., 2009). Therefore, detectable
concentrations of PCBs can still be found in sdver&ironmental compartments like
sediments, soil, plants and along the food chaamn(DPier et al., 2002; Li et al., 2009b;
Michelutti et al., 2009; Moser and McLachlan, 2002)

1.3.4 PFAS

Polyfluorinated alkylated substances (PFAS) corddist hydrophobic alkyl chain with a
hydrophilic functional group. The alkyl chain isrpg or fully fluorinated and typically
contains between 4 and 18 carbon atoms. They afl@csuactive substances which repel

water, grease and dirt and are therefore usedtasydats or impregnating agents in car-

4
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pets, textiles, leather and paper, in polymer pectdn, in fire-fighting foams, in cosmet-

ics and cleaning agents as well as in numeroug ottestrial and consumer applications
(Sturm and Ahrens, 2010). The global production w@go several thousands of tons in
the 1990s (Paul et al., 2008). Nowadays PFAS atectke worldwide in the environ-

ment even in remote regions like the Arctic and Aim¢arctic. Since the 1990s, they are
regarded as a new and emerging class of enviromineomtaminants because of their
persistence, their toxic properties, their bioacalative potential and their worldwide

detection in humans, wildlife and abiotic enviromneloday, manufacturing and use of
several PFAS has been legislatively restrictedabuntarily phased out by their produc-
ers (Dreyer et al., 2012). Perfluorooctane sulfama (PFOS) and perfluorooctanoic
acid (PFOA) are the most widely studied PFAS (Galaf al., 2006).

1.4 Study objectives

1.4.1 Suitability of peat archives

Peat cores have been used previously as archivagmafspheric pollutant deposition.
But to our knowledge the suitability of bogs ashares for organic pollutants and the
uncertainties inherent to this archive have nontee®lyzed. Such a critical evaluation is

the objective of the present study and we theredoedyzed the following aspects:

* We analyzed the influence of local roads to the@em locations using passive

samplers (study 1) to make sure these sites represgonal deposition patterns.

* To study the degradation within peat, aerobic amaeeobic degradation long-
term incubations were carried out for 3 years (g2dnd 3).

* To determine the accuracy of peat archives therdggeeity of concentrations
and deposition rates of PAH and PCB records witime bog was studied by ana-
lyzing surface samples with reference to the mapography within a bog (study
2 and 3).

* Finally, we compared the deposition rates of PClB$ BAHs derived from the

peat archives to those derived from the sedimemt sudy 2 and 3).

* The mobility of PFAS, PAHs and PCBs within peat wigscussed by analyzing

historical deposition rates (study 2, 3, and 4).
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1.4.2 Comparison of experimentally determined travel disance with model results

We studied the historical deposition rates of PA®id peat bogs along a transect in the
downwind area of a big industrial zone. The decldie¢he deposition rates of PAHs

along this transect gives information about theaspheric travel behavior of these com-
pounds. We calculated the characteristic travahdie of several PAHs and compared
these results with the distances obtained by twopter models used to predict travel

distances (study 5).
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2. Experimental

2.1 Sampling

From 2007 to 2009 five peat bogs in Eastern Ont&anada were sampled: Giant Bog
(GB), Eagle Lake Bog (ELB), Spruce Bog (SB), Greake Bog (GLB), and Mer Bleue
Bog (MB). Except for MB the bogs are located alandgransect in the downwind of
Greater Sudbury (Fig. 2).

Kilometers( 1

0 25 S0 100 150 200

A sampled bag
—— major reads ™,

Fig. 2: Locations of sampled peat bogs and Opeondg@ke in Ontario, Canada, in relation to North

America

Samples were taken at the domed ombrotrophic secfithe bogs at the largest possible
distance to nearby roads. Triplicate peat coreg wampled with a box corer from undis-
turbed hollows and were cut into 5 cm segments wikmife in the field; each segment
was wrapped in aluminum foil, transferred to a fitalsag and stored in a cooler. At the
MB site, we sampled 2 extra cores as well as patgrwOnly in these two cores we ana-
lyzed PFAS. Surface peat was sampled at MB bynguitiwith a knife just below the

living vegetation at 5 hollows and hummocks, retipely. One sediment core was sam-
pled with a gravity corer at the deepest point pe@ngo Lake. It was sectioned in 1-cm
intervals. All samples were frozen directly after\al in the laboratory. Peat and sedi-
ment samples were freeze dried, milled to a finedey in a pebble mill and kept frozen

until extraction.

To verify that the sampling locations in the peafgd were not influenced by local
sources like roads we analyzed the decline ofaicentrations along a transect from the
roads into the bogs. Therefore, we deployed passinglers (PAS) from the end of May
until early September 2009 to determine the comagoh of PAHs and PCBs in air.
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These PAS consist of a stainless steel mesh cylifiitbel with XAD-2 resin and were
mounted approx. 50 cm above ground on steel pAkesach bog except MB, duplicate
PAS were deployed along a transect from the rotdtire bog.

2.2 Degradation experiments

A sufficiently large amount of peat was sampledvar Bleue from the layer directly

below the active vegetation (aerobic) and from ¢héotelm (anaerobic peat sampled
from approx. 10 cm below the water table), respebti These samples were homoge-
nized and split into aliquots which were used fog incubation experiments. Peat sam-
ples were incubated under controlled aerobic arseribic conditions in the laboratory
at optimal degradation conditions to simulate agondegradation time. Both aerobic
and anaerobic incubations were carried out at 153 the dark. Three replicates were
sacrificed after 2, 5, 9, 13, 20, 26, and 33 moiatid analyzed for their PAH and PCB

content.
2.3 Extraction and analysis
2.3.1 PCBs and PAHs

After addition of a solution containing isotope-stituted PAHs and PCBs, 5 g of milled
peat or sediment were extracted with pressurizpddiextraction with hexane. The ex-
tract was reduced to about 1 mL with a rotary evafoo. For clean-up, the extracts were
then quantitatively transferred to columns contanaluminium oxide and silica gel.

These columns were eluted with hexane and hexaiddomethane 3/1 (v/v) as de-

scribed by Dreyer et al. (2005). The combined extravere evaporated to approx. 1 mL
by use of a rotary evaporator and then subjecteizeoexclusion chromatography using
Bio-Beads for further clean-up. The extracts wergperated to 1 mL by a rotary evapo-
rator and finally evaporated to dryness under dlgetream of nitrogen. Prior to injec-

tion, samples were redissolved in a solution comgi two deuterated PAHs and one

isotope-substituted PCB in nonane and transfeaegbiss vials.

We quantified 12 PAHs and 15 PCB congeners and/aedlthem by ion trap GC-MS
and quadrupole GC-MS.

Deposition rates of the individual compounds weakwated by dividing the measured

mass of PAHs per peat segment by the number of yesered by this segment and the
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surface area sampled. Deposition rates determme@peongo Lake were corrected by
division with a sediment particle focusing factérldl6 taken from Muir et al. (2009).

2.3.2 PFAS

For extraction, 2 g of ground samples were weigimtd polypropylene tubes. Each
segment was extracted and analyzed in duplicatdhatothe intra-core and inter-core
concentration variations could be determined. Rodhe extraction, a standard solution
containing mass-labelled PFAS was spiked directlgdch peat sample. Samples were
ultrasonicated and after extraction, samples werdgrifuged. For clean-up a modified
QUECHhERS (formed from "Quick, Easy, Cheap, EffextiRugged, and Safe™) method

was used.

The peat water sample was spiked with mass-labPllg&S and extracted by solid phase
extraction using Oasis WAX cartridges. After theragtion, cartridges were washed
with Millipore water and 0.1 % formic acid, driedrf30 minutes, and eluted with ace-
tonitrile for neutral PFAS and methanol and 0.1%reomium hydroxide for ionic PFAS.
25 were determined by high performance liquid chatwgraphy electrospray ionization
tandem mass spectrometry (HPLC-ESI-MS/MS).

2.3.3 Metals

For determination of Cu and Zn, 200 mg of the rdilpeat samples were digested by a
microwave assisted acid dissolution technique (Baual., 2008) and analyzed by ICP-
MS (Inductively coupled plasma mass spectrometiryhe@ environmental geochemistry

group of the University of Bayreuth.
2.3.4 PAHs and PCBs in PAS

The XAD-2 resins were Soxhlet extracted, the exsraere then concentrated by a rota-
ry evaporator and under a stream of nitrogen, arallyianalyzed with GC-MS (PAHS)
and High-Resolution GC-MS (PCBs). Internal standaxgre used to correct for recov-
ery, and Mirex was used as injection standard &ih l’PAHs and PCBs. Results are re-
ported as sequestered amount of each compoundASi(iRy PASY). For PAHSs, these
amounts were also converted into air concentratfogsn®) using the length of the de-

ployment period and compound specific sampling rates
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2.4 Dating

Dry-milled subsamples were submitted to Flett Redeatd (Winnipeg, Canada) or to
the Institute of Environmental Geochemistry (Unsimr of Heidelberg, Germany) for
21%pp analysis. In 4 cores the activity’6tAm was measured as additional chronostrati-
graphic marker. The peat cores were dated USflRlp (12 = 22.26 years) and the con-
stant rate of supply (CRS) model (Appleby and @idfi 1978).

2.5 Quality assurance and quality control

Perfluorinated materials or fluorinated polymergavavoided during sampling and sam-
ple preparation. The analytical procedure was etatlifor PAHs and PCBs by analyz-
ing commercially available certified reference miale(IAEA-159, Sediment; n = 5).

Laboratory blank samples were analyzed with evetypgsamples.
2.6 Calculation of travel distances
2.6.1 Calculation of ETDs

Individual segments of 5 cm span periods of 20 Qoy8ars. Therefore, we based our
analyses on the segments showing the maximum PAddstteon rate. For each com-

pound, the maximum deposition rates from each @tlinee replicate cores per bog were
log-transformed and linearly regressed againstisiance of the sampling site from the
Inco Superstack in Sudbury area. In cases wherdebkne of the deposition rates was
significant (p < 0.1) the negative reciprocal o tiopem (km) of the regression line

was used to derive the ETD for the respective cam@oThe error of the slope of the

regression was used to estimate the uncertairttyedE TDs.

To facilitate the comparison of measured and catedl transport distances, we eliminat-
ed this source of uncertainty by normalizing theHP#tansport distances to those of aer-
osol particles. As a proxy for the transport dis&anf particles under the prevailing envi-
ronmental conditions in the study area, we usedatrerage transport distance of two
metals (Cu and Zn) and of Ind. Subsequently, werred the normalized distance as
I'metart ETD and mha-ETD.

10
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2.6.2 Calculation of CTDs

Both models used here have been designed to dighdpetween chemicals with low
and high LRTP (Beyer et al., 2003). They are fuiyatiodels that can be used for level
[l calculations (no equilibrium, inter-compartmetansport). The Tool is a generic 3-
compartment (air, soil and water) steady-stateditganodel and ELPOS (version 2.2) is
a steady-state box model which takes into accoight eompartments: air, water, sedi-
ment, four soil compartments (natural, agricultunadlustrial, urban), and plants (Beyer
and Matthies, 2001). Both models require sevemalitiparameters for each compound:
the air-water Kaw) and octanol-wateKpw) partition coefficients as well as degradation
half-lives (t2) in air, water, soil and sediment. Optionally thrgyanic carbon partition

coefficient Koc) can be entered.

Based on their gas/particle partitioning behawothe rural atmosphere of Eastern Can-
ada, PAHs can be divided in 3 groups (Su et aD620g-PAHs that are almost exclu-
sively present in the gas phase (e.g., phenanth({feinen) and fluoranthene (Flt)), c-
PAHSs (c for changing partitioning behavior) thag @resent in the gas phase in summer
and particle bound in winter (e.g., benzo[a]anterngc(B[a]A) and chrysene (Chry), and
p-PAHs that are almost exclusively particle bounli year long (e.g., ben-
zo[b+k]fluoranthene  (B[b+k]F), benzo[a]pyrene (BPa] and indeno[1,2,3-
cdlpyrene(Ind)).

Some of the default environmental input parametéitsoth models were adjusted to re-
flect the characteristics of Southern Ontario. Tipgut values were adjusted for three
temperature scenarios reflecting annual averade) (4ummer (13 °C), and winter (0°C)
conditions in Southern Ontario (Environment Canafd,1) for the Tool, while ELPOS
has a built-in routine to adjust input values te tfiven temperature. The response of the
CTD calculated by both models to changes in in@lties was tested by a sensitivity
analysis as described in Wania and Dugani (2008)fok ETDs, relative CTDs were
calculated by normalizing the CTDs of PAHSs to tHEDCof the metals and Ind.

11
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3. Results

3.1 Suitability of peat cores

3.1.1 Influence of roads (study 1)

The peat cores sampled in the peat bogs were sdraplaaximum distance possible to
the roads. To verify that the samples are not manfluenced by emissions originating
from traffic we installed PAS between the roads #mel sampling locations. We then
analyzed the concentrations in the PAS as a fumdialistance to the road. At GB con-
centrations increased substantially within thet f#8 meters and then decreased signifi-
cantly (p < 0.05) from 100 m onwards. The unexpkctancentration increase within the
first 200 m of the transect is most probably du¢ht road being elevated approx. 3 m
above the bog. At ELB, no significant spatial tremals observed, while at GLB the con-
centrations of two PAHSs increased significantlyngldhe transect into the bog. This in-
crease cannot be caused by road traffic. The twiplkeas close to the road were covered
by vegetation and this might have caused lowerkeptd these PAHs. Or the samplers
located in the bog were influenced by residentitiviies of the houses close by. These
activities are supposed to have been minor byithe of the studied historical deposition

rates.

In contrast, at SB concentrations were highestctlrenext to the road and then de-
creased along the transect. This observation idasino findings by Tuhackova et al.
(2001) and Pathirana et al. (1994) who reportedxaonential decrease of PAH concen-
trations in roadside soils and leaf litter betwé&eand 30 m distance from the road. Gen-
erally, the ratio between highest and lowest cotmagons within one bog was 2 indi-
cating the similarity of concentrations along thensect. Thus, we conclude that the in-
fluence of roadside emissions on PAH levels wédserdbw.

For PCBs, no dependence of concentration on distkom the road was observed. This

was to be expected since vehicular emissions asem@e of atmospheric PCBs.

The results of this study also demonstrated tlupdoyment period of approx. 3 months
during summer is sufficient to determine reliabhel @obust estimates of the atmospheric
levels of the studied PAHs. Thus, we conclude thatPAS used in this study — which
are usually deployed for longer periods — can hlsaised to determine seasonal trends

The PAS used in this study are only suitable tdyaearends of gas phase PAHs. Parti-

12
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cle bond PAHs deposit faster and therefore afteneshorter distances than gas phase
PAHs (Lee, 1991). With respect to the primary aiinthis study, we conclude that the
sampling sites in the bogs were receiving regigrather than locally (i.e., traffic relat-
ed) emitted PAHS.

3.1.2 Degradation of pollutants in peat (study 2 and 3)

Both PCBs and PAHs were not degraded in the an&eaoldl aerobic incubation exper-
iments. Although there is some scatter in the dagaconsider these interpretations valid
based on the large number of samples and replitaégsare based on. The regularly
analyzed production rates of ¢@nd CH indicated an active peat degrading microbial
community in the anaerobic setup. The incubatigpederents were carried out at rela-
tively high temperature while turnover in the fieédlimited by colder temperatures. The
anaerobic incubations were not limited by an acdation of the decomposition prod-
ucts CQ and CH, which in undisturbed bogs limits the overall moioial turnover in
deeper peat layers (Moore et al., 2006). We thezedissume that our results can be ex-
trapolated to longer time scales, although thebaton period was much shorter than
the period covered by the peat cores.

3.1.3 Intra peat heterogeneity (study 2 and 3)

Except for Flt, the PAH concentrations in surfaaeples taken at Mer Bleue were sig-
nificantly (p < 0.05; n=5) higher in hollows tham hummocks. Th& 12 PAH concentra-
tion was 225 + 34 ng-gin hollows and 142 + 31 ng’dn hummocks. This finding illus-
trates the influence of microtopography on PAH @mrations in surface peat. To obtain
comparable samples it is therefore important ty saimple hollows or hummocks. We

only sampled hollows.

A measure for the total historical deposition perface area is the inventory of contami-
nants. Such inventories were calculated for théoderom around 1880 to present for
each individual core. The averape> PAH inventories of the four bogs ranged from 4.6
mg nm? to 7.5 mg nif. The relative standard deviations of fig PAH inventories at the
four bogs with replicate cores were between 15 2&hé&o which is similar to the devia-
tion of the surface samples. This reflects the rogeneity of PAH concentrations be-
tween different hollows of an individual bog ane tbombined uncertainty of the sam-
pling and analytical methods. The standard dewatd the inventories od 11PCBs
ranged from 15 % to 59 %. The 15 % are comparatitetive deviation found for PAHSs,
but the deviation found for inventories of PCBSGB is almost twice as high as the one

13
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for PAHSs. In one core of GB we determined high saié Tetra-PCBs, which cause this
high deviation. As the PCB concentrations are ctoste detection limit in most sam-

ples they inherit a high uncertainty. Thereforés thata should be taken with precaution.

3.1.4 Dating of peat cores (study 2)

The mean total residual unsupporté®Pb activity in the dated peat cores was
0.64 + 0.17 Bg cm, which is higher than the average activity of 0:89.11 Bq cnif
measured by Turunen et al. (2004) in Canadian bag# the range of soil inventories
reported for North America (0.31 - 0.84) by Urbarale (1990).

The dating method used is based on the assumptipost-depositional immobility of
atmospherically derived constituents. Neverthelggsmobility of>1%Pb in peat has been
variably discussed (Shotyk et al., 1997; Vile ef 8999) but dating witR'°Pb is still a
popular dating method. THé%Pb activity in the peat cores as well as in thensedt
core decreased exponentially as a function of cativel dry weight (R> 0.8), indicat-
ing a low mobility of lead in the sampled coresefidfore, the dating of the peat sampled

here is not assumed to be biased by the mobilitgan.

The 5 cm segments of the peat cores representgdiivierent time spans (Fig. 3).
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Fig. 3: Time span in years represented by peat segmts over depth (cm) of 3 cores per bog; bars
give standard deviation.

While the upper layers can represent as little ysdbs, the lower layers comprised up to
70 years. This can be attributed to the ongoing mé@eralization and compaction of the

lower layers. Moreover, the time span covered lgments sampled in identical depths
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of the three replicate cores per bog was highljalée. This can be critical for the analy-
sis of deposition peaks as there is the potertiabfibstantial underestimation of maxi-
mum deposition rates during peak periods whicHdileted” by a period of lower depo-
sition rates represented within the same core segr@erall, based on our results we
conclude that dating inaccuracies can mainly bébated to the coarse resolution of the
5 cm segments rather than to a general inapplibabfithe2%Pb method in bogs.

3.1.5 Reconstruction of historical deposition rates (stug 2, 3 and 4)

The maximun® 12PAH deposition rates ranged from 180 pdarhin GB to 59 pg ifat

in GLB. Although the 5 cm sections represent diffgrtime spans, the deposition rates
of the 3 cores per bog had maxima dated to 188840 {see Fig. 4). The reconstructed
historical deposition trends derived at the fivgoshow increasing PAH deposition af-
ter 1870. This is consistent with the beginningwfelting operations in Sudbury, a city
located upwind of the bogs, and the general onsitdoistrial development in Canada.
Decreasing deposition rates after 1940 might reflee installation of filters and re-
placement of the blast furnaces and roast yardalii-hearth roasters and reverberatory
furnaces for smelting (SARA, 2008).
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Fig. 4: Deposition rates of) 1o PAHS averaged to decadeis sampled bogs (n = 3).

As discussed in the following the mobility of PCBsd PFAS results in biased deposi-
tion rates of these compounds. They are givenfoemmpleteness.

For all four peat bogs sampled comparable histbn@imum deposition rates of PCBs
were determined (between 600 to 1100 nggf). The dominant isomer groups found in

the peat samples were Tetra- (mean value = 39 %ntaP (15 %) and Hexa-
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chlorobiphenyls (22%). No peat bog contained sigaiftly higher concentrations of
PCBs. Therefore, they seem to reflect regional gitipa and no local contamination.

Total PFAS concentrations increased from the mesént samples (surface) towards
depths of 10-20 cm (1980s) and declined afterwarte. calculated PFAS deposition
rates of Mer Bleue varied between 35 and 250 Rgatfor PFOS, 50 and 140 ngfat

for PFOA. Mostly, calculated PFAS deposition waslyalow and was rather in the

range of that determined in remote or Arctic thhnear urban samples.

3.1.6 Mobility within peat cores (study 2, 3 and 4)

To use peat cores as archives of atmospheric moi|uhe contaminants have to be im-
mobile within the profile. This has been questiomgdMalawska et al.(2006) who de-
termined more low molecular weight PAH in deepeptdehan high molecular weight
PAHs and therefore assumed a downward movemerhteolighter ones. However, we
did not observe such a difference in the distriutivithin the profiles as the deposition

rates of all PAHs correlate significantly.

All cores had PCBs in sections that were datedrbefwe onset of PCB production and
use (1930s). Between 6.2 % (SB 2) to 55 % ofPCBs in GB1 are pre-production (23
% of Y 11PCBs in average of all cores). In these sectioasctingeners with 4 to 7-Cl
isomers dominated. This is similar to the findilngsSanders et al. (1995a) and Rapaport
and Eisenreich (1988) who found 30 % and betwetn3® % of PCB residues, respec-
tively, below depth corresponding to 1930. Theyassd that this was partly caused by
post-depositional mobility since the PCB patterrs waminated by the 3- and 4-C1 spe-
cies. The low chlorinated congeners are more v&tieible and therefore might get down

washed to older sections.

The temporal resolution of the peat cores is nadfitilow. Certain events like maximum
deposition rates might appear too late or too eadythe 5 cm segments reflect up to 30
years of deposition. Nevertheless, in 8 out ofitReores, the maximum deposition rates
occurred 5 to 15 cm below the layer dated to thegimam production of PCBs (around
1970).

16



EXTENDED SUMMARY RESULTS

o 140 - o GB 4 SB

& 4904 ] 5 ELB + GLB

£

o 100 -

£

s 80

(1)

S 60

5

= 40

(73]

2

©
0 T T T T T
1880 1920 1960 2000

year

Fig. 5: Deposition rates ofPCB 209averaged to decadeis sampled bogs (n = 3).

A high mobility of compounds causes an evenly distion along a profile. Almost all
PCB profiles analyzed in this study have one or maxima at a certain depth and the
deposition trends are still visible (see Fig. F)eflefore, mobility occurs at a low rate or
other mechanisms cause this shift.

Of 25 PFAS analyzed in the present study, 12 weteatied consistently in peat core
samples. Compared to reported production maximASRtoncentration maxima in peat

appear 20 to 30 years too early which indicateFASmovement downwards the peat
profile or uncertainties involved in the appliédPb dating. Furthermore, PFAS were
detected even in the oldest peat samples takdnsrstudy. The shape of the deposition
chronology more or less matches that of the estichptoduction volumes whereas its
absolute timing does not. The shorter the lengthhef perfluorinated chain, the more
evenly distributed within the peat core were thenpounds. This may be interpreted
similar to a chromatographic separation with stemtgetention of longer-chained PFAS.
As there is no substantial vertical transport ofevand solutes in the peat, we attribute
the obvious downward movement of shorter-chain ammgs to redistribution by water

table fluctuations and diffusive processes. Oveaalf results indicate that (if at all) peat
bogs may be suitable archives for the historicalt@mination by long-chain PFAS, but

not for the other groups of PFAS studied here.

3.1.7 Comparison with lake sediment core (study 2 and 3)

In the sediment of OPL we fourjdisPCB concentrations up to 42 ng ¢1984-1991)
and 14 ng g in the surface section. The deposition rates weréo 1344 ng ma’ at
maximum and 336 ng Ya! at the surface. This is comparable to the rategowed in
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cores from SB. Rapaport and Eisenreich (1988) edported similar PCB deposition
rates from lake sediments and bogs.

The Y1 PAH deposition rates derived from the Opeongo Lsé&diment core peaked
around 1920 with 571 pgfa® and again around 1960 with 868 pdfan, followed by
decreasing rates up to present time. Thanks tehigincentrations of PAHs in sediment
and a matrix which can be sectioned more easiignén sections can be sampled in sed-
iment. Therefore, the temporal resolution of théireent is higher for the results of the

sediment core and the peat core sampled closeR)y (S

The distance between Opeongo Lake and Spruce Bodyisl6 km, so it is reasonable to
assume that both sites received a similar atmogptieposition of PAHs in the past. The
deposition rates and the inventory of PAHs recaiestd from the sediment core were
four times higher than those inferred from the ®MBes for all compounds at all times.
Higher inventories and consequently higher recoostd deposition rates for lake sedi-
ments than for bogs were also reported for Pb anp@Rdrmer et al., 1997; Norton et al.,
1997). While Farmer et al. assumed a certain lodsnthe bog but no mobility, Norton
et al. (1997) and Bindler et al. (2004) supposead #ghpeat core may better reflect atmos-
pheric deposition rates than lake sediments becanseatershed is involved in the de-
livery of the pollutants and because of the greabenplexity of lake basins and sedimen-
tation processes. The relative synchronicity of témporal deposition trends indicate
that the differences in quantity are caused by si¢ipa to the catchment and sedimenta-
tion, and not by mobility within the sediment. Fhet studies are necessary to determine
the reason for the higher deposition rates recoctgd from sediments, but also to inves-

tigate whether OPL was contaminated by local s@urce

3.2 Application of peat cores to determine the travel ttance (study 5)

3.2.1 ETD

The maximum deposition rates of several PAHs a$ agebf Cu and Zn declined expo-
nentially with distance from Sudbury (Fig.6). Th&®s determined for PAHs, Cu, and
Zn range from 173 to 321 km with relative uncettiias between 26 and 46 %. The
ETDs of the two metals were shorter than thosdnefRAHs. The discrepancy between
the two metal ETDs reflects the overall uncertawmitypur approach. Their average ETD
(198 + 45 km) was used to calculate thesETD of PAHSs.
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Fig.6: Average maximum deposition rates of (A) PAHs&ind (B) metals as a function of distance from
the Greater Sudbury source area. The error bars repesent the standard deviation of the three repli-

cate peat cores.

3.2.2 CTD

When using the default settings of The Tool, CTP<4a12860 km were calculated. After
adjusting the settings and input parameters toctimglitions in the Sudbury region the
estimated CTDs were lower by a factor of 7.5. Usihg Tool, the CTD of particles was
longer than the CTDs of the PAHs except for the @FPhen and Flt in winter. The p-
PAHs had almost the same CTD as the metals, wlget of g- and c-PAHs were sub-
stantially shorter. B[a]A had the shortest CTD.

With default settings, CTDs up to 700 km were clamd with ELPOS. With region-

specific settings, CTDs between 142 km (B[a]A) &1d km (particles) were estimated
for the annual average temperature of 4 °C. Fheu&CTDs for all PAHS covered the

range from 0.10 to 4.6 under the three temperateaarios. B[a]A had the shortestir

ce-CTD due to its high degradation rate in air in suen, Phen had the longest in winter.

When the same degradation half-lives and temperadjusted partition coefficients
were used in both models, the CTDs calculated lili boodels agreed reasonably well
and were significantly correlated. However, ELPOStamatically estimated longer
CTDs than The Tool. CTDs normalized to that of thetals agreed very well between

both models.

3.2.3 Comparison of ETD and CTD

The absolute ETDs of PAHs derived from the peatseeat were between 281 and 321
km, whereas the absolute CTDs with regional settingre between 44 and 480 km. By
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normalizing the ETDs and CTDs to the travel diséanaf metals or particle bound PAHs
effects of radial dilution, wind speed, and a chaggvind direction were eliminated.
This was important to exclude these natural factdrh are not taken into account by
the models. The comparison of the normalized digtans illustrated in Fig.7. When
normalized to metals, thendiarCTDs of both models agreed very well, and thear
CTDs of the three p-PAHs were close to 1, wherkastwrCTD of Chry was substan-
tially lower. However, the measurede&rETD for all four compounds was much higher
and around 1.5 for all compounds (see Fig.7). Tthes,agreement between measured
and modeled relative-to-metal transport distancas mot very good. This might be at-
tributed to a different atmospheric behavior of gaaticles that metals and PAHs are

associated with, or to some inaccuracy of the edggthmetal-CTDs.

All -ETDs are similar while the r-CTDs differ. Abugh it is very likely that PAHs and
metals in historic samples shared the same domgwamte in the Greater Sudbury area,
they might be associated with different aerosoé silasses which undergo different at-
mospheric transport, i.e., metals might be assediatth somewhat larger particles than
PAHs and consequently are removed from the atmosplster. Alternatively, PAHs
might not be as reactive as the models assume.Wdhithe factors explains the discrep-
ancy betweenmetarETDS and etarCTDs of PAHs cannot be decided based on the cur-

rently available knowledge.
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To further reduce uncertainty, the CTD of PAHs bamormalized to the travel distance
of Ind instead of metals (Fig.7), thereby referagdhe transport distance to a compound
with identical emission behavior and that is asstomn with particle of similar size. This
yielded a very good agreement between measuremenimadel for B[b]F and B[a]P,
while the estimatedns-CTDs for Chrysene were lower than the actually snead iq-
ETD.
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4. Summary and Conclusion

This study demonstrated that peat bogs can beassedtural passive samplers and give
reliable estimates for PAH deposition time trendkis is not the case for PCBs and
PFAS as they seem to be mobile within the peatilprdlo degradation of PAHs or
PCBs in peat was observed within this study. Dewsrates to a lake determined in a
sediment core were comparable to the ones obt&ioedthe peat cores for PCBs but up
to four times higher for PAHs. The dating and latigee spans of the 5 cm segments are
additional limitations this method. As the concatians of the studied pollutants are too
low or the detection limit too high, we could naihgple thinner layers. Concerning het-
erogeneity of concentrations within one bog withteg0 %, the results should be inter-

preted with care.

Nevertheless, we were able to obtain reliable tedol the PAHs and calculate travel
distances for them. These travel distances araldeaito experimentally evaluate predict-
ed CTDs of PAHSs if data are normalized to a refeeecompound. The comparison of
these travel distances to the distances calculetied) computer models worked out rela-
tively fine and indicates that the models give is¢@l results and can be used to predict

the environmental behavior of new pollutants.

We conclude that peat cores are suitable archimeferring atmospheric deposition
trends of PAHs, but due to the relatively low temgboesolution short-term events might
not be visible. The analysis of more than one paresite is suggested to provide a real-

istic of the reconstructed deposition trends atal taventories.
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6. Contribution to different studies

Sudy 1
Application of XAD-resin based passive air sampler$o assess local (roadside) and

regional patterns of persistent organic pollutants

S. Thuens 20 % Laboratory work; Field work; Daalysis;
Discussion of results; Manuscript preparation

P. Barthel 45 % Laboratory work; Data analysisdission of results;
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M. Radke 10 % Concept; Discussion of results; Manpt preparation

F. Wania 10 % Concept; Discussion of results; Manpt preparation

C. Shunthirasingham, 5% Laboratory work

JN. Westgate 5 % Data Analysis; Modelling

C. Blodau and C. Estop 5 % Installation of PAS
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How suitable are peat cores to study historical degsition of PAHS?
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Discussion of results; Manuscript preparation
M. Radke 20 % Concept; Field work; Discussionesults; Manuscript preparation
C. Blodau 10 % Concept; Field work; Discussiomesfults; Manuscript preparation
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Evaluation of peat cores as archives of polychlorated biphenyl deposition rates
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Discussion of results; Manuscript preparation
M. Radke 20 % Concept; Field work; Discussionasults; Manuscript preparation

C. Blodau 10 % Concept; Field work; Discussiomedults; Manuscript preparation
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S. Thuens 10 % Field work; Discussion of resitanuscript preparation
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ABSTRACT

We used XAD-resin based passive air samplers (Ré&\&)easure atmospheric levels of
polycyclic aromatic hydrocarbons (PAHs) and polgeimated biphenyls (PCBs) at five

ombrotrophic bogs in Eastern Canada. The aims oy were to investigate the in-

fluence of local roads on contaminant levels inlibgs, to derive the regional pattern of
atmospheric concentrations, and to assess thetamtiers of the method. Expanded un-
certainties based on the duplicate PAS deploye24asites were good for the PAHS,

while the deployment period of approx. 100 days teasshort to yield acceptable uncer-
tainties for PCBs. The regional PAH distributionsna good agreement with the calcu-
lated source proximity of the sampled bogs. We katec that XAD-resin based PAS

deployed for comparatively short periods are weilexl for measuring atmospheric con-
centrations of volatile PAHs, while in remote raggdonger deployment is necessary for
less volatile PAHs and for PCBs.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) and polgcimated biphenyls (PCBs) are
semi-volatile, persistent and toxic organic polhigsa and as such have raised health and
environmental concerns for several decades. PAglseteased to the atmosphere mainly
by incomplete combustion of organic matter, notdhlyning of fossil fuels and biomass
for industrial and domestic use, vehicle emissicg] forest fires (Ravindra et al.,
2008). PCBs - which were banned worldwide in 20@te- still emitted to the environ-
ment from old production facilities, from equipmestill containing PCBs, and from
waste disposal sites. Moreover, volatilization freails and sediments is a potential sec-
ondary source for atmospheric PCBs (Bozlaker ¢2808).

During the last decade, passive air samplers (F@a8¢ become a valuable tool for re-
cording spatial and temporal trends in the air eotrations of persistent organic pollu-
tants. Compared to active air samplers, their besnafe simplicity, low cost, and inde-
pendence of a power supply. PAS can thus be depleyen in remote regions with no
maintenance necessary beyond deployment and @dt{i@ouin et al., 2008; Harner et
al., 2004). XAD-based PAS (Wania et al., 2003) hawen successfully used to measure
gas phase concentrations of organochlorine pessidibaly et al., 2007b), PAHs (Choi
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et al., 2009; Westgate et al., 2010), and of PCOm$ @olybrominated diphenylethers
(Shen et al., 2006) on various spatial scales.

In an ongoing study in Eastern Canada, we are wsmmgrotrophic bogs along a transect
between Sudbury and Ottawa as archives for atmaspdeposition of PAHs and PCBs.
The sampled bogs are located next to roads of warsizes. Since vehicular internal
combustion engines are a potentially important Psidrce, we have to verify that the
sampling site in each bog is not influenced byalireadside emissions of PAHs. Thus,
the primary aim of this study was to determineitifeience of traffic emissions on the
bog sampling sites and to determine the distanmm fthe road where the local PAH
deposition becomes negligible relative to the rnegidackground. While several authors
have analyzed natural organic media like soil aa litter to study the distribution of
PAHSs next to roads (Glaser et al., 2005; Pathietra., 1994; Tuhackova et al., 2001),
this is the first attempt to use passive air sarsdiar that purpose. Duplicate PAS were
deployed at four bogs along transects from the noi@dthe bog; one bog located close to
the city of Ottawa was sampled with duplicate PM®reover, we were aiming to com-
pare differences in PAH and PCB concentrationsgatbe investigated regional transect.
Finally, the exceptionally high number of duplica@mplers deployed at each bog al-
lows for a thorough uncertainty assessment of thelevmethod associated with the
analysis of PAHs and PCBs using XAD-based passiaaaplers.

2. Material and methods
2.1. Sampling

XAD-based PAS were used to determine the concentrat PAHs and PCBs in the air.
These PAS consist of a stainless steel mesh cyliifitggl with XAD-2 resin (Supelco,
USA) which is suspended in a stainless steel cainségrves as protective shelter. The can
has an open bottom and small openings in the upasdrto allow air exchange. For
transport, the mesh cylinders were placed into alum tubes and sealed with PTFE-
lined rubber stoppers. Mesh cylinders and trandpbes were baked overnight at 48D
before use. A detailed description of sampler desigd operation is provided elsewhere
(Wania et al., 2003). In this study, however, aglamy cylinder only half as long as de-
scribed in Wania et al. (2003) was used. As werasslua net deposition of the target
compounds to the bogs (high organic matter contanttinuous growth) and the study

was focusing on differences at the peat surfacaepkas were mounted approx. 50 cm
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above ground on steel poles. This comparativelydeployment height was also benefi-
cial from a practical point of view as anchoringder poles would have been difficult in
the peat. The PAS were deployed from the end of W&y early September 2009 (98-
104 days; see Supplementary material for exaco@eyi

We studied five bogs located along a west-easséi@nn Ontario, Canada, between the
cities of Sudbury and Ottawa: Giant Bog (GB; 46°1%9°N, 79°56.001°'W), Eagle Lake
Bog (ELB; 45°48.196°N, 79°26.397'W), Spruce Bog (8B°35.172°N, 78°22.125'W),
Green Lake Bog (GLB; 45°41.056°N, 77°09.041°W), Met Bleue (MB; 45°24.375°N,
75°30.580°'W) (Fig. 1). All bogs except MB are lamhin rural areas but relatively close
to roads. The traffic volume of these roads e twavipcial highways (SB, GB) and two
smaller, unpaved roads (ELB, GLB) e is markedlyedént. Traffic rates in the months
July and August 2006 on Highway 60 next to Spruog Bnd on Highway 64 next to
Giant Bog were 4050 and 1750 vehicles per day,easely, with a percentage of
commercial truck traffic of 15% counts were avaialbut traffic volumes there are as-
sumed minor. At GB the road was elevated by appBxn above the bog surface,
whereas at the other sites the difference betwead and bog was less than 1 m. Mer
Bleue, which was included in this study for compan purposes, is located close to the
city of Ottawa but not directly next to a road. Tdheerage air temperatures obtained from
five official weather stations in the study areareveelatively uniform and ranged from
15.5° C to 18.9°C for the whole the deployment qukri

At each bog except MB, duplicate PAS were deplajedg a transect from the road into
the bog. GB was sampled most intensely with PA8ddeployed at distances of 2.5 m,
5m, 20 m, 50 m, 100 m, 200 m, 440 m, and 550 mm fiflee road. At SB, PAS were de-
ployed at 3 m, 5 m, 100 m, 400 m, and 500 m, arithgte Lake Bog (ELB) and Green
Lake Bog (GLB) at about 3 m, 6 m, 100 m, 150 m, a6@ m. The second-most distant
site corresponded to the site where peat samples taken in the concurrent study. At
MB, duplicate PAS were deployed in the ombrotrogdaction of the bog.
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Fig. 1. Locations of sampled bogs (yellow), cities (orange), and back trajectory airshed for Green
Lake Bog. The density isthe fraction of air-mass back trajectory endpoints that fall within a given 1
degree of latitude by 1 degree of longitude quadrangle, and can be regarded asthe relative contribu-
tion of each quadrangle to the air that was sampled at Green Lake Bog. (For interpretation of the
referencesto colour in thisfigurelegend, thereader isreferred to the web version of thisarticle.)

2.2. Extraction and analysis

Details on the analytical method are available agp&mentary material. Briefly, the
XAD-2 resins were Soxhlet extracted, the extractsewthen concentrated by a rotary
evaporator and under a stream of nitrogen, andlyfinaalyzed with GC-MS (PAHSs) and
High-Resolution GC-MS (PCBs). Internal standar@=® (selow) were used to correct for
recovery, and Mirex was used as injection stanflardoth PAHs and PCBs. PCB re-
sults were blank corrected based on the averafipfolvent blanks and seven XAD-2
blanks. Blank correction for PAH was based on terage of seven XAD-2 blanks. Av-
erage recovery rates (+ standard deviations) of ittternal PAH standards were
49 + 10%, 88 + 15%, 90 + 12%, and 90 *+ 12% ferNaphthalene, -Fluorene, Do
Phenanthrene, andi&Fluoranthene, respectively. For PCBs, averagevesgorates
(+ standard deviations) of the internal standaf@s-PCB-9,*3C;-PCB-15,*3C;1,-PCB-
32, and PCB-198 were 96 + 28%, 108 + 27%, 101 +,309d 162 + 32%, respectively.
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2.3. Calculations

Results are reported as sequestered amount ofceaghound per PAS (ng PA% For
PAHSs, these amounts were also converted into aicerarations (ng /) using the
length of the deployment period and compound spesd#fmpling rates given in the Sup-
plementary material. The uncertainties were catedldy error propagation from the
standard deviation of the replicate PAS per sitkthe reported standard deviation of the
sampling rates. To analyze the relation between RAkEIs and distance to the road, the
sequestered amounts were log transformed and segregainst the distance (m); a sig-
nificance level of p < 0.05 was set. For the deteation of the regional PAH levels
along the transect, the results from all passivepsers were averaged at sites ELB,
GLB, and MB, while at GB and SB only the resulisnirthe two most distant sampling
sites £ 400 m) were averaged. The resulting values aesregf to as “regional back-
ground concentrations”. For PCBs, the median ofathplers at one bog was used to
calculate the regional concentration levels. Regjidrackground concentrations were
tested for significant differences using a WilcoXdann-Whitney test (U-test). To de-
termine PCB chlorination profiles, we calculated fum of the median concentrations of

congeners with the same number of chlorine atoms.

Mean differences between duplicates were usednasasure of the precision of the re-
sults. The relative standard uncertainty and expdmndlative standard uncertainty were
calculated as described in the ISO 20988 guidef{lngernational Organization for
Standardization (ISO), 2007). A coverage probabditp = 95% was used for these cal-
culations. The uncertainty analysis was based gnestered amounts per passive sam-
pler (ng PAS).

Back trajectory probability maps, referred to asstaeds”, were calculated as described
in Daly et al. (2007c) for the sampled bogs. Thaisgheds display probability densities
of trajectories, indicating where the air parcdidhee specific site are most frequently
originating from. Cities and towns are also incldidie these maps.

The proximity of the bogs to probable sources oHBAvas estimated by adapting the
Dispersion Pertingency Index @lfrom Westgate et al. (Westgate et al., 2010)efBr;
the population of each town or city in Ontario &debec was weighted with the inverse
square of the distance to each bog, then summedanthlized to give a uniquegfior
each bog. The scaling factor f from that work weists unity. The locations and popula-

tions of the small towns of Ontario and Quebec waken from the Canadian 1986 cen-
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sus data, in which populations are expressed aager(e.g., 500 to 4999 persons), and
the middle value was used for the calculation (27%0) (see Natural Resources Canada,
2010). For large cities (e.g. Ottawa, Toronto, Meak a complete list is available as
Supplementary material) the populations were takem the 2006 Canadian Census
database (Statistics Canada, 2010). Populatiotiseetsouth beyond the border with the
United States of America were ignored. Distanceas/&en the bogs and the towns and
cities were determined using Manifold 8.0 GIS saiftvusing an Azimuthal Equidistant

projection.

3. Results
3.1. Polycyclic aromatic hydrocarbons

Only the relatively volatile and abundant two- tuf-ring PAHs naphthalene (Nap), flu-
orene (Flu), phenanthrene (Phe), and fluoranthé&itg \Were detected in quantifiable
amounts in most samples. Generally, Nap was the aimsdant compound with con-
centrations between 74 and 600 ng PA®llowed by Phe (5.5 - 44 ng PAS Flu (4 -

25 ng PAS), and Flt (not detected to 11 ng PASThe sequestered amounts of these
compounds in each sampler are available as Supptamganaterial.

The spatial pattern as a function of distance ®rttad was different among the bogs
(Fig. 2). At GB concentrations increased substéintvwithin the first 20 m and then de-
creased significantly (p < 0.05) from 100 m onwai@kwing a log-linear relationship.
In contrast, at SB concentrations of all four PAldrevhighest directly next to the road
and then followed e with the exception of Nap @gtlinear decrease (p < 0.05) along
the transect into the bog. At ELB, no significapagal trend was observed, while at
GLB the concentrations of Flu and Phe increasedifssigntly on a log-normal scale

along the transect into the bog.
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Fig. 2. Logarithmic sequestered amounts of PAHs as a function of distance to the road. The range
used for calculating the regression is given in the individual plots, as well as the slope of the regres-
sion line (k) _theerror of the dope, the significance level (p), and the regression coefficient (R?). n/a:
slope of regression line not significantly different from zero (p > 0.05). The regression line is only
shown for significant cases.

The regional PAH background concentrations varigda bactor of 7 between the bogs

( Fig. 3); with few exceptions concentrations weignificantly different between bogs
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(p< 0.05, 6 < n < 20; U-test; see Supplementary natéor details). Concentrations
were highest at MB which is located next to thg at Ottawa, while SB was the site
with the lowest PAH concentrations. Along the fitstee bogs on the West-East transect,
concentrations decreased and then increased agdie two Eastern sites which are lo-

cated in more densely populated areas.
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Fig. 3. Background concentrations (arithmetic means) of PAHs and Pertingency Index Pl along the
bog transect. A. Concentration per passive sampler (ng PASY); B. Air concentrations (ng m-%) con-
verted with sampling rates and length of deployment period. Number of observations: 4 (GB), 10
(ELB), 4 (SB), 10 (GLB), 2 (MB). Error barsrepresent standard deviations (A) and combined stand-
ard deviations from PAS and sampling rates (B). Asonly 2 samplerswere deployed at MB, the error
bars for the MB data represent the range of measured values instead of standard deviations; Fluo-
ranthene data ar e only available for one of the samplers

The Dispersion Pertingency IndexoRéflects the same regional pattern as the PAH con-
centrations (Fig. 3); the value for the MB sitedisproportionately high. The concentra-
tions of Flt, Flr, and Phe were significantly cdated (p < 0.05) to Blamong the first
three sites of the west-east transect (GB, ELB, 880a for sites GLB and MB are out-

side this correlation (Fig. 4). No such correlatiwas observed for Nap. If all four bogs
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are taken into account, a significant correlatipn<(0.1) is observed for FIr and Filt,
while the Phe concentration does not correlatenaonre to Pd (see Supplementary mate-

rial for details).

The mean difference between duplicate samplersl®®s (n = 24), 10% (n = 24), 13%
(n = 24), and 16% (n = 21) for Nap, Flu, Phe, atidrEspectively, indicating good re-
producibility of the results. Histograms illustragi the distribution of the relative differ-
ences of duplicates are available as Supplememiatgrial. The expanded relative
standard uncertainties calculated for a level affidence of 95% () (International
Organization for Standardization (ISO), 2007) lbase all duplicate samplers were 25%
(NAP), 21% (FLU), 32% (PHE), and 47% (FLT), respeslly. Additional information is

available as Supplementary material.

3.2. Polychlorinated biphenyls

The PCB congeners 101, 110, 95, 87, 52, 99, 148,44 and 138 were most abundant
(in that descending order) and accounted on avevagH samples for 84% of PCB.
Median concentrations of individual PCBs rangednf@17 ng PAS to 6.1 ng PAS. In
Fig. 5A > PCB concentrations for each bog are displayed. SEugiestered amounts of
PCBs at GLB and MB were substantially higher thatha other sites. In contrast to the
PAHs, PCB concentrations were highest at GLB.

The PCB chlorination profiles (based on the mediancentrations of the individual
compounds) (Fig. 5B) show a relative enrichmenpaita- and hexa-CBs and a relative
depletion of di-to tetra-CBs at GLB compared to timee more remote bogs. Results for
Mer Bleue are not shown in Fig. 5B since mediamceatrations of only two replicates

are highly uncertain.

The mean difference of PCB concentrations betwegriahtes was in the range of 50-
60% and thus about three times as high as for AtésPthe spread of the differences
between duplicate samplers was substantial (séeghasns provided as Supplementary
material). Moreover, the expanded relative standarcertainty ws for the five com-
pounds with the highest concentrations was subatignhigher than for the PAH: 84%
(PCB-52), 307% (PCB-87), 122% (PCB-95), 176% (P©R)1and 340% (PCB-110)
(see Supplementary material).
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4. Discussion
4.1. Methodological aspects

The deployment period of approx. 3 months duringser was sufficient to determine
reliable and robust estimates of the atmosphevieldeof the studied PAHs also at the
more remote sites. The expanded uncertainties lfdo@ PAHs were lower than the
50% threshold value for the analysis of airborneHPdefined by the EU directive
2004/107/EC (The European Parliament and the Cbahtihe European Union, 2005).
Thus, we conclude that the PAS used in this studhieh are usually deployed for long-
er periods e can also be used to determine seasendt for these compounds. Due to
the shorter deployment period, the relatively vitdadand abundant PAHs studied here
did not reach equilibrium between ambient air amel XAD-2 resin, which may occur
during a whole-year deployment period (Daly et 2007a). Flt was generally the com-
pound present at the lowest concentrations. Thisfiscted in a higher uncertainty of Flt
data (w5 = 47%) compared to the other compounds v32%).

The deployment period was not sufficiently longattow for the determination of PAHs
with higher molecular weight. This is due to a camation of the lower gas phase con-
centrations of these compounds e they are bourseérmsol particles to a larger extent
(St-Amand et al., 2008; Su et al., 2006), and atrparticles are not accessible to the
PAS (Wania et al., 2003) e and the detection liwiithe analytical method.

The uncertainties for individual PCBs are much bigthan the 50% threshold value for
PAHs (The European Parliament and the Council efBbropean Union, 2005) and the
theoretical ws of 23.3% derived by Brown and Brown (Brown and \Bng 2008). The
high uncertainty can be attributed to the shoriagpent period which resulted in con-
centrations in the final extracts close to the méttietection limit. However, the availa-
bility of a high number of replicate samplers pike sompensates for the poor side-by-
side reproducibility since median concentrations swbstantially more representative
than single measurements. Therefore, we consiéegeheral findings of this study still
valid in spite of the comparatively high uncertgintiowever, this is different for MB
where only two samplers were installed. To deteem®CB levels at similarly remote
sites with less uncertainty, longer PAS deploynmariods than the three months used
here should be applied.
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4.2. Variability of airborne PAHsand PCBson alocal scale

A priori we expected to measure highest PAH lewdectly next to the major roads,
followed by a log-linear decrease with distancenfrine road due to dispersion and dep-
osition processes. At Spruce Bog (SB) next to HaywO0, this general pattern was ob-
served. However, the samplers closest to the rdad)(sequestered disproportionately
high amounts of PAH. This observation is similafitmlings by Tuhackova et al. (2001)
who reported a sharp decline of Phe and FIt conaons in roadside soils within the
first 1.5 m. An exponential decrease of PAH con@iuns in leaf litter between 1 and

30 m distance from the road has previously beeorteg by Pathirana et al. (1994).

At SB, the difference between the two most distampling sites (400 and 500 m) was
marginal and thus we conclude that these two aitesiot influenced by roadside emis-
sions. The concentration ratio between the roadsidethe most distant sites (400 and
500 m) was <5, whereas Tuh&ckové et al. (2001)rtep@a PAH concentration next to

the road which was 30 times higher than the backgtaconcentration at a distance of
500 m. This difference can be attributed to muahér emissions at the site studied by
Tuhackova et al. (2001) which had a daily traffaiume of 90,000 cars. In comparison,

the daily traffic volume on the highway at SB wadyo4000 cars.

In contrast to SB, PAH concentrations along thegdeat into GB increased from 2.5 m to
50 m (Nap) and 100 m (Flu, Phe, FIt) before thegrelesed with increasing distance
(Fig. 2). The unexpected concentration increashimvithe first 100 m of the transect is
most probably due to the road being elevated ap@or above the bog. The compara-
tively warm vehicle exhausts should move prefeatigtupwards after release, and thus
we hypothesize that the PAS close to the road wetrexposed to representative concen-
trations. A similar process has been reported tisean enrichment of lighter PAHs with
increasing height above the road (Bryselbout e28l00). Moreover, the PAS closest to
the road was densely covered by tall grass atideoé the sampling period. As at SB,
the concentration difference between the two mssat sampling sites at GB was mar-
ginal (except for Flu) and thus we conclude that itmpact of roadside emissions on
these sites was negligible. Generally, the ratiovben highest and lowest concentrations
was< 2 and thus we conclude that the influence of noledemissions on PAH levels

was rather low.

PAH concentrations at ELB and GLB (Fig. 2), whidttbare located next to small roads

did not decrease with increasing distance to tle.ré&or the significant increase of Flu
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and Phe concentrations with distance from the \aia@LB, there are two possible ex-
planations: i) At the time of retrieval the two galers close to the road were found partly
covered by vegetation and one of them inside adefdoose shrubs. Therefore, PAH
concentrations in these samplers could be underaistd. i) Several houses are located a
few hundred meters from the installed samplers.sBimins from residential summer ac-
tivities (e.g., barbecuing, bonfires) during thepldgment period could have caused lo-
cally unequal PAH dispersion. However, this spagtetitern can also be considered rela-
tively uncertain as it was only observed for twdleé four compounds and the scattering
of the data is rather high. The ratio of maximunmmimimum concentrations of all com-
pounds were< 2 (ELB) and < 1.5 (GLB), with the exception of Bltsite GLB (5). The
latter reflects the comparatively high uncertaiotythe Flt data since especially at GLB,

the concentrations scattered substantially.

For PCBs, no dependence of concentration on distiom the road was observed. This
was to be expected since vehicular emissions aspme@e of atmospheric PCBs.

With respect to the primary aim of this study, vemdude that the sites where peat was
sampled in the concurrent project were receivirggoreally rather than locally (i.e., traf-
fic related) emitted PAHs. Based on the resultthsf study, a sampling distance of 400
m from highways with a traffic volume of less th&000 cars per day seems “safe” to
determine regional concentrations of the compaghtivolatile PAHs analyzed; for mi-

nor roads this distance should be at least 100 m.

4.3. Variability of airborne PAHsand PCBson aregional scale

The regional PAH distribution along the East-Weahsect (Fig. 3) reflects the proximi-
ty of the bogs to urban areas and other importaint [gources. SB can be considered as
representative for the regional PAH background eatrations since there are no other
PAH sources than the highway (which does not imiteethe background samplers in
400 and 500 m distance) and a visitor center (8D@nnthe vicinity of the site and the
population density around SB is extremely low.Ha studied region westerly winds are
prevailing (see airshed for GLB, Fig. 1), and tthes decreasing concentrations from GB
to SB (Fig. 3) reflect an increasing distance toaor emission source west of the stud-
led bogs. As metal and aluminum production in gahare known to be the largest
sources of PAH to the North American atmospherdai@aau et al., 2007), this emis-

sion source is most probably the Sudbury mining emwith its large nickel and cop-
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per smelters located approx. 80 km east of GB.fi€raifluence can be ruled out as
cause for the significantly higher background comicgions at GB compared to SB since
the traffic volume on the GB highway is lower thdmat on the SB highway and the
background sites at the bogs were not influencetthéyoadside emissions. Moreover, as
temperatures in the studied region were compaltgativeiform, temperature-dependent
differences in sampling efficiency (Gouin et aD08) of the PAS at the individual bogs

can also be excluded as cause for the observeemivaton differences.

Naphthalene Fluorene
9 —
ocs © *Tocs
8 — ® ELB 8— @ ELB
e SB e SB
77| « GLB 770 GLB
6 ° o 6 o]
—~ 5 R®=0.0899 5 R?=0.9998
5 o p=07 p = 0.009
= 1T T T T 1 T T 1
¢ 100 140 180 4 6 8 10 12
= Fluoranthene Phenanthrene
o 9
°GB ° GB
8 | @ ELB ® ELB
® SB e SB

[ P o GLB

6 —

a O ~N oo ©

o] 0
5 — R?=0.9998 R?=0.9956
p =0.009 p =0.042
1T T 1 T
1.5 25 6 10 14 18

Concentration (ng PAS™)

Fig. 4. Correlation between Dispersion Pertingency Index (Plp) and the PAH back-ground concen-
trations. Site MB is not shown. Only data points shown in filled circles were included in the correla-
tion analysis.

As expected, PAH concentrations were highest atigh is located next to the city of
Ottawa. SB was the most pristine site with resp@d®AH concentrations. The correla-
tion (p < 0.05) between the measured backgrounderdrations of Fir, Flt, and Phe to
the calculated BIfor the three westerly bogs (Fig. 4) confirms tieg measured concen-
tration at sites GB, ELB, and SB reflect the regidmackground concentration. If GLB is
included in the analysis, the correlation betweamcentration and Blis still significant

for FLR (p < 0.05) and FLT (p < 0.1). The deviatiointhe GLB site can most probably
be attributed to a combination of the overall methogical uncertainties and to a minor
local PAH source, as is indicated by the increasimgoncentration with distance from

the road (see above).
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As no dependence of PCB concentrations from distaadhe road was expected and
observed, the results of all samplers per bog eanded to analyze PCB distributions.
Because of the comparatively large uncertaintiesy@fPCB concentrations (see above)
and the only two replicates, the MB site is notsidared here. The low sequestered PCB
amounts at GB, ELB and SB reflect a large distanamajor emission sources. In con-
trast, the comparatively high PCB concentration&BB indicate a closer proximity to
sources of atmospheric PCBs. These sources couldldted to the general population
density and to the volatilization of PCBs from atdnsformers or contaminated sites.
Moreover, the proximity to Chalk River Laboratoti@snuclear research facility approx.
45 km north-west of GLB, and the comparatively hagnsity of generating stations in
the GLB area (Natural Resources Canada, 2007)thez indicators for potential PCB
sources as these compounds were heavily usedhnogpecations in the past.
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Fig. 5. A. Median SPCB concentrations along the bog transect. Number of observations: 16 (GB), 9
(ELB), 8 (SB), 9 (GLB), 2 (MB). Error barsrepresent standard deviations. B. PCB chlorination pro-
files at the sampled bogs based on the median concentrations of the individual congeners. Site MB
not shown because of the low number of replicates.

The PCB chlorination profiles provide additionasight into proximities of the sampled
bogs to potential sources. Airborne PCBs with Iagrée of chlorination are relatively
more enriched in areas remote from urban/industtairces compared to the higher
chlorinated ones (Du et al., 2009; Harner et 2004). This is attributed to the gas-
particle partitioning behavior of higher chlorindteCB being associated with particles
to a greater extent than lower chlorinated onese{lal., 2008) and differential removal
processes in the atmosphere (von Waldow et alQ)2@ue to the faster deposition of
particles, the higher chlorinated congeners corestyu have a shorter atmospheric
transport distance. This behavior is reflectedhi@ thlorination profiles at the sampled
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bogs (Fig. 5B) with a relative enrichment of perdad hexa-CBs and depletion of di- to
tetra-CBs at GLB compared to the three bogs tovibs. This indicates a closer proximi-
ty of GLB to PCB sources and is in line with thesetved elevated concentrations at
GLB (Fig. 5).

Overall, we conclude that XAD-resin based PAS ae#l suited to monitor both local
and regional patterns of atmospheric PAH conceatraton comparatively short time-
scales with high reproducibility. However, this &pp only to the more volatile and
abundant low molecular weight PAHs which are prediamtly present in the gas phase.
The gas phase concentrations of PAHs with highdecatar weight were too low and
did not allow detection; for PAS-based monitoriiggoch compounds in remote regions,
longer deployment periods are necessary. For P&@ae general trends could be de-

rived, but longer deployment periods are advisegltdithe high overall uncertainties.
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Experimental Methods

Deployment periods of the PAS
Table S 1: Deployment periods of PAS

Giant Bog 2009/05/27 — 2009/09/02
Eagle Lake Bog 2009/05/28 — 2009/09/03
Spruce Bog 2009/05/28 — 2009/09/03
Green Lake Bog 2009/05/29 — 2009/09/04
Mer Bleue 2009/05/23 - 2009/09/04

Analytical methods

All glassware was solvent-rinsed several timesalkeld overnight at 450°C before use.
Four solvent blanks and seven XAD-2 blanks weregaektd and analyzed together
with the samples. Prior to extraction, samples vai&ed with 30 ng of deuterated
PAHs (containing the 16 EPA PAHSs) and 25 ng of é8R€covery standard1%C12-

PCB-9 and‘3C12-PCB-15,13C12-PCB-32, PCB-198) dissolved in isooctane. The XAD-
2 filled sampling cylinders were then Soxhlet ecteal for 24 h with 250 mL of di-
chloromethane (DCM) (99.96%, EMD, USA).

The extracts were concentrated on a rotary evamo(Btichi, Switzerland), transferred
to test tubes, and further reduced to approximdteatyl. under a stream of nitrogen (Or-
ganomation Associates, USA). Water in the extracs removed by filtration through
columns filled with 2 mL of baked sodium sulfatasfier Scientific, India). Subsequent-
ly, the solvent was exchanged to isooctane by gd@imL of isooctane to the concen-
trated extracts which were subsequently reducddnd. in a gentle stream of dry nitro-
gen and transferred into GC-vials. 100 ng of mi(e28%, Cambridge Isotope Labs,
USA), which was used as injection standard for G@lyses, was added, and samples
were further concentrated to a final volume of alih8 mL.

For PAH analysis, ten calibration standards at entrations from 0.27 ng mito 540
ng mL?! were diluted in isooctane from a 16 EPA prioritjHP stock solution (99%,
Cerilliant Corporation, USA). For recovery calibaat, five standards of the deuterated
PAHs were prepared at concentrations between Ifilnhand 43 ng mit. PAHs were
analyzed on a 7890A gas chromatograph (GC) coupled5975C mass spectrometric
detector (MSD; both instruments from Agilent, Sa@lara, USA) operated in electron
impact ionization mode. PAHs were separated on é6BIB column (60 m 0.25 mm

1 0.10 um; Agilent) using helium as carrier gaswfi@mte: 1.0 mL mirt). The measured
data were corrected for recovery using the respeaeuterated compounds; for blank
correction, the average concentration of the segsim blanks was subtracted from each
sample. Average recovery rates gtandard deviations) of the internal standardsw®ér
110 %, 881 15 %, 9071 12 %, and 901 12 % for »-Naphthalene,

Dic-Fluorene, Do-Phenanthrene, andi®Fluoranthene, respectively.
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PCB were analyzed on an HP 6890 plus Series hgitrion GC (Agilent,) coupled
to an Autospec Ultima magnetic sector mass speetiem(Micromass, Ultricham,
UK). Electron impact ionization (El) was used ate34 and detection was carried out
in selected ion monitoring (SIM) mode. The trandilee and ion source temperatures
were 200°C and 250°C, respectively. Target compsuvete separated on a DB-5MS
column (15 m x 250 um x 0.25 um; Agilent) with eh as carrier gas at constant
pressure of 1kPa. Six calibration standards preparesooctane were used for quanti-
fication at concentrations between 0.2 and 10 ng (tdrget compounds) and 0.5 to
3.5 ng mL! (recovery standards), respectively. Due to theisieity and linearity of
the instrument, the calibration curve could be apatated down to 0.05 ng riL
which was used as limit of quantification. Concatitms < 0.05 ng mt were set to
0.025 ng mt* for further calculations. Samples were analyzedb®congeners listed
in Table S 2, out of which 26 were present in thmgles at sufficiently high concen-
trations. The sum of these 26 congeners is subedyueferred to aZPCB. Results
were blank corrected using the mean value of thabdratory blanks and 7 resin
blanks. Dichlorinated congeners were recovery cbtecewith the averaged recovery
rate of'3C1,-PCB-9 and*C1,-PCB-15, trichlorinated congeners with the recoveig

of 13C1-PCB-32, and tetra- to hexachlorinated congenetls thie average recovery
rate of'3C1,-PCB-32 and PCB-198. Average recovery rates (dstahdeviations) of
the internal standard$Ci-PCB-9, *C1>-PCB-15,*C1-PCB-32, and PCB-198 were
96 + 28 %, 108 + 27 %, 101 + 30 %, and 162 *+ 32&pectively.

Table S 2: In PAS samples detected PCB congenetped according to the number of
chlorine atoms

Group congeners (Ballschmiter number)
Di-CBs 8,15
Tri-CBs 16, 28, 31, 32, 33

Tetra-CBs 44,49, 52, 56, 60, 66, 70, 74
Penta-CBs 87,95, 99, 101, 105, 110
Hexa-CBs 128, 138, 149, 151, 153
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Table S 3: Populations of larger Ontario and Quelitezs used to calculatp.

City Name Population City Name Population
Ajax 93104 Mississauga 668549
Barrie 128430 Montreal 2921357
Brampton 433806 Newmarket 74295
Brantford 90192 Oakville 165613
Burlington 164415 Oshawa 141590
Cambridge 120372 Ottawa 819263
Clarington 77820 Pickering 100273
Gatineau 242124 Quebec 603267
Guelph 114943 Richmond Hill 181000
Hamilton 504559 Toronto 3427168
Kingston 152358 Vaughan 238866
Kitchener 204668 Waterloo 97475
London 457720 Whitby 111184
Milton 53939 Windsor 216473

Table S 4: Sampling rates {rd?) for polycyclic aromatic hydrocarbons obtainedniro
a year-long calibration study at Egbert, Ontari@ascribed in Hayward (2010). As the
PAS were deployed over the summer, we used the sumates to convert the amount
of sequestered PAH per PAS (ng PA% air concentrations (ng

Compound R(m® d?)

naphthalene 0.95+0.64
fluorene 1.17 £0.20
phenanthrene 1.11+0.18

fluoranthene 0.76 £ 0.56
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Results

Table S 5: Sequestered PAH concentrations (ng'JBAcﬁ all samplers; results of the repli-
cate samplers are shown in separate columns; Nnbt detected

distance naphthalene flourene phenanthrene flouranthene
Giant Bog 25m 149 141 10.0 9.4 16.0 15.6 3.65 3.05
5m 160 154 13.4 9.3 21.4 21.0 3.76 3.65
20m 171 199 145 15.8 24.3 27.9 4,99 5.14
50 m 184 213 13.0 18.0 24.4 28.9 5.39 5.27
100 m 184 183 18.7 16.9 28.4 28.8 5.87 5.77
200 m 204 165 14.4 16.5 26.7 26.3 5.44 5.43
440 m 133 122 14.9 134 22.2 17.7 3.54 3.32
550 m 135 175 115 12.4 18.7 17.4 3.18 3.50
Eagle Lake Bog 3m 190 178 8.3 8.9 11.6 12.2 2.08 2.62
6m 140 143 7.5 6.6 10.1 9.0 2.00 1.78
100 m 120 146 8.4 8.6 11.0 104 1.91 1.84
140 m 121 189 9.2 9.5 115 14.3 2.30 2.69
240 m 94 126 6.2 8.6 8.6 105 2.00 1.93
Spruce Bog 3m 301 235 8.1 8.5 26.8 15.0 6.57 4.26
6m 218 179 7.1 6.0 10.7 8.3 1.95 1.67
100 m 98 117 5.6 5.9 8.1 7.5 1.89 1.37
400 m 82 94 4.1 4.1 5.9 5.6 1.21 1.18
500 m 74 96 4.0 4.0 5.5 6.1 0.96 1.20
Green Lake Bog 35m 190 225 8.5 9.8 16.3 13.8 1.86 N.D.
55m 203 186 7.6 7.8 134 13.6 1.77 0.98
100 m 187 205 9.9 9.1 185 14.6 N.D. 3.12
135m 183 197 9.5 9.7 194 15.3 4,95 2.59
250 m 244 217 11.3 11.3 17.8 17.6 2.82 2.86

Mer Bleue 599 530 248 243 43.8 36.6 10.67 N.D.
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Table S 6: Details of uncertainty analysis for ther PAHs and the five PCBs with highest
sequestered amounts. For details on the individai@meters and calculations please refer to
the ISO 20988 guideline (International Organization Standardization (ISO), 2007). Dif-
ferences in the number of measurements betweendhédual compounds are due to sam-
ples below the limit of quantification.

PCB PCB PCB PCB PCB
NAP FLU PHE FLT 52 87 95 101 110

average rel. difference between

duplicates (-) 0.15 0.10 0.13 0.16 0.40 0.62 0.47 520 0.63
number of measurements (-) 24 24 24 21 20 22 21 22 22
coverage factords (-) 209 209 209 2.09 2.09 2.09 2.09 2.09 2.09

min. range of application (ng PA$ 74.2 4.0 55 1.0 0.03 0.10 0.20 0.33 0.25
max. range of application (ng PAS 599.0 24.8 43.8 6.6 0.34 7.30 4.85 13.00 15.80

relative std. uncertainty w (-) 0.12 0.10 0.15 0.220.40 1.47 0.59 0.84 1.63
relative expanded 95% uncertainty
Wos (-) 025 021 032 047 0.84 3.07 1.22 1.76 3.40

Figure S 1: Histograms summarizing the distributtbmelative differences between concen-
trations of PAHs and PCBs derived from duplicaté&SPA
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Table S 7: Correlation matrix (U-test) between sstered amounts of PAHSs at the five
sites. Flt at site MB could not be analyzed singly one replicate sampler contained this
compound at a concentration above the limit of cl&in. Please note: the results for
statistical tests of MB data suffer from the lownrher of replicate samplers there and

thus should be treated with caution.

NAP
ELB SB GLB MB
GB 0.84 0.03 <0.01 0.13
ELB 1 <0.01 <0.01 0.03
SB 1 <0.01 0.13
GLB 1 0.03
FLU
ELB SB GLB MB
GB 0.01 0.03 <0.01 0.13
ELB 1 <0.01 0.034 0.04
SB 1 <0.01 0.10
GLB 1 0.04
PHE
ELB SB GLB MB
GB 0.00 0.03 0.11 0.13
ELB 1 <0.01 <0.01 0.03
SB 1 <0.01 0.13
GLB 1 0.03
FLT
ELB SB GLB MB
GB <0.01 0.03 0.05
ELB 1 <0.01 0.28
SB 1 0.04
GLB 1
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Figure S 2: Correlation between Dispersion Pertiogelndex (Pb) and the PAH back-
ground concentrations. Site MB is not shown. Aliedaoints were included in the correlation
analysis. Significant correlations (p<0.1) are @adied by the lines in the individual graphs.
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ABSTRACT

Ombrotrophic peat bogs are natural archives of gpieric pollution, their depth
profiles can be used to study the deposition cHomyo of harmful contaminants.
Prerequisites for deriving historical depositiorierafrom the peat archive are that
contaminants are persistent and immobile in thet pea that the applied dating
technique is accurate. To examine these requirenagrtt the accuracy of peat archives
for polycyclic aromatic hydrocarbons (PAHs) 12 ppadfiles were sampled in 4 bogs
in Ontario, Canada, as well as surface peat inbmwe Additionally we carried out
laboratory incubations; no degradation occurredr oge 3-year period in these
experiments. The standard deviations of PAH comagans in surface samples and of
PAH inventories in whole cores was approximatel93@nd concentrations in surface
peat were on average 50% higher in hollows thahummocks. No indications for
mobility of PAHs were observed in peat. Temporglagtion trends inferred from peat
cores were generally in agreement with trends ddrivom a sediment core sampled
close by but deposition rates to the sediment webstantially higher. A major source
of uncertainty was the rather coarse vertical samgplesolution of 5 cm which
introduced substantial uncertainty in the datinghef individual segments. This caused
variations of the deposition rates up to 70% peHm&tween three replicate cores, and
it also impedes the identification of depositiorake Overall, we conclude that peat
cores are suitable archives for inferring atmosph#eposition trends, but due to their
relatively low temporal resolution short-term evemhay not be identified and the
development of sampling methods that allow a higlegtical resolution would greatly
improve the performance of the method. The analysimore than one core per site is

suggested to provide a realistic estimate of te®hc deposition and total inventories.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiously present in the environment
and were one of the first groups of atmosphericlupmits to be identified as
carcinogenic. They are formed by incomplete combunsir high temperature pyrolytic
processes of fossil fuels and other organic mdse(i&ild and Jones, 1995). They are

non-polar and have a high affinity to organic natBerset et al., 2001).

As the active sampling of environmental pollutamts high temporal and spatial

resolution or over extended periods is highly @ labor intensive, natural archives
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such as snow and ice, marine and lacustrine setsmerious biological media (corals,
tree rings, herbarium specimens), and peat bogs haen used to study atmospheric
pollution with organic or inorganic contaminanter Ehe determination of temporal and
spatial trends of atmospheric PAH contaminatios,ahalysis of sediment cores is well
established as lake sediments provide a high teahpesolution. Sediment cores have,
for example, been used to study historical PAH @amation (Hites et al., 1980;
Laflamme and Hites, 1978; Schneider et al., 2@ixcik et al., 1996; Wakeham et al.,
1980). However, the concentration profiles obtairiemm sediment cores may be
disturbed by seasonal mixing processes in the laisyrbation, and lake sediment
focusing. The latter process considerably influsnitee sediment deposition rates and
depends largely on the lake morphology (Blais aadffK1995). Lake sediments also
receive pollutants that are not deposited direttilyhe lake surface, but else-where in
the catchment. This might lead to an overestimabbrine deposition rates, as for
example observed by Sanders et al. for the insget@DT (Sanders et al., 1995).

In contrast to sediments, ombrotrophic peat bodg wateive wet and dry deposition
from the atmosphere and are not influenced by psEin the catchment. Because of
the acidic and anoxic conditions prevailing beldve water table, decomposition of
biomass is slow. This leads to continuous growthads (Zaccone et al., 2009a). The
widespread distribution in the northern wet temfgeemnd southern boreal zone and the
similarity of peat bogs with respect to vegetatimnd hydrology thus provide an
opportunity to establish spatial and historicaltgrais of atmospheric deposition based
on this archive.

Organic pollutants are deposited to vegetation fitben gaseous phase or bound to
particles. From the gas phase they can enter wegetay deposition onto the waxy
cuticle of the leaves or by uptake through the stanand subsequent translocation by
the phloem. Particle-bound pollutants stick to sieface or a partly downwashed by
rain, depending on particle size and leaf surfadesker and Lindberg, 1982). The
pollutants accumulate in the living plants, whiale @ecomposed to peat, an organic
residue of varying composition and texture (Holduket al., 2000; Johnsen and
Karlson, 2007). Due to its high organic matter eomtpeat is a promising archive for
atmospheric PAHs. As PAHs are highly sorptive t@amic matter, their post-
depositional mobility is assumed to be negligibBariders et al., 1995). Moreover,
because of their low water solubility and the sty@orption PAHs are poorly available
for microorganisms (Breedveld and Sparrevik, 208buttleworth and Cerniglia,
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1995). In combination with the acidic and anoxiaditions and consequently a low
overall metabolic activity in zones below the watahble, the degradation of PAHS in
peat is assumed to be very slow. Several studiee peeviously used peat cores to
determine historical deposition rates and conceatra of PAHs (Berset et al., 2001;
Dreyer et al., 2005a; Sanders et al., 1995).

A critical factor for establishing depositional oeds is the accurate dating of the
stratified peat deposits. To this end radioisotapesh ag'%Phb have been used together
with the constant rate of supply (CRS) model. TiRSGnodel has been widely used to
determine carbon, nitrogen, and metal accumulates in peat (Moore et al., 2004;
Norton et al., 1997; Turetsky et al., 2004; Turum¢ral., 2004). The slope gives then
the accumulation rate (g cha?) which can be used to calculate the age of thekssn
Dating through?'®b should be verified by independent chronostrapigic markers
(Urban et al., 1990); to this end, the peak*¥m deposition resulting from the peak of
the nuclear bomb testing in 1962/1963 has beenopempas well as pollen records or
other characteristic markers.

Although peat cores have been used previously @svas of atmospheric pollutant
deposition, to our knowledge the suitability of bags archives for organic pollutants
and the uncertainties inherent to this archive hasebeen systematically scrutinized.
Such a critical evaluation is the objective of glnesent study. This study is based on 12
peat profiles sampled in 4 bogs in Ontario, Canaxa,samples of surface peat at
another bogs, and on one sediment core from aihaiktee vicinity of one of the bogs.
We studied PAH degradation in peat under aerohicaaerobic conditions, analyzed
the heterogeneity of PAH records within sites andthwreference to the
microtopography within a bog. Finally, we compatkd PAH deposition rates derived

from the peat archives to those derived from tlignsent core.

2. Material and methods
2.1. Sampling

In 2007 and 2008 five peat bogs in eastern Ont&amada were sampled: Giant Bog
(GB, this name was assigned to this site as noiqusvdescription and thus no
established name was available), Eagle Lake Bo@)E&pruce Bog (SB), Green Lake
Bog (GLB), and Mer Bleue Bog (MB) (coordinates gigen in Table S1, a map is

available as Fig. S1 in the Supplementary materhll) peatlands had a hummock-
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hollow microtopography. The vegetation was domiddig Sphagnum with ericaceous
scrubs, characteristic for most ombrotrophic bag®astern Canada (Turunen et al.,
2004). The pore water pH of the sampled bogs rafrged 3.5 to 4.5, which is typical
for ombrotrophic bogs (Coggins et al., 2006). Sawsplvere taken at the domed
ombrotrophic section of the bogs at the largestsipies distance to nearby roads.
Triplicate peat cores were sampled with a box cqB#x90.6x1000 mm) from
undisturbed hollows (10 m distance between samplowations), avoiding peat
compaction as far as possible. Below the livingetation which was discarded, the
cores were cut into 5 cm segments with a knifdhenfteld; each segment was wrapped
in aluminum foil, transferred to a plastic bag atored in a cooler. The box corer and
the knife were rinsed with distilled water and etblabefore each sample. At the MB
site, we sampled surface peat by cutting it witndie just below the living vegetation
at 5 hollows and hummocks, respectively. Each sam@as individually wrapped in
aluminum foil and stored in a sealed plastic bag aooler.

One sediment core was sampled with a gravity careéhe deepest point of Opeongo
Lake (location and details are given in Muir et @009) and in the Supplementary
material). It was sectioned in 1 cm intervals. 8éimples were frozen directly after

arrival in the laboratory.

2.2. Degradation experiments
A sufficiently large amount of peat was sampledVar Bleue from the layer directly
below the active vegetation (aerobic) and from ¢heotelm (anaerobic peat sampled
from approx. 10 cm below the water table), respebti These samples were

homogenized and split into aliquots which were usedhe incubation experiments.

Peat samples were incubated under controlled aeeotdl anaerobic conditions in the
laboratory at optimal degradation conditions toldate a longer degradation time. For
anaerobic incubations, 50 g of fresh wet peat sathfftom the catotelm was weighed
into crimp vials (120 mL), and the vials were cappeth a gas-tight rubber/ PTFE
septum. The gas phase was replaced biyediately after cap-ping and subsequently
once a week. By this a limitation of degradatiortty accumulation of C£and CHin

the gas phase was avoided (Goldhammer and Blod#i8)2The concentrations of
oxygen, CQ, and CH in the headspace were determined regularly bycgesmatog-
raphy with thermal conductivity and flame ionizatidetection to ensure that anaerobic

conditions and an active microbial consortium wprevalent (method described by
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Goldhammer and Blodau (2008)). Rates of.@G@d CH release were determined by
linear regression of the concentration increase aveeriod of 5 days at 11 sampling

events over 2 years.

Aerobic incubations were carried out accordinglyhwieat from the aerobic zone, but
with a permeable filter membrane instead of thebemlseptum and without replacing
the gas phase. The gravimetric water content wasdanstant at around 90%, similar
to the original content of fresh aerobic peat; aisveontrolled regularly by weighing the

vials and re-adjusted if necessary by adding tdtivater.

Both aerobic and anaerobic incubations were cawigdat 15 °C in the dark. Three
replicates were sampled after 2, 5, 9, 13, 20a26, 33 months and analyzed for their
PAH content. All concentrations reported for theoh& incubation experiments were
normalized to the weight of dry peat at the begigrof each experiment. In order to not
disturb anaerobic microbial consortia we did noy dhe anaerobic peat in the
beginning. Therefore, concentrations in the anaenokat are normalized to the weight
of dry peat at the end.

2.3. Analytical methods

All solvents were of residue analysis quality (ne@mand dichloromethane purchased
from Promochem, Wesel, Germany; hexane from J. keBaGriesheim, Germany).
Native and isotope-substituted PAHs (purity >98%erev purchased from Ultra
Scientific (North Kingstown, USA), Cambridge Iso&sp (Andover, USA), and Dr.
Ehrenstorfer (Augsburg, Germany). Glassware washmacwashed, solvent rinsed,
and baked at 280 °C overnight.

Peat and sediment samples were freeze dried, nidledfine powder in a pebble mill
and kept frozen until extraction with pressuriziegiid extraction. Extraction cells had
glass fiber filters from Whatman (Whatman GF/B, t&one, UK) at both ends and
were filled with 5 g of dry peat or sediment. Adn containing isotope-substituted
PAHs as recovery standards (60 ng each of phemaaidl10, fluoranthene-d10,
pyrene-d10, chrysene-d12, benzo[a]pyrene-d12) wiked directly onto the peat. The
cells were filled with diatomaceous earth (Celite®barse, Sigma-Aldrich, Munich,
Germany) and extracted with pressurized liquid aetion (ASE 200, Dionex Co.,
Sunnyvale, USA). Cells were filled with hexane,gsurized to 14 MPa, and heated to
120 °C within 6 min. Pressure and temperature \nwele for 5 min, followed by rinsing

with cold solvent (60% of the cell volume) and poggwith argon for 90 s. This

68



APPENDIX STUDY 2

extraction cycle was repeated once. The extractradisced to about 1 mL with a rotary
evaporator (Bichi, Switzerland). For extract clegn-3 g of aluminum oxide
(aluminum oxide 90, neutral, deactivated with 15%wtwater, 70-230 mesh from
Merck, Darmstadt, Germany) upon 5 g of silica gdlida gel 60, 200 mesh; Merck),
was filled into glass columns of 1 cm diameter auplilibrated with hexane. The
extracts were then quantitatively transferred ® ¢blumns and eluted with 35 mL of
hexane followed by 30 mL of hexane/dichloromethafie(v/v) as described by Dreyer
and Radke (2005). The combined extracts were easgabto approx. 1 mL by the use
of a rotary evaporator and then subjected to siwtusion chromatography for further
clean-up. To this end, columns of 2.2 cm diametkedfwith Bio-Beads (S-X-3, Bio-
Rad, Hercules, USA) equilibrated with hexane/diothoethane 1/1 were used. The ex-
tracts were quantitatively transferred to the calamand eluted with 60 mL of
hexane/dichloromethane 1/1. This fraction was ddexh The target compounds were
then eluted with 120 mL of hexane/ dichloromethahee column was subsequently
rinsed with additional 100 mL of the solvent mixuand re-used. The extracts were
evaporated to 1 mL by a rotary evaporator and lfin@aporated to dryness under a
gentle stream of nitrogen. Prior to injection, séeapwvere redissolved in 2QQ. of a
solution containing two deuterated PAH (anthracéb@-and benzo[a]anthracene-d12)
in nonane and transferred to glass vials.

We quantified the following 10 out of the 16 EPA{R# phenanthrene (Phen),
fluoranthene (Flt), pyrene (Pyr), benzo[a]anthrace(B[a]A), chrysene (Chry),
benzo[b]fluoranthene (B[b]F), benzo[k]fluoranthe(®k]F), benzo[a]pyrene (B[a]P),
indeno[1,2,3-cd]pyrene (Ind), and benzo[ghi]pergle(B[ghi]P), and additionally
benzo[e]pyrene (B[e]P), and benzolj]fluoranthen§]B. However, due to incomplete
chromatographic separation of B[b]F, B[k]JF and B[jln many chromatograms, the
sum of the three compounds is reported as B[b+kH}te total concentration of all
PAHSs is referred to ds12 PAH throughout the manuscript.

One part of the samples was analyzed by a ionG@fMS (CP-3800 and Saturn 2000,
Varian, Darmstadt, Germany) and the other partavedyzed on a quadrupole GC/MS
(GC 8000 MS, Finnigan, Austin, USA). The chromaggdric conditions are listed in
the Supplementary material.

PAH calibration solutions (native compounds anavecy standards (see above): 50 ng
mL™1-2000 ng mL?!; injection standards anthracene-d10 and benzdfalsrene-d12:
200 ng mLY) were prepared by diluting stock solutions in momarhey were measured
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with each set of samples.

The analytical procedure was evaluated by analyzorgmercially available certified
reference material (IAEA-159, Sediment; n=5) aslvasl diatomaceous earth spiked
with a known concentration of all native PAHs (n=Bboratory blank samples (n=13)
were analyzed with every set of samples.

Dry-milled subsamples (approximately 1 g from e&cbm peat segment, 200 mg of
each 1 cm sediment segment) were submitted toRést¢arch Ltd (Winnipeg, Canada)
or to the Institute of Environmental Geochemistoniiersity of Heidelberg, Germany)
for 2'%b analysis. In 4 cores the activity of In 4 cotke activity of > Am was

measured as additional chronostratigraphic marker.

2.4. Calculations
All PAH concentrations were normalized to the dgigiht (dw) of the peat sample.

The inventories of the PAHs were calculated addted integrated mass of a compound
per unit area as described by Schneider et al.1j2@nly layers younger than 1880

were taken into account so that all peat profigsesent the same time span.

Deposition rates of the individual PAHs (nga 1) were calculated by dividing the
measured mass of PAHs per peat segment by the mushbgars covered by this
segment and the surface area sampled. To derivagevdeposition rates from the three
cores sampled in each bog, the deposition ratégedeirom each core were aver-aged

to 10 year periods as described by Dreyer et @D5R).

Deposition rates determined for Opeongo Lake wemeected by division with a
sediment particle focusing factor of 2.66. We aidi this factor by multiplying the
excess?t%Pb inventory with the decay constant?8®b and dividing it by the excess

21%pp atmospheric deposition rate estimated for thigitude by Muir et al. (2009).

Statistical analysis was conducted with the soféwr( R Development Core Team,
2011).

3. Results and discussion
3.1. Evaluation of the analytical methods

The mean recovery rates of the isotope-labeledrnatestandards were between
48+27% (Phen-d10) and 86+29% (Pyr-d10) (n=126). Tdperational limit of
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quantification (LOQ) determined according to DING633 (1994) ranged from 2 ng'g
(Phe) to 11 ng g (Chry); details are summarized in Table S2 in Supplementary
material. As concentrations in peat and sedimenevwgenerally > LOQ, we did not
determine the limit of detection (LOD). Some blaa@nples contained individual PAHs
at concentrations > LOQ (given in Table S3). Howewe did not observe a systematic
contamination pattern in the blanks. Except for yChn one blank sample,
concentrations in the blanks were at least onerafmagnitude lower than in the field

samples. Therefore, the results were not blanlected.

Recovery of the PAHs spiked to diatomaceous eartbed from 95% (B[a]A) to 136%
(Pyr), and PAH concentrations measured in the eafss sediment (IAEA-159,
Sediment) were comparable to the concentrationsnglwy the distributor (shown in
Fig. S2). Thus, the clean-up procedure was suitableeparate the interfering and
complex matrix of peat from the PAHs at acceptabt®very of the analytes, and the

overall analytical method can be considered apptgofor the purpose of this study.

3.2. PAH degradation in peat

The CQ and CH production rates determined in our degradationesrgents
(1.37+1.13 (n=24) and 1.06+0.98 (n=16)ol g* dw peat &, respectively) are within
the range of rates determined by Moore and Dah@qL in similar incubation
experiments. These production rates indicate aliveagteat degrading microbial

community.

In the samples incubated at aerobic conditionsP#E concentrations did not change
significantly (p< 0.1) over time as shown in Fig. 1 (other compauaick presented in
Fig. S3 as Supplementary material). Similarlyhie &anaerobic incubations there was no
significant concentration trend (g 0.1) for any PAH (Fig.1 and Fig. S4
(Supplementary material)). Although there is socster in the data, we consider these
interpretations valid based on the large numbesaaiples and replicates they are based

on.

Although the incubation period was much shortenttie period covered by the peat
cores (up to 200 years) we think that this findoan be extrapolated to somewhat
longer time scales as we maintained optimal deg¢i@daonditions throughout the
incubation period.
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Fig. 1: Concentration time trend of Phenanthrene, @rysene, and Benzo[ghi]perylene in the aerobic

(A) and anaerobic (B) degradation experiments.

Therefore, degradation rates in the incubation exp@nts should be higher than in the
field. This is based on the following reasonshg time while PAHs are present in the
aerobic part of the peat is limited (although gtllthe range of 50-100 years in the
studied bogs); ii) the anaerobic incubation expenta were carried out at relatively
high temperature (15 °C) while turnover in thediéd limited by colder temperatures
(mean annual temperature 6 °C, 4 months a yeawh@ItC (Moore et al., 2006)), and

iii) the anaerobic incubations were not limiteddsyaccumulation of the decomposition
products C@Qand CH, which in undisturbed bogs limits the overall roloial turnover

in deeper peat layers (Blodau et al., 2011).

The stability of PAHs against degradation has dlsen studied in other media.
Schneider et al. (2001) reported no degradatioRAHis in sediment cores sampled in
the Great Lakes. In contrast to their and our figdj Lei et al. (2005) observed a 50—
80% removal of 2- to 5-ring PAHSs in field-contanmti@ea sediment during 24 weeks of
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incubation under aerobic conditions. This discrepaio our observations can at least
partly be explained by the high organic matter enohiof peat and thus a very high
adsorbed PAH fraction, for which degradation shdugdvery slow or does not occur
(Eriksson et al., 2000; Johnsen et al., 2005) dua fack of bioaccessibility (Johnsen
and Karlson, 2007). In the experiments by Leile{2005) degradation was inhibited
when the pH was below 4.5, and no degradation ¢i$Was observed under anaerobic
conditions. These two conditions apply to the amlierparts of ombrotrophic bogs and
thus limit the PAH degradation there. Based on thsults of our incubation
experiments and these findings, we conclude that-gepositional degradation of
PAHSs in peat is not significant on the time-scdleur experiments (3 years) and that it
is likely that such a degradation is quantitativefylimited importance also on longer

timescales.

3.3. Dating

Mean total residual unsupport&dPb activity in the dated peat cores was 0.64+047 B
cmi?, which is higher than the average activity of @331 Bg cm? measured by
Turunen et al. (2004) in Canadian bogs but in #mge of soil inventories reported for
North America (0.31-0.84) by Urban et al. (1990neTCRS model was exclusively
applied as all cores reached background activéies because it provided reasonable
age predictions for each section even though tla¢ @ecumulation rate was changing

with time.

The 2%ph method is based on the assumption of post-depwdi immobility of
atmospherically derived constituents (Shotyk et 4B97; Vile et al., 1999). However,
the mobility of 21%Pb is discussed controversially in the literatu®® the one hand
Urban et al. (1990) concluded thdfPb is mobilized by the organic-rich waters of
peatlands and inventories &fPb in hummocks are depleted compared to peatland
hollows. On the other hand, Vile et al. (1999) antMacKenzie et al. (1997)
demonstrated the immobility of'%b in peat profiles. One way of assessing the
mobility of lead in individual peat profiles is theterpretation of the lead distribution
with respect to the water table. Fluctuations efrédox potential caused by water table
movements can affect metal solubility and mobilityhen lead is dissolved in the pore
water, it is mobilized and accumulates in the deyftthe water table (Vile et al., 1999).
Consequently, the activity df%Pb should be enhanced in this depth if a substantia
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relocation of lead occurs at the specific site. ldogr, none of the peat cores sampled in
this study showed a maximum #fPb activity in the depth of the water table at the
time of sampling. Instead, tF&Pb activity in the peat cores as well as in thersedt
core decreased exponentially as a function of cativel dry weight (R >0.8; see Fig.
S5 in the Supplementary material), indicating a lmwbility of lead in the sampled
cores. However, even if post-depositional mobitify’'%Pb in peat cannot be excluded,
it does not affect the dating results obtaineduglothe CRS model as long as it occurs

at a uniform rate from year to year throughoutehtre profile (Urban et al., 1990).

In four of our peat cores we measured4ham activity to assess the dating accuracy.
In core GB 2 thé*!Am peak appears in the segment dated to 1944—T9@R2coincides
with the maximum of the nuclear bomb testing atigi in 1963. One core (SB 1) did
not show a clear maximum &PAm activity, although thé!%Pb activity in this profile
decreased exponentially with depth which indicaasintact core. In the two other
cores the?Am activity peaked in layers dated to 1937-1956 @3Bnd 1909-1933
(GB 1). Overall?*’Am seems to appear slightly too early in most cdresvever, it has

to be taken into ac-count that!Am itself might be somewhat mobile in peat as
observed by Mitchell et al. (1992). Moreover, as tamporal resolution of the peat
profile is rather low individual segments can coseveral decades. This is reducing the
temporal resolution necessary to detect a sk&#m peak, and depending on the
segment borders a peak might even appear in am péde layer. This possible peak
shift is illustrated in the Supplementary matemath a synthetic dataset (Fig. S6).
Based on these results, we conclude that the fysdoy Urban et al. (1990) that dates
based orf*®Pb can be inaccurate by as much as 30 years atg fikbe applied to this
study. However, other authors have reported a antially lower dating inaccuracy.
Appleby et al. (1997) used Cannabis pollen afttAm as independent
chronostratigraphic maker fétPb dating and found good agreement. Turunen et al.
(2004) used a charcoal horizon resulting from & pesato validate thé'%Pb dating and
reported a difference of only 4-8 years. Such diffiees might be due to site- or core-

specific factors and are thus difficult to generali

The temporal resolution of the segments withinvittlial cores varied considerably, i.e.
the 5 cm segments represented very different tipams While the upper layers can
represent as little as 5 years, the lower layerspesed up to 70 years. This can be

attributed to the ongoing peat mineralization amsnpaction of the lower layers.
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Moreover, the time span covered by segments sanipletkntical depths of the three
replicate cores per bog was highly variable as shiowFig. 2A. This can be critical for
the analysis of deposition peaks as there is tienpal for substantial underestimation
of maximum deposition rates during peak periodscivlare “diluted” by a period of

lower deposition rates represented within the seone segment.
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Fig. 2: Deposition time trend of Phen in three reptate cores at GLB presented in original data (i.e.
the concentration of each segment is plotted for ¢hentire period covered by this segment) (A) and
averaged to segments of 10 years (B) and 20 yea®y.(

One difficulty regarding the interpretation of threeplicate cores from one bog arises
from the different periods covered by each indigidsegment. This precludes direct
averaging of the three deposition profiles. Toadiee this problem, we generated 10
year average values as described in Dreyer e2@G05p).

As shown in Fig. 2B, this approach usually preseriee maximum deposition rates
while generating somewhat sharper deposition pedk&e examined several
modifications of this method. Increasing the aggtiem period from 10 to 20 or 30
years did not lower the variation between the dgposrates of the 3 cores, but
lowered the maximum deposition rates considerablgleown in Fig. 2C. Decreasing
the aggregation period to less than 10 years aesttarp deposition peaks that were
unrelated to measured data. Therefore, we conthéeaggregation to 10 year-periods
as most appropriate. To improve the temporal réieoiwof the method and to allow a
better comparability of replicate cores, it would becessary to sample thinner peat
segments. This has been successfully used by Gieekd. (2004) for the analysis of
several elements (mainly metals) in 1 cm subsestidrpeat cores. However, given the
dimensions of currently available peat corers, ghah slices will not provide the peat
mass which is necessary to meet the detectionsliafithe analytical method for PAHs

in all of the sections, and consequently this higlegtical resolution was not applicable

in the current study.
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Overall, based on our results we conclude thatndainaccuracies can mainly be
attributed to the coarse resolution of the 5 cmnsags rather than to a general
inapplicability of the?!®Pb method in bogs.

3.4. Vertical mobility of PAHs

To use peat cores as archives of atmospheric fmolluthe contaminants have to be
immobile within the profile. This has been questidrby Malawska et al. (2006) who
determined more LMW PAH in deeper depth than HMWHBAN peat profiles and
therefore assumed a down-ward movement of LMW PAHswever, we did not
observe such a difference in the distribution of WMand HMW PAH within the
profiles as the deposition rates of all PAHs cateslsignificantly (p < 0.1; see Fig. S7
in the Supplementary material). Moreover, the PABhoentration profiles and
reconstructed deposition rates show a relativelysimcrease after 1870, which is the
time of a substantial increase of industrial emissi(see Section 3.7 for details) in the
study region (see Figs. S8 and S9 in the Supplemematerial for concentrations of
Phen (LMW) and Ind (HMW), and Fig. 3 for depositioates ofX;> PAH). For
compounds undergoing vertical transport in the ,pEaapparent increase of deposition
rates should be detected before the actual incifasmissions. This indicates that the
PAHs were not transported downward along the pediigpto a large extent.

3.5. Reconstructed deposition rates

Statistical analysis did not reveal significantfeliénces between concentrations of the
individual PAHs over depth (p < 0.1). This indicatbat the compounds behave similar
in all cores. Therefore, analyzing the sum of athpounds does not mask any trends of
individual compounds and consequently we presentréisults mostly a¥ 12 PAH in
the following. The most abundant compounds werenPlkét, Chry, Pyr, Ind and
B[ghi]P. The maximun}12PAH deposition rates ranged from 189 m2a in GB to

59 ng mZtin GLB ( Table 1). These deposition rates are vargilar to those
reported by Dreyer et al. (2005a) who determipedPAH deposition rates to 17 bogs
in eastern Canada. Except for one subset (group o2bjheir bogs which was
characterized by higher PAH contamination they regabdeposition rates in the range
between 20 and 15@ m2a™.
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Table 1: Maximum Y12 PAH deposition rates with their years of occurrene and inventory per peat

profile and average inventory per bog with standarddeviation.

max. deposition rate inventory average inventoryd.d.)
year Y12 PAHs (ug rfal) mg m? mg m?

GB1 | 1909-1933 180 6.1 7.4 (1.1)
GB 2 | 1907-1925 176 8.2

GB 3 | 1912-1940 172 7.8
ELB 1 | 1902-1919 171 9.5 7.5(1.8)
ELB 2 | 1875-1911 119 6.3
ELB 3 | 1898-1926 137 6.6

SB1 | 1940-1970 95 4.0 5.9 (1.9)
SB2 | 1911-1936 115 7.8

SB3 | 1893-1923 85 6.0
GLB 1 | 1883-1913 59 5.8 4.6 (1.1)
GLB 2 | 1893-1920 136 4.2
GLB 3 | 1901-1926 120 3.8

MB 1919-1935 202 15.4

OPL 1961-1968 868 42.1

Although the 5 cm sections represent differing tgpans, the de-position rates of the 3
cores per bog had similar maxima dated to 1880-1@h@&n in Fig. S10 in the
Supplementary material). All 3 cores of ELB shoveedmall secondary maximum. In
SB 1 this secondary maximum was higher and in $Be® equal to the first one. In SB
2 only one broad peak was observed. In the profil&LB 1 two small peaks were
displayed in contrast to high single ones in GLErl 3. These differences can be
caused by different deposition to the individualdtions in the bog or more likely by
the rather coarse resolution of the peat cores witm segments (see example for
apparent time shift in Supplementary material F3¢ and discussion above). By
sampling of 5 cm sections or by subsequent avegaginthe three cores, the two
maxima may be merged into one and the informatiothese secondary maxima gets
lost. The disparity between cores with one and d@position maxima has also been
observed previously. Dreyer et al. (2005b) found twaxima of PAH deposition in
four out of fifteen sampled bogs. A difference e intensity of the secondary peak has
also been observed by Givelet et al. (2004) in Bbcentration profiles in peat.
Secondary maxima of PAH deposition have also bdeereed by Schneider et al.
(2001) in sediments from the Great Lakes, but noSimcik et al. (1996). As shown
above, a secondary and rather narrow peak of deposnight not be captured in cores
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with a comparatively low temporal resolution. Tisisould be taken to account when
interpreting deposition time trends, and averagihgeplicates has also to be used with
caution. Deposition trends of each single corergooany data aggregation should be
presented in addition to the average trends per(sée Fig. S10 in the Supplementary
material).

= 200-

=1

)
a

m
— —
o 9]
o o
i i

(34
3

deposition rate (ug

0-— : . -
1850 1900 1950 2000
year

Fig. 3. Deposition rates op'12 PAHSs to the sampled bogs averaged to decades3h=

The average deposition rates obtained from 10-gggregated de-position trends of the
three replicate cores per site are shown in Figh& same figure including error bars is
available as Fig. S11 in the Supplementary majerifhe reconstructed historical
deposition trends derived at the five bogs showemsing PAH deposition after 1870.
This is consistent with the beginning of smeltinge@tions in Sudbury (SARA, 2008),
a city located upwind of the bogs which has beemaor source of airborne
contaminants to this region, and with the overtdep increase of steel production and
industrial coal consumption in Ontario between 188d 1900 (Donald, 1915). Other
sources such as residential heating or wood burnawg certainly also contributed to
PAH immissions to the bogs, but these can be assiwonbe comparatively small and
especially their source strength can be assuméed tather constant during this period
if compared to the industrial emissions. Decreasiagosition rates after 1940 might
reflect the installation of filters and replacemehthe blast furnaces and roast yards by
multi-hearth roasters and reverberatory furnacesireelting (SARA, 2008) and other

measures to reduce industrial emissions.
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3.6. Heterogeneity within one bog

Except for Flt, the PAH concentrations in surfaeenples taken at Mer Bleue were
significantly (p < 0.05; n=5) higher in hollows than hummocks (Fig. 4, data are given
in Table S3). Th& 12 PAH concentration was 225+34 ng ¢n hollows and 142+31 ng
gt in hummocks. This finding illustrates the influenof microtopography on PAH
concentrations in surface peat. A similar obseovatvas made by Martens et al. (1997)
at valleys and hills close to streets. Higher comtant concentrations in hollows could
be due to post-depositional transport of depositedrticles following the
microtopography of the bog during rain and snowmeltents. An alternative
explanation is a reduced air velocity in hollowsiebhmight lead to an enhanced
exchange between the gas phase and plant surlaeedlas to an increased deposition
of particles. As it is not possible to determine #ge of surface samples it might also be
that the samples of hollows represent a longerraatation period. Therefore, to avoid
inconsistencies in the results it is important kzlesively sample either hollows or

hummocks in studies that compare PAH inventories.
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Fig. 4. Mean concentration of PAHs in surface peatamples of hollows and hummocks. Error bars
represent standard deviations (n=5), a star marksampounds with significant difference between

hummock and hollow.
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A measure for the total historical deposition perface area is the inventory of
contaminants. Such inventories were calculatedttier period from around 1880 to
present for each individual core. As the age oflbineest peat segment varies somewhat
between the cores, the actual lower age is witmenrange from 1867 (GB 1) to 1901
(GLB 1). The averag&i, PAH inventories of the four bogs ranged from 4. mi?
(GLB) to 7.5 mg m? (ELB; Table 1). The relative standard deviatiofshe Y1 PAH
inventories at the four bogs with replicate corerevbetween 15 and 32% which is
similar to the deviation of the surface sampless Thflects the heterogeneity of PAH
concentrations between different hollows of an vidlial bog and the combined
uncertainty of the sampling and analytical methddhe inventories determined here are
comparable to thé& 11 PAH inventory of 5.67 mg m reported by Zaccone et al.
(2009b) for a peat core sampled in the Jura Monsi&witzerland, and also to the ones
that can be calculated from the concentrationsigiudl by Dreyer et al. (2005b) for
several Canadian bogs. For a peat core spanningpéhed 1886-1989 that was
sampled in comparatively close proximity to largbanizations in the UK, Sanders et
al. (1995) determined a much higher inventory ef PAH of 216 mg Ii¥.

The relative standard deviations of the maximunodgn rates at the individual bogs,
calculated from the three replicate cores, rangedou70% per compound and up to
41% for Y12 PAH. This deviation is caused both by differendesthe absolute
deposition rates and by some differences in thagrof the deposition peaks. The pre-
and post-maximum rates also differ as the segntbeisare obtained from might still
represent some years of pollution. Neverthelesg wexe all below 5Qug m2at. The
mean recent deposition rates ranged from 13 tag3di %a* for 31> PAH with relative
standard deviations up to 70% (Table S4 in the Buapgntary material) while the rates
averaged to 10 years have standard deviations 2&ito 140% fory 1> PAH. This high
deviation of the rates averaged to 10 years isxample of how averaging of replicate
cores might enhance the uncertainty as discussedeali-or the metals lead and
mercury, Bindler et al. (2004) reported concentrati and inventories to vary in one
bog by a factor of 2 and 4, respectively. In therent study, this variation was
somewhat lower for PAHs, but we agree with Bindieal. that a single core may not

provide a representative record of atmospheric siépo for one bog as a whole.

3.7. Comparison with sediment core
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The Y12 PAH deposition rates derived from the Opeongo Lsd&@iment core peaked
around 1920 with 249g mi2a! and again around 1960 with 3ji§ m2a %, followed

by decreasing rates up to the present time. The idrdeposition rates between the two
peaks reflects general economic events such aGtbat Depression, for example, or
changes in dominant emission sources like theliasta of filters. Christensen and
Zhang (1993) determined maximum deposition rate®.®fmg m?a? for Y12 PAH to
Lake Michigan for the year 1985, which is one ordémagnitude higher than rates
determined in remote lakes (Usenko et al., 200¢hn&8ider et al. (2001) determined
>33 PAH deposition rates in sediment cores of Lakehigian between 250 and 520
m~2a ! and inventories of 21 to 78 mg mThey dated maximum rates to the year 1942,
Simcik et al. (1996) measureédiy PAH deposition rates between 700 and 1580
m~2a ! and inventories of 50 to 70 mg M The reconstructed deposition rates of their
study peaked on a plateau from 1930 to 1975. Titer lawo studies report inventories
and historical trends comparable to the ones datednhere for Opeongo Lake
(inventory of 18.4 mg nf). This is surprising as Opeongo Lake is a rutal Isicated in

a Provincial Park and thus it should not be strgpngipacted by local PAH sources,
whereas Lake Michigan is impacted by direct antbggmic PAH emissions from
industry, power plants, households, and traffic. irMat al. also reported Hg
concentrations in surface sediment and the antigeapo Hg flux to the sediment of
Opeongo Lake to be elevated by a factor of 2 to@fipared to other mid latitude lakes
in eastern Canada (Muir et al., 2009). Based osetlmmexpected contaminant levels in
OPL sediment, some historic or recent input of aonhants to the lake catchment from
local or direct sources (e.g., forestry or touris@)-not be completely excluded. On the
other hand, atmospheric input stemming from longgeatransport has been reported to
be an important source of lead (Dillon and Evai®82) and other metals (Wong et al.,
1984) to lakes in the study region. The uncertamti respect to contaminant sources
to OPL has to be taken into ac-count when compdiRg and peat data.
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Fig. 5. Deposition rates ofy’.12 PAHs to the sediment core (OPL) and to SB; depitisn to SB is
represented on the left y-axis, to OPL on the righy-axis.

Thanks to higher concentrations of PAHs in sedimamd a matrix which can be
sectioned more easily, thinner sections can barsatdrom sediment cores. Therefore,
the temporal resolution of the sediment is high®erdamonstrated in Fig. 5 for the
results of the sediment core and the peat core Isdngbose by (SB). The distance
between Opeongo Lake and Spruce Bog is only 16skntt is reason-able to assume
that both sites received a similar atmospheric siépo of PAHs in the past. The
deposition time trends recorded in the OPL sedincen¢ and in two of the SB peat
cores are similar, while core SB2 was substantidifferent (as discussed above). In
cores SB1 and SB3, the deposition peaks and the lmEtween these peaks appeared
some 10-20 years earlier than in the OPL core &igrhis time shift might be caused
by the time lag between de-position to lake andhraent and incorporation to the
sediment. But most probably the early appearandbkeopeaks in SB 1 and 3 is due to
the comparatively low temporal resolution of thatgaro-file. Still, the overall trends of
PAH deposition are comparable. Good agreement entémporal deposition trends
between sediment and peat has already been deatedsior Pb and Hg ( Farmer et al.,
1997; Norton et al., 1997).

The deposition rates and the inventory reconstduttam the sediment core were four
times higher than those inferred from the SB c¢fedble 1) for all compounds. Higher
inventories and consequently higher reconstructgubsition rates for lake sediments
than for bogs were also reported for Pb and Hgn{Earet al., 1997; Norton et al.,
1997). While Farmer et al. assumed a certain logsinvthe bog but no mobility,
Norton et al. (1997) and Bindler et al. (2004) soggul that a peat core may better

reflect atmospheric deposition rates than lake nsedis because no watershed is
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involved in the delivery of the pollutants and besa of the greater complexity of lake
basins and sedimentation processes. The relatimehsynicity of the temporal
deposition trends indicates that the differencequantity are caused by deposition to
the catchment and sedimentation, and are not cdwsadbbility within the sediment.
Further studies are necessary to determine theneas the higher deposition rates
reconstructed from sediments and more specifidallynvestigate whether OPL was
contaminated by local sources.

4. Conclusion

Based on the results of this study, we conclude ghat bogs fulfill the criteria for an
archive for atmospheric PAH deposition. The respitsszide evidence that i) PAHs are
not degraded over longer periods, ii) PAHs are ifnileconce they are deposited to the
peat, and iii) that the temporal deposition trentdsrred from the peat archives are
generally in agreement with trends derived fromireedt cores and across bogs in the
same region. However, this study also shows thediians of the peat archive, which
are mainly related to the temporal resolution ttzat be achieved. Therefore, peat cores
are not suitable to display short-time events &wrmmation on these might get lost due
to methodological constraints. Moreover, the congoar of three replicate cores at four
sites shows that the frequently used approach afzing only one core per bog might
not provide adequate results, both regarding ttemlate magnitude of reconstructed

atmospheric deposition and the deposition timedsen

To overcome some of the limitations of reconstngtPAH deposition rates from peat
profiles identified in this study, larger sampleuld be developed and used to allow
sampling of thinner peat slices. However, this righimpaired by logistical problems

when sampling in remote areas as there are limitaihd-held operation of such corers.
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Table S1: Coordinates of Greater Sudbury and sampiig locations

Site Name Latitude Longitude Extension of bog pH of bog Distance of

(N) (W) (km2) water sampling location
to nearest road (m)

Mer Bleue (MB) | 45.41042 75.516117 20 3.5 600
Giant Bog t 46.42422  79.937056 0.7 3.5 450
(GB)
Eagle LakeBog | 45.80572 79.444830 1.35 3.7 125
(ELB)
Spruce Bog (SB)| 45.59050 78.373055 0.3 4.3 385
Green LakeBog | 45.68517 77.151194 0.45 3.7 125
(GLB)

OpeongolLake 45.41042 78.317483 - - -
(OPL)

T the name Giant Bog was assigned to this site as previous description and thus no established
name was available

Fig. S1: Locations of sampled peat bogs and Opeondake in Ontario, Canada, in relation to
North America

GC Conditions

CP-3800 and Saturn 2000, Varian:

cool on-column injection; injection volume 3 pL; ifjector program 130 °C held for 0.5 min, 200 °C
min~t to 320 °C, held for 30 min, 200 °C miit to 205 °C, held for 36 min; column VF-5ms (Varian;
50 m x 0.25 mm x 0.25 pum); carrier gas flow (He) 2.mL min%; temperature program 0.5 min at
130 °C, 3 °C mirit to 320 °C, and held for 5 min.
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GC 8000 MS, Finnigan:

split/splitless injection; injection volume 1 pL; njector program 130 °C held for 0.5 min, 200 °C
min™! to 320 °C, held for 30 min, 200 °C miit to 205 °C, held for 36 min; column DB-5ms
(Agilent; 30 m x 0.25 mm x 0.25 um); carrier gas éw (He) 1.2 mL miri; temperature program 2
min at 100 °C, 10 °C min* to 300 °C, and held for 18 min.

250
B concentration given by IAEA
t2 concentration measured
200 -
= 150 T
o
‘U)
o
£ 100 1 b
7
v
50 %
ol g

Fig. S2: Fig. 1: Comparison of measured (n = 5) andominal PAH concentrations in the reference
material; the columns represent the average valuerror bars represent the 95 % confidence interval.

Table S2: Limit of Quantification and maximum concentrations in blanks in ng g'ldw peat or
sediment

Phen Flit Pyr B[aJA Chry B[b+k+j]F B[a]P B[e]P Ind Bj[ghi]P

LOQ 2 2 2 4 3 4 4 3 11 7
Max. conc. in 0 4 5 2 48 8 3 5 2 2
blank
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*The segment length is (from youngest to oldest):01 15, 20, 20, 25 years. The dataset labeled
“1987” (blue) represents results that would be obtmed from a core starting in 1987, while the
dataset “1983” (green) represents a core startingni1983. Both cores have the same time resolution
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captures this maximum well (it falls into the peria@ 1959-1973), the maximum is shifted to an

earlier period (1943-1962). This illustrates appanet uncertainties in using the2*am peak as an
independent dating reference.
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Fig.S11: Deposition rates of12 PAHs in pg m2a’ averaged to decades in sampled bogs, error bars

represent standard deviation of the three cores sgped.

Table S3: Concentration of PAHSs in surface samplesf Mer Bleue in ng g’1 (n = 5) in hollows and
hummocks with standard deviation

Phen Flt Pyr B[a]JA Chry Blb+k+j]JF B[a]JP B[e]P Ind B[ghi]P

hollow 77.1 13.4 185 39 193 349 136 109 193 14.3
Sd. 28.8 3.0 4.2 0.4 3.9 49 1.8 12 22 15
hummock 414 104 12.9 28 134 221 8.7 8.0 1238 9.6
Sd. 59 3.7 55 1.1 2.5 6.2 3.2 3.0 45 3.0

Table S4: Mean recent deposition rates (ug '|7nyr'1) per bog of single PAHs and) 12 PAH with
standard deviation (s.d.; n = 3).

Phen FIt Pyr BaA Chry BbkF BjF BaP BeP Ind BghiP Y12PAH s.d

GB 6 4 10 0 5 3 1 2 1 2 2 36 22
ELB 7 4 5 1 4 4 1 2 1 1 2 32 22
SB 4 5 4 1 4 3 1 2 1 2 2 30 13
GLB 2 3 2 1 1 1 1 1 1 1 1 16 2
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Abstract

To evaluate if peat bogs can be used as naturasiveasamplers for monitoring temporal
and spatial trends of PCBs deposition 12 peatlpsoiin 4 bogs were sampled in Ontario,
Canada. Anaerobic and aerobic degradation expetsneéf?CBs in peat were conducted
over 3 years. Over this time span no degradation abserved. Maximum reconstructed
deposition rates of11:PCBs were up to 1.0 pug-fal. The variation in the maximum
deposition rates of 11PCBs ranged from 15 to 29 % within one bog. Incalles PCBs
were detected in sections that were dated befereribet of PCB production and use. In
these sections the congeners with Di- to Hepta-B@i)yeners dominated. Time trends
and maximum deposition rates determined for a sewlirmore were comparable to those
from the bog in the vicinity of the lake sampledheTconcentrations of Di- to Hepta-PCB
congeners were evenly distributed along the sedimesfile, and also found in pre-
production sections. Although peat profiles onlgeige atmospheric inputs and respond
fast to changes in contaminant deposition theyiolsveral limitations to study histori-
cal deposition rates of PCBs. The low temporal ltggm and potential PCB mobility
limit the suitability of peat archives to study teonal trends and absolute deposition
rates.

1. Introduction

In recent decades many environmental pollutant® Heen banned or their emissions

have been restricted. The group of polychlorindiigdhenyls (PCBs) is a prominent ex-
101



STUDY 3 APPENDIX

ample for a class of compounds that has been bafivedemonstrate that these regula-
tions are effective, the current concentrationsuath pollutants in the environment have
to be compared to historical ones. The latter aresnot always available but can be
obtained from natural archives of pollution suctsegiment or peat cores. Ombrotrophic
peat bogs have been shown to be suitable natussiveasamplers for atmospheric pollu-
tants as they only receive wet and dry atmospluaposition but no terrestrial inputs. In
combination with continuous growth, limited degraoia, and the possibility of dating

by 2%, they can be used as archives of atmospherisifiem of multiple classes of

organic contaminants and for recording temporalngka (Rapaport and Eisenreich,
1988). Nevertheless, some limitations of theseiaeshhave been found like mobility

within the peat and low temporal resolution (Thuenal., 2013).

In this study we evaluate the suitability of peates as archive for deposition of poly-
chlorinated biphenyls (PCBs). PCBs are chemicadlyyvstable industrial compounds
and have been used as dielectric and coolant flisssome PCBs are carcinogenic and
teratogenic, their production and use is restricsfter an OECD control decision in
1973 PCB production was banned by the United Stategyress in 1979 and finally by
the Stockholm Convention on Persistent Organic ukatits in 2001 (Himberg and
Pakarinen, 1994; UNEP, 2001). They are lipophdmnsequently bioaccumulative, and
due to their persistence they are still presetihénenvironment (Berset et al., 2001). Ra-
paport and Eisenreich (1988) observed that the gtheyic PCB deposition rates derived
from ombrotrophic peat closely correlate with PCige in the U.S. It is thus likely that
atmospheric deposition rapidly reflects changehénuse pattern and that peat cores can
be used to study historical PCB contamination tsefidimberg and Pakarinen, 1994).
Schneider et al. (2001) assumed that PCBs areagpaded or remobilized within a peat
core. But in both U.K. and U.S. peatlands, significanounts of PCBs have been meas-
ured in peat sections originating from pre produtctiimes. This may be the result of
immediate downward percolation of PCBs with rainfRlapaport and Eisenreich, 1988;
Sanders et al., 1995). Movement of PCBs in peainbadeen tested directly; however,
field data suggest that PCB immobility may not releble assumption (Turetsky et al.,
2004). Therefore, it is necessary to study thelpdlty and the suitability of these rec-
ords of atmospheric deposition (Berset et al., 2001

The scope of this study is to analyze if peat bzagsbe used as natural passive samplers

to monitor the historical and regional trends of88Gn the environment. Besides possi-
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ble mobility the heterogeneity of PCB depositiorthivi a bog was analyzed. We also
evaluated if degradation in peat occurs over timee tspan of this study and compared
time trends obtained from peat with trends obtaiinech a sediment core. To this end we
sampled 12 peat profiles in 4 bogs in Ontario, @anand one sediment core from a lake

in the vicinity of one bog.

2. Materials and Methods

2.1.Sampling

Four peat bogs in Eastern Ontario, Canada wereledmp 2007 and 2008: Giant Bog
(GB), Eagle Lake Bog (ELB), Spruce Bog (SB), anc&r Lake Bog (GLB) (coordi-
nates are given Table S1 and Figure S1 in Supgohtiformation). Samples were taken
at the domed ombrotrophic section of the bogs frordisturbed hollows (< 10 m dis-
tance between sampling locations). We sampled fheatcores per bog with a box corer
(87 x 90.6 x 1000 mm) and used only cores that sdoag less compaction as possible.
Cores were cut into 5 cm segments in the fieldhesgment was wrapped in aluminum
foil, transferred to a plastic bag and stored icoaler. In Opeongo Lake (location and
details given in Muir et al. (2009) and in SlI) osediment core was sampled with a
gravity corer at the deepest point.. The sedimen¢ evas sectioned every 1 cm. All
samples were frozen directly after arrival in thbdratory. More details on the sampling
procedures are given in Thuens et al. (2013).

2.2 Degradation experiments

In Mer Bleue Bog (MB; location given in Supportitigformation) we sampled aerobic
and anaerobic peat which was transferred to inaubaets in Germany. Aerobic and
anaerobic degradation experiments were conductelsgibed in Thuens et al. (2013)
for PAHs. Three replicates containing aerobic aaemabic peat of the lab incubations
were analyzed on PCB concentrations after 2, 33920, 26, and 33 months, each. All
concentrations reported for the aerobic incubaggperiments were normalized to the
weight of dry peat at the beginning of each expenimAs concentrations of several
PCBs were below the limit of quantification, we weamly able to determine concentra-
tions of PCB 101, 138, 153, and 180 in the aeralegradation experiments and
PCB101,138, 153, 180,194, 195, and 209 in theraheaedegradation experiments.
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2.3Chemicals and Analysis
All solvents were of residue analysis quality (no@maand dichloromethane purchased
from Promochem, Wesel, Germany; hexane from J.KeBd&riesheim, Germany). Na-
tive and isotope-substituted PCBs (purity >98 %Yyenpurchased from Ehrenstorfer,
Augsburg, Germany.Glassware was machine washekrgalinsed, and baked at 280

°C overnight.

Peat and sediment samples were freeze dried, ntdledfine powder in a pebble mill
and kept frozen until extraction with pressurizeslid extraction.Extraction cells were
filled with 5 g of dry peat or sediment. A solutioantaining isotope-substituted PCBs as
recovery standards (PCBs: 28, 52, 101, 138, 153, 2@9) was spiked directly onto the
peat. The cells were filled up with diatomaceoushe@Celite 545 coarse, Sigma-Aldrich,
Munich, Germany) and extracted with pressurizedidicextraction (ASE Dionex 200,
Dionex Co., Sunnyvale, USA). The extract was reduteabout 1 mL with a rotary
evaporator (Btichi, Switzerland). For clean-up ¥ g@laminium oxide (aluminium oxide
90, neutral, deactivated with 15 wt % water, 70-838sh from Merck, Darmstadt, Ger-
many) upon 5 g of silica gel (silica gel 60, 200simeMerck)were filled into glass col-
umns of 1 cm diameter. The extracts were then ga#aely transferred to the columns
and eluted with 35 mL of hexane followed by30 mL hefixane/dichloromethane 3/1
(v/v). The combined extracts were evaporated to@pd mL by use of a rotary evapo-
rator and then subjected to size exclusion chrognaphy for further clean-up. To this
end, columns of 2.2 cm diameter filled with Bio-BedS-X-3, Bio-Rad, Hercules, USA)
and equilibrated with hexane/dichloromethane 1/fewssed. The extracts were quantita-
tively transferred to the columns and eluted withneL of hexane/dichloromethane 1/1.
This fraction was discarded. The target compoundsewhen eluted with 120 mL of
hexane/dichloromethane. The column was subsequensigd with 100 mL of the sol-
vent mixture and re-used. The extracts were evégubta 1 mL by a rotary evaporator
and finally evaporated to dryness under a gentkast of nitrogen. Prior to injection,
samples were redissolved in 200 pL of a solutiamtaiaing*3C labeled PCB 12%5C in

nonane and transferred to glass vials.

We quantified the following 11 PCB congeners (Badlsiter-numbers of the individual
PCBs in brackets): Tetra (44, 52, 70), Penta (1B&ka (138, 151, 153), Hepta (180),
Octa (194 and 195) and Deca (209).The sum of alyaad PCBs is referred to as
>11PCBs throughout the manuscript. The concentrat@dnBCBs were determined by
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GC/MS (CP-3800 and Saturn 2000, Varian, Darmsta@dtmany, and GC 8000 MS,
Finnigan, Austin, USA). The temperature progranmes giwen in the Supporting Infor-
mation. Stock solutions were prepared by dilutimgle compounds in nonane. Calibra-
tion solutions (native compounds and recovery stedgl(see above: 1 — 200 ng tL
injection standards PCB 1238C:100ng mL') were prepared by dilution a mix of the
stock solutions in nonane. They were measured elaily each set of samples. The ana-
lytical procedure was evaluated by analyzing coneraly available certified reference
material (IAEA-159, Sediment; n = 5).Laboratoryrikassamples (n = 13) were analyzed

with every set of samples.

Dry-milled subsamples (approximately 1 g from edam peat segment, 200 mg of each
1 cm sediment segment) were submitted to Flett &eke_td (Winnipeg, Canada) or to
the Institute of Environmental Geochemistry (Unsrgr of Heidelberg, Germany) for
210pp analysis. The CRS model of Appleby and Oldfiglel78) was applied for data
evaluation as described in Thuens et al.(2013).

2.2 Concentrations and deposition rates in peat cores

Concentrations of PCBs were normalized to the dright (dw) of the peat samples. The
PCB inventories were calculated as the total irtiegk mass of a compound per square
meter as described by Schneider et al. (2001).sBara that all peat profiles represent
the same time span, only layers younger than 188@ vaken into account as this time
span was represented by all peat cores. Deposéten of the individual compounds (ng
m? al) were calculated by dividing the measured amoentpeat segment by the years
represented by this segment and the surface sanipégabsition rates determined for
Opeongo Lake were corrected by division with amedit particle focusing factor (2.66)
taken from Thuens et al. (2013). Statistical analyg|s conducted with the software R
(R Core Team, 2012).

3. Results and discussion
3.1. Quality assurance

The limits of detection and of quantification fo€CBs are given in Supporting Infor-
mation (Table S2). The mean recovery rates ofsbhwpe-substituted internal standards
were between 60 = 28 % (PCB 52) and 79 = 26 % (RG® (n = 129). More data is

available in Fig. S2 as Supporting Information. Gamtrations of PCBs measured in the
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certified reference sediment were within the ragiyen by the distributor (IAEA) (Fig.
1). Concentrations of PCB 209 determined in thuslgtwvere low, but within the range of
the standard deviation given by the IAEA.

1.2
M concentration given by IAEA
E concentration measured

1.0

0.6 —

(ng g 'dw)

0.4 — y 44

o é
00—

pcB 104 [

PCB 44
PCB 52

PCB 101
PCB 138
PCB 153
PCB 180
PCB 195
PCB 209

Fig. 1: concentration of PCBs in reference materialgiven by IAEA and measured; n = 5; error bars
represent 95 % confidence interval.

Only in one blank sample we detected PCBs (<40@7{gin all other blank samples
PCB concentrations were below the limit of detettibherefore, we did not blank cor-

rect the results for PCBs.

3.2PCBs in peat

3.2.1.Degradation
No obvious and statistically significant (p<0.0®ncentration time trend of PCBs was
seen in the aerobic and anaerobic degradation iexgrts (Fig S3 A and B). However,
the scattering in the data is very high as the eotrations were close to the detection
limit and probably also due to inhomogeneous malteaind consequently it is difficult to
provide a robust interpretation. As discussed inprevious paper on PAHS, the degra-
dation experiments were conducted under conditwwhigh favor degradation (higher
temperature, no accumulation of £énd CH) (Thuens et al., 2013). We therefore as-
sume that the PCB degradation should not be impiofta the time scale represented by

the peat cores (120 years).
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It is not trivial to assess the stability of compds over a long time scale in the envi-
ronment, especially when emission still can octtalmquist et al. (2003) found PCB
congener patterns in sediments of seven lakes st Gieenland that were almost identi-
cal to the congener patterns from a commercial P@Rt&ure. This indicates that no deg-
radation of any specific PCB congener and no foionadf any specific less-chlorinated
congener as degradation product has occurred setbhediments. On the other hand
these results are indicating that no fractionatbrthe congeners has been taken place
during atmospheric transport which is in contrasiany other studies. Nevertheless, Li
et al. (2009) assumed evidence for in-situ degradadf sedimentary PCBs as they
found the fraction of heavier congeners decreasiitly depth. But they only detected
this trend in Lake Ontario and not in Lake Michigdmey also discussed that several

studies did not determine this trend.

Anaerobic dechlorination of PCBs has been obseirvagveral studies on sediments. A
major factor influencing the biodegradation is theavailability of PCBs, which is de-
termined by adsorption and desorption processest thue, the so called process of ag-
ing of PCB contaminations leads to stronger adsmrpand lower recovery rates of
PCBs (Tiedje et al., 1993; dfjord et al., 1994).8ABigh fraction of PCBs is adsorbed to
peat due to the high content of organic mattereaitpbioavailability of PCBs in peat can
be assumed to be low. The optimal pH for overathoeal of chlorines of PCBs is
around 7 (Wiegel and Wu, 2000). The low pH of sndeat might therefore also reduce
the dechlorination rates of PCBs.

Tiedje et al. (1993) determined anaerobic dechédiam rates of 3 ug Cl/g sediment per
week of PCBs in sediments. This is totally in castrto our results for the anaerobic
degradation in peat. Therefore, we agree with Saneteal. (1995) that the digenesis of
higher chlorinated congeners by anaerobic decldtian is not thought to be of any sig-

nificance as the degradation rate is too low ttuerice the concentrations significantly.

3.2.2. Timing of historical deposition rates

Highest concentrations 8f11PCBs up to 6.8 ngyvere measured at a depth of 10-35 cm
(dating from 1925 to 1986) in the peat cores. Maxmreconstructed deposition rates of
311PCBs were up to 1.0 ugfal(Fig. 2 for ELB, see Fig. S4 to S6 in SI for prefilof
other bogs).The dominant congener groups founterpeat samples were Tetra- (mean
value = 39 %), Penta- (15 %) and Hexa-chlorobiple(B2%). Berset et al.(2001) and
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Himberg and Pakarinen (1994) found Tri-, Tetra- &whta-chlorobiphenyls to be the
most dominant ones with 20, 33 and 20 %, and 3@n2623 %, respectively.
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Fig. 2: Deposition rates of PCB congener groups teagle Lake Bog in 3 peat core profiles over depth
(cm) and years.

All cores contained PCBs in sections that weredlbtfore the onset of PCB production
and use (1930s). Between 6.2 % (SB 2) to 55 %:6PCBs in GB1 are pre-production
(23 % ofY 11PCBs in average of all cored)his is similar to the findings of Sanders et al.
(1995) and Rapaport and Eisenreich (1988) who f@&Mé&o and between 6 to 30 % of
PCB residues, respectively, below the depth coomdipg to 1930. As Sanders et al.
found almost exclusively Tri- and Tetra-congenastow 21 cm (pre 1945) they assumed
that these concentrations were partly caused biydegositional mobility. As the lower
chlorinated congeners are more water soluble thanhighly chlorinated ones, they
might be preferentially translocated to older s@wi In sections from pre-production

periods analyzed in our cores, the congeners with74Cl congeners dominated.

The temporal resolution of the peat cores is nethtilow as discussed in Thuens et
al.(2013). Therefore, certain events like maximugpasition rates might appear too late
or too early, as the 5 cm segments reflect up tge2ds of deposition. Nevertheless, in 8
out of the 12 cores the maximum deposition ratesiwed 5 to 15 cm below the layer
dated to the maximum production of PCBs (aroundd1@8ually resulting in maximum
emission rates to the environment). This shift dogschange when only analyzing Octa-
and Deca-PCBs indicating that it is not causedheydifferent solubility of the conge-
ners. Rapaport and Eisenreich concluded that mplaifi PCBs is likely due to down-
ward advective transport within the peat due tofedi (Rapaport and Eisenreich, 1988).

3.2.3. Heterogeneity of deposition rates in peat cores

For all four peat bogs comparable historical maxmeposition rates were determined
(between 600 to 1100 ng7at). No peat bog contained significantly higher corca

tions of PCBs (p < 0.1). Therefore, they seem tieceregional deposition and no local
contamination. Barthel et al. (2012) found high&BPconcentrations in passive sam-
plers deployed in GLB compared to concentrationpassive samplers deployed in the
other bogs. The passive samplers reflect only tec@mcentrations which might not be

reflected in the peat profiles yet.

One important aspect of the suitability of peathares to study historical deposition
rates is the heterogeneity within one bog. Thedstehdeviation of the maximum depo-
sition rates o 11PCBs ofthe three cores per bog ranged from 15 % (SB) t%3%B).

This deviation is mainly caused by the differentdispan the layers represent and by the
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possible mobility. If the layer of the maximum dsjiimn is representing a relative long
time period the maximum might get “diluted” by lowates. Nevertheless, this variation
is less than found for PAHSs in the three corest@u#l %) (Thuens et al., 2013).

In case of mobile contaminants, inventories ar¢able to analyze contamination pat-
terns as long as the contaminants are not traresporit of the system. The mean inven-
tories of the three cores per bog>ahPCBs ranged from 37.0 = 5.4 to 47.2+ 27.8 to ug
m? (Table S3). This is 10 times lower than the inveptof Y2sPCBs determined by
Sanders et al. (1995) in a bog in the UK indica@ingigher pollution of rural areas in the
UK than in Ontario, Canada.

The standard deviation of the inventorie® @fPCBs given in Table 1 ranged from 15 %
(GLB) to 59 % (GB). The 15 % are comparable witk tleviation found for PAHs, but
the deviation found for inventories of PCBs in GBaimost twice as high as the one for
PAHSs. In one core of GB we determined high conegiains of Tetra-PCBs, which cause
this high deviation.

Table 1: Mean inventories since 1880 of PCBs in pehogs in pug m? (n = 3) with standard deviation

and in sediment of Opeongo Lake corrected with foaing factor (n.d. = not detected).

Tetra Penta Hexa Hepta Octa Deca Sum

GB | 16.0+139 5.6+23 117458 49+24 35+15 55+£2.0 47.2+27.8

ELB | 10.9+7.4 57+1.2 143+86 5309 3.6+x17 48+13 445+21.2

SB 10.3+5.0 5.3+2.1 144+88 4.6x2.1 4.0+14 3.6+1.4 42.2+20.8

GLB | 11.3+0.7 6.6+£1.0 10.7+2.0 4.9+1.1 1.7+0.2 1805 37.0+5.4

OPL 50.3 12.2 6.8 1.8 1.5 2.9 75.5

3.2.4. Comparison bogs and lake

In the OPL sediment core we foupd:PCB concentrations of maximum 42 ng(£984-

1991) and deposition rates were up to 1344 ffg¥at maximum. This is comparable to
the rates we found in cores from SB which is logatethe vicinity of OPL. Rapaport
and Eisenreich (1988) also reported similar PCBoditjon rates from lake sediments
and bogs. The inventory ¢f11PCB in OPL was 75.5 pgfmand almost 2 times higher

than the one of SB. Taking into account the higimgard deviation of the three invento-
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ries of SB, they are still comparable. Muir et @dktermined inventories gfooPCB in
sediments of three lakes in Ontario. Although tlaeplyzed 90 congeners they found
comparable inventories of up to 120 pg(Muir et al., 1996).

Di- to Hepta-PCB congeners were found in all sedtion the sediment profile, even in
layers dated to times before PCB production (FjgM&almquist et al.(2003) and Gevao
et al. (1997) also determined lower chlorinated B@Bpreproduction sections in several
lake sediments. Isosaari et al.(2002) measuredeodrations of PCBs in sediment sec-
tions older than 8000 years, withTetra- and Peatayeners dominating. They assumed
that contamination by ambient air during sampling axtraction with the lower chlorin-
ated PCBs might be an explanation for the conceomi® in the deep sections. Kjeller
and Rappe (1995) also found PCBs in depth datemtd&CB production but did not see
a enhancement in Tetra- and Penta-congeners. Yé@maslal. (2000) found the deepest
sections in their sampled sediment core to be datmthby Tri- and Tetra-congeners.
They assumed a selective movement or the existinae unknown source, potentially

natural.

The concentrations of Octa- and Deca-PCB congemrerdelow the detection limit in
preproduction sections in the OPL core. The ocoueein deeper layers seems to be
congener specific for the chlorination degree (Big.Therefore smearing of surface ma-

terial into deeper sections during core extrusim lze excluded.

The PCB pattern in the sediment profile is domidditg Tetra-PCB congeners. This is in
contrast to the congener pattern found in the pegds. As the Tetra-congeners are de-
tected in all depths of the OPL core it might battthey have natural sources (Gribble,
1992). As discussed by Alcock et al. (1994) it isrenreasonable that these congeners
are artefacts due to contamination. Gevao et 8B {)lassumed that contamination dur-
ing sample preparation and analysis, and seledbwward migration depending on the
amount of chlorination are possible reasons. Ancknrent of Tetra-PCBs in Hudson
River sediment inoculated with a population enrccfrem an industrial sludge lagoon as
products of dehalogenation by biodegradation leas lseen by Tiedje et al. (1993).
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Fig. 3: Deposition rates of PCB congeners to OPL ev depth and years.

Octa- and Deca-PCBs were mainly introduced in tinrenment with Aroclor 1260

which was only produced before 1950. Surprisinglirt maximum deposition rate is at
1980 and recent rates are still elevated. Althongtv contamination can still occur
through damage to old PCB-containing transformand &y disturbance of PCB-

containing sludge and sediments or by ongoing pamnf these congeners in the envi-
ronment, this cannot explain this time shift. Wel diot detect any Octa- and Deca-
congeners in the recent peat layers. As sedimeheislowest compartment in respond-
ing to a change in atmospheric pollutant deposifloret al., 2006) and it might take up

to decades to see changes in load of contaminargsdiment (Nylund et al., 1992), it
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might be that OPL reflects a former contaminatiattgrn. In the sediment profiles of
Muir et al. (1996) the peak in PCB concentratioiss appears pretty late (1980 to 1984).
Yamashita et al. (2000) also found a time lag betwpeak periods of production and
usage and the deposition to marine environmenty Explained this with the hydraulic

residence times and particle deposition velocities.

Compared with the deposition profile of OPL, th@al&tion profiles of Octa- and Deca-
PCB determined in SB have no time shift (see Supmpinformation Fig. S5). In the
sediment core deposition trends seem to be displayth a certain delay. The lower
chlorinated PCBs were evenly distributed alongpiadile and therefore are supposed to
be mobile. For this reason sediment profiles shouly be used to determine historical

deposition pattern of higher chlorinated PCBs.

4. Suitability of peat cores to study PCB depositionates

As discussed above the degradation of PCBs inipessumed to be low. Thus, degra-
dation does not bias historical deposition ratése advantage of peat profiles is that they
only receive atmospheric inputs and respond fasht@mges in contamination patterns.
Nevertheless in the case of PCBs the low tempesalution of the 5 cm segments used
in this study and the potential mobility diminigdhig advantage. Due to the low concen-
trations of PCBs in peat it is difficult to samglenner sections and still obtain detecta-
ble concentrations. The PCB deposition rates shawaxima 10 cm below the maxi-
mum production. This shift can be caused by traraion in peat. Partly, it can also be
caused by the low temporal resolution of the 5 ettisns as discussed in Thuens et
al.(2013). Nevertheless, the shift in maximum dé@pmsrates was less for PAHs. Due to
their planar structure PAHs might be incorporatettdy into the peat matrix and conse-
guently less mobile.

Rapaport and Eisenreich (1988) observed that thesgtheric PCB deposition rates de-
rived from ombrotrophic peat closely correlate wit@B usage in the U.S.. When look-
ing at the results of this study and the mobilityP€Bs in peat as discussed above it is

surprisingly they obtained such comparable depositates.

Although peat profiles only receive atmosphericuitspand respond fast to changes in
contamination patterns they obtain many limitatibmsstudy historical deposition rates
of PCBs. The low temporal resolution and the padérhobility of most congeners
might lead to incorrect temporal trends and absaligiposition rates.
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Table S1: Coordinates of Greater Sudbury and samptig locations

Site Name Latitude Longitude Extension of  pH of Distance of
(N) (W) bog (kn¥) bog wa- sampling loca-
ter tion to road (m)
Mer Bleue | 45.41042 75.516117 20 3.5 600
(MB)
Giant Bog T | 46.42422 79.937056 0.7 3.5 450
(GB)
Eagle Lake | 45.80572 79.444830 1.35 3.7 125
Bog (ELB)
Spruce Bog | 45.59050 78.373055 0.3 4.3 385
(SB)
Green Lake | 45.68517 77.151194 0.45 3.7 125
Bog (GLB)
Opeongo | 45.41042 78.317483 - - -
Lake (OPL)

t the name Giant Bog was assigned to this siteogerévious description and thus no established name

was available

Eagle Lgke Bog (peongo Lake  GrechiakéBe
A

flerBleue Bog

Fig. S1: Locations of sampled peat bogs and lake @ntario, Canada, in relation to North America

118



APPENDIX STUDY 3

Information about GC Method

CP-3800 and Saturn 2000, Varian:

cool on-column injection; injection volume 10 phjector program 130 °C held for 0.1 min,
200 °C mint to 320 °C, held for 30 min, 200 °C miino 205 °C, held for 21 min; column
VF-5ms (Varian; 50 m x 0.25 mm x 0.25 pm); cargas flow (He) 1.2 mL mif; tempera-
ture program 3.5 min at 130 °C, 4 °C nito 320 °C, and held for 2 min.

GC 8000 MS, Finnigan:

split/splitless injection; injection volume 1 plojéctor program 130 °C held for 0.5 min, 200
°C mint to 320 °C, held for 30 min, 200 °C miino 205 °C, held for 36 min; column DB-
5ms (Agilent; 30 m x 0.25 mm x 0.25 um); carries glaw (He) 1.2 mL mirt; temperature
program 2 min at 100 °C, 10 °C rffino 300 °C, and held for 18 min.

Table S2: Limits of detection (LOD) and limits of quantification (LOQ) for PCBs taking into account the
uncertainty of the calibration as described by theDIN 32645 (DIN 32645, 1994).

LOD LOD LOQ LOQ
pguL*  pgg'dw pg uLt pg g' dw
PCB 52 1.0 41 4.0 159
1*CPCB 52 1.2 49 45 182
PCB 44 1.1 45 4.2 166
PCB 70 0.9 38 35 141
PCB 101 0.7 27 2.6 104
*CPCB 101 1.5 59 5.4 217
PCB 151 0.9 36 3.4 136
PCB 138 1.1 42 3.9 158
1*CPCB 138 1.4 56 5.1 204
PCB 153 1.0 42 3.8 153
PCB 180 1.0 39 35 142
*CPCB 180 1.3 53 4.8 191
PCB 194 1.3 52 4.8 192
PCB 195 1.3 51 4.6 186
PCB 209 0.9 36 3.3 134

¥CPCB 209 1.8 72 6.4 258
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Fig. S2: Recovery rate of labeled PCBs (n = 127Y)rer bars give standard deviation.
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Fig. S3A: Concentrations time trend of PCBs in theaerobic degradation experiments with coefficient of

determination.
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Fig. S4: Deposition rates of PCB congeners to Gialog in 3 peat core profiles over depth and years.
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Fig. S7: Deposition rates of PCB congeners to Opegm Lake in 3 peat core profiles over depth and

years
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ABSTRACT:

As ombrotrophic peat bogs receive only atmosphes

input of contaminants, theyave been identified as sui
able natural archives for investigating historidaeposi-
tions of airborne pollutants. To elucidate theiitail-
ity for determining the historical atmospheric cmnt- :
nation with perfluoroalkyl substances (PFAS), twaap
cores were sampled at Mer Bleue, a bog Iocate(dad:tn

(PFCAs), 7 perfluororalkyl sulfonamido substanceg) . g - —_

Peat samples were extracted by ultrasonicatioaneld up using a QUEChERS method,
and PFASs were measured by HPLC-MS/MS. Twelve PF&ASPFSAs were detected
regularly in peat samples with perfluorooctaneanate (85-655 ng k¢, perfluorooc-
tanoate (150-390 ng k), and perfluorononanoate (45-320 ng%at highest concen-
trations. Because of post depositional relocatimtgsses within the peat cores, true or
unbiased deposition fluxes (i.e., not affected bgtplepositional changes) could not be

calculated. Apparent or biased deposition rates, @ffected by post depositional chang-
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es) were lower than measured/calculated deposiitms for similar urban or near-urban
sites. Compared to PFAS production, PFAS conceoitrand deposition maxima were
shifted about 30 years toward the past and somgtasavere detected even in the oldest
segments from the beginning of the 20th centurys Was attributed to PFAS mobility
in the peat profile. Considerable differences warserved between both peat cores and
different PFASs. Overall, this study demonstrabted bmbrotrophic bogs are not suited
natural archives to provide authentic and religbieporal trend data of historical atmos-

pheric PFAS deposition.

INTRODUCTION

Since the 1990s, an increasing number of sciertifidies pointed at the environmental
problems related to poly- and perfluoroalkyl substs (PFASs) and brought these
chemicals into the focus of international publiccern. Today, the ubiquitous occur-
rence of these substances in different environ-ai@ampartments has been recognized
as an emerging issue in the field of environmech@&mistry. As PFASs comprise toxic,
bioaccumulating, and/or extraordinarily persisteampounds that have been detected
worldwide in humans, wildlife, and the abiotic emriment:™” manufacturing and use of
several PFASs has been legislatively restricteeblrntarily phased out by their produc-

ersé-11

Several PFASs were identified to be atmospheridedigsported, among them primarily
neutral substances such as fluorotelomer alcolkd@®H), perfluororalkyl sulfonamides
(FASA), or perfluororalkyl sulfonmidoethanols (FABE the gas phase but also per-
fluoroalkyl carboxylates (PFCA) and perfluoroalkasdfonates (PFSA) partly as their
degradation products in the particulate pia$é? Laboratory experiments indicated wet
and dry deposition to be significant loss mecharisincertain PFASs from the atmos-
pheré* which was confirmed by studies reporting sevegaflporoalkyl acids (PFAAS)
in precipitationt>!® PFASs in wet deposition have been monitored omt ¢lmoe scales;
however, to the best of our knowledge, only twalss investigated long-term trends of
airborne PFAS$!’ Both studies used ice core samples as archiveshvasited back to
the mid 1990s. Studies covering longer time perivdse usually conducted using ar-
chived biota samplé'ss However, these samples rather reflect the contatioim of the
diet (with all its uncertainties), discriminate cpounds which are not bioaccumulative,

and are mostly concerning the aquatic or marineremwent. Similarly, investigations
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on sediment$?! mainly refer to the aquatic or marine environmesseparating atmos-
pheric from non-atmospheric signals is diffictfltAlso, sediment records display the
contamination of the corresponding entire catchsemd interpretation of temporal
trends may be challenging as chemicals may beendfled by disturbances, bioturbation,

or resuspension of the sediment as well as varjaler redox condition&

In contrast to biota and sediment and alternatitelice cores, ombrotrophic peat bogs
can be used to determine the input of airbornearnimants such as metals, polycyclic
aromatic hydrocarbons (PAHSs), polychlorinated biple (PCBs), and polybrominated
diphenyl ethers (PBDES) over time and sp&c€.Ombrotrophic bogs are isolated from
regional surface- or groundwater flow and recenamuts of nutrients, but also contami-
nants, by atmospheric deposition offly® Since up to 99% of peat consists of organic
matter, adsorption of organic contaminants is ecbdnhowever, this may reduce their
extractability?®3° As recently discussed by Rayne and Forfeking-chain PFAAs are
expected to be rather immobile at such high orgearbon contents. In contrast to soils
or sediments there is no strong turnover by faand,due to the prevailing anaerobic and
acidic conditions in ombrotrophic bogs microbiokai degradation is minimized:?
Due to the acidity of bogs, sorption of PFASs te pleat may even be enhanced as sorp-
tion increases with decreasing pH because of patitam of surfaces, adduct formation,
or protonation of PFASs themselV&s-urthermore, and in contrast to glaciers or ice
shields, peatlands are widely distributed in boessl temperate climate zones as well as
in mountainous regions throughout the world allayfor studying the spatial distribu-
tion of historical contaminant depositions whichynarther help in characterizing and
understanding PFAS input into soils and their distion from source to pristine re-
gions?®3* Therefore we aimed to analyze PFASs in peatlandsder to evaluate and
discuss whether ombrotrophic bogs are suitableralatiichives to reconstruct historical
atmospheric PFAS pollution. To meet these aimsamalytical method was carefully
optimized and applied to two peat cores collecte@009 at Mer Bleue, an undisturbed

ombrotrophic bog close to Ottawa, Canada.

EXPERIMENTAL SECTION

Chemicals. All chemicals and suppliers of native and maseglt PFASs as well as
their acronyms and purities are given in TablerStheé Supporting Information. Solvents

used included methanol (MeOH; Picograde, Promoch@er;many) and acetonitrile
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(ACN; Suprapur, Merck, Germany). Glacial aceticdadormic acid, and ammonium
hydroxide (all Suprapur) were purchased from Megi@ermany). For dispersive solid
phase extraction, CHROMABOND QUuECh-ERS (Quick, Ea8geap, Effective, Rug-
ged, Safe) Mix | (containing 4 g of Mg@Q g of NaCl, 0.5 g of N#l-citrate-1.5 HO, 1

g of Na-citrate-2 HO), and Mix V (containing 0.15 g of CHROMABOND Diano
with 0.9 g of MgSQ@ and 45 mg of carbon) were obtained from MachereiN&gel
(Germany).

Sampling. Sampling was performed in October 2009 at Mer 8IBog (45.4° N, 75.5°
W; mean annual temperature 5.8 °C; mean annualipfston 910 mm3), an om-
brotrophic peat bog located in the vicinity of Qttg Canada (Figures S9-S11). Mer
Bleue was chosen because it is an undisturbed afidnvestigated (mostly regarding
biogeochemical processes, but also organic polisitdsog. The bog is part of the Mer
Bleue Conservation Area and located in a meltweltb@nnel of the postglacial Ottawa
River. As an ombrotrophic bog, it receives watetntyafrom precipitation creating oli-
gotrophic conditions. Overall, drainage is poor ttwenderlying clay deposits as well as
numerous beaver dams, and the water level usuathains at or near the surfate.
Sphagnum spp. are the dominant low lying form afetation in the boé® Further de-
tails on vegetation and characteristics of suchlaeds can be found elsewhéfe.

Two peat cores were taken from undisturbed hollofvhe ombrotrophic section of the
bog using a steel box sampler (87 x 90.6 x 1000.n@ojnpaction of peat cores was
avoided as far as possible; sampling was repeétedmpaction was excessive. After
sampling, peat cores were cut into 5-cm segmerdsrse root fragments were removed.
The first core (MBI) consisted of nine segmentg] #re second core (MBII) consisted of
eight segments. The most recent and still actigetation (mainly Sphagnum) was sam-
pled as well (surface). For transport and storaggmented samples were wrapped in
aluminum foil and polyethylene bags. Additionalpeat water was sampled in 500-mL
glass bottles. All samples were shipped refriger&dethe laboratory.

Analytical Protocol. Segmented peat samples were freeze-dried anddyreitim a peb-
ble mill after drying. For extraction, 2 g of graigsamples were weighed into 15-mL
polypropylene (PP) tubes. Each segment was extractd analyzed in duplicate so that
PFASs were determined in four sets of samples (1BUBI-2, MBII-1, and MBII-2)
consisting of nine/eight peat segments, the coomdipg surface sample, and one analyt-

ical blank, each. This experimental setup enalteddetermination of intracore and in-
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tercore concentration variations later on. As Dregteal®® did not observe significant
differences of PAH concentrations from two differéfer Bleue peat cores and the cur-
rent study was intended as preliminary study on $Fdating (using thé'%®b method)
of the PFAS peat cores was transferred from a aspaore taken by Thuens et al in
20092 This may have resulted in the observed shiftintglines discussed in the Re-

sults and Discussion section. The peat cores fpughered the past 100 years.

Sample extraction and cleanup was optimized (Suimgo Information) and finally per-
formed using ultrasonication and a QUEChERS méthibéit was modified to suit the
needs of peat extract cleanup. Prior to the extmacbOuL of a standard solution con-
taining mass-labeled PFASE®Q®, PFHxS,*C, PFOS,'3C; PFBA, 1°C, PFHXA, Cy4
PFOA,*Cs PFNA, °C2 PFDA, °C; PFUNDA, *C; PFDoDA, *Cg FOSA, & MeFOSA,

ds EtFOSA, ¢ MeFOSE, d EtFOSE; 5 ng abs.) were spiked directly to eacit pam-
ple. Samples were ultrasonic-extracted with 7.50hACN for 15 min. After extraction,
samples were centrifuged (Hettich Universal 320ttiefe Germany) at 5000 rpm for 5
min and supernatants were transferred into 25-rakggflasks. The extraction procedure
was repeated once, and corresponding supernatanés cembined. For cleanup, sam-
pling volume was reduced to 5 mL using rotary evafmos (Buechi R210, Buechi, Swit-
zerland). Samples were transferred to 15-mL PPstgbataining 5 mL of Millipore wa-
ter, and QUEChERS Mix | was added. PP tubes weaakeshvigorously for 1 min and
centrifuged (5000 rpm, 5 min) afterward. Supernafs@N phases were transferred to
new 1-mL PP tubes. Glacial acetic acid (409 and QUEChERS Mix V were added to
each sample. PP tubes were shaken vigorously fimn lcentrifuged (5000 rpm, 5 min),
and contents were transferred to 10-mL glass vl (5 mL) was again added to each
of the PP tubes which were then softly shaken amdrifuged as described above. Su-
pernatants were combined with corresponding previmes. Samples were evaporated
to 150uL using a gentle stream of nitrogen and transfetoeHPLC vials. Prior to the
measurement, 50L of MeOH:HO 1:4 (v:v) was added to each vial.

The peat water sample was spiked with mass-labieffl@5s as described above and ex-
tracted by solid-phase extraction using Oasis WANXriges (6 crf) 150 mg, 30 mm;
Waters, Germany). Briefly, cartridges were prectiaded with methanol and Millipore
water prior to loading the cartridges with the seempfter the extraction, cartridges were
washed with Millipore water and 0.1% formic acidied for 30 min, and eluted with
14 mL of ACN for neutral PFASs and 5 mL methanall &1% ammonium hydroxide
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for ionic PFASs. Samples were evaporated to @l5@ising a gentle stream of nitrogen
and transferred to HPLC vials. Prior to the measerd, 50uL of MeOH:H.O 1:4 (v:v)

was added to each vial. Further details are gilsewdere’®

Instrumental Analysis and Quantification. The following PFASs were determined by
high-performance liquid chromatography electrospoayzation (negative mode) tandem
mass spectrometry (HPLC-ESI-MS/MS): PFBS, PFHxSpS; PFOS, PFDS, PFBA,
PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUNDA, PERg PFTIDA, PFTe-
DA, PFHxDA, PFOcDA, FOSA, MeFOSA, EtFOSA, MeFOSHE;GSE, MeFBSA, and
MeFBSE (full names are given in the Supportinginfation). PFASs were separated
on a Synergi Hydro RP 80A column (Phenomenex, U, x 2 mm Zum). Details are
given by Kirchgeorg et &f

Quantification was based on peak areas. Analyteasarations were calculated with the
internal standards method and corrected by blanketrations. Compounds were clas-
sified as not detected (n.d.) with a signal-to-aoitio (S/N) below 3 and not quantified
(n.q.) with a S/N below 10. Furthermore, analytesemnot considered further when their
concentrations were below the method detectiontdirfguantified as mean analytical
blank + 3 * standard deviation, Table S8). Thisvmted a conservative estimate to avoid
false positives.

PFAS concentrations in peat (ng Kgwere calculated from the dry weight of the sam-
ples by dividing the absolute amount of PFASs letieighted peat mass. Annual PFAS
deposition rates (ng tha ! (annum)) were calculated by dividing the PFAS mesicen-
tration by the area covered by the box sampler ¥7193 m?) and the number of years

peat accumulated in the respective peat segment.

QA/QC. Perfluorinated materials or fluorinated polymesravavoided during sampling
and sample preparation. Laboratory equipment aasdsglare were thoroughly cleaned
before use. Mass-labeled internal standards wezé tascorrect for losses during analy-
sis and measurement. For the quantification ofyé@slin peat samples by this method, a
nine-point calibration was run with each set of pe® measured. Calibration curve line-
arity was always checked prior to and after runriimg sample series. With each set of
samples, one analytical blank was analyzed. PFBA+(21 ng kg* on average + S.D.)
and PFOA (32 + 21 ng k§ on average + S.D.) were detected in all blank $asnp
(n =4). Most of the other analytes were occaslgragtected (Table S15). Instrumental

limits of detection calculated on the basis of d&ad signal-to-noise ratios (IDL) were
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between 2 and 33 ng Kg(Table S8). Method detection (MDL) and quantificatlimits
(MQL) calculated on the basis of analytical blamkege between 3.8 and 141 ngkgnd
11 and 282 ng K@, respectively (Table S8). “Real” field blanks abulot be analyzed
due to practical reasons as there is no peat edified as being free of PFASs. Howev-
er, we assume that any contamination rather otiggnBiom the analytical than from the
sampling procedure. Thus, quantification on thasbat conservative MDL/MQLs will
prevent that field blanks will be accounted fofalse positive peat concentrations. Rela-
tive recovery rates of native PFASs (on average 28P8%, Table S10) were calculat-
ed as well as the effect of the remaining sampleim@lable S9). Analyte losses were
also evaluated stepwise (Figures S2-S8). Furthernamrcuracy (Table S12), precision
(Table S12), and method uncertainties accordingWRACHEM/CITAC guideline®
and 1SO-20988 were calculated and are discussed in the Suppoitiformation (Ta-
bles S13-S15).

RESULTS AND DISCUSSION

PFAS Presence in Peat Sample©f 25 PFASs analyzed in the present study, 12
(PFHxS, PFOS, PFBA, PFHxA, PFHpA, PFOA, PFENA, PFIUNDA, PFDoDA,
PFTriDA, and PFTeDA) were detected consistentlgeat core samples. PFBS, PFHpA,
and PFPeA were only detected once above the mettedtion limit and were not con-
sidered for any further evaluation. None of theestigated neutral PFASs were detected.
Although detected consistently, PFBA is not evadain detail in the context of this
study because of varying chromatographic peak padoce and thus high uncertainties

involved with the measurements.

PFAS concentrations of each peat core are presémt@dbles S17-S20, and average
PFAS concentrations (n = 4) are given in Figur®épth segment averages (n = 4) of
T11PFAS concentrations varied between 461 and 1§3&1. With 85-655 ng kg on
average, PFOS was observed in highest concentsati@+45% of the total PFAS con-
centration), followed by PFOA (150-390 ng-kg13-47%), PFNA (45- 320 ng kg
7-18%), and PFUNDA (10-225 ngKgn.d. — 16%). Whereas duplicate PFAS concen-
trations of each peat core differed only slightignsiderable differences were observed
between both cores. PFAS concentrations at MereBlegre in the same range as PFAS
soil concentrations published by Washington é¢ ahd at the lower PFAS concentration

limit reported by Strynar et 4F.for American soil samples. They were 3 orders afym
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nitude lower than PAH concentratiGhsand at least 1 order of magnitude lower than

PCB concentratiof$observed in the same bog.
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Figure 1. Average § = 4) PFAS concentrations (ng'[gg and proportions (%) in peat segments. The avenager
table was at about 10 cm below the peat surfacte:Nte surface segment represents the most recatagmination
and may not be directly comparable to the undeglyieat. Dating is from a separate core.

As results of this study indicate post-depositiomahs-location of PFASs (see below)
and the dating turned out to be uncertain it waspogsible to reconstruct “true” deposi-
tion rates or even temporal deposition trends.déonparison to other studies, we calcu-
lated “biased” deposition rates (“biased” becalmeseé deposition rates are strongly in-
fluenced by PFAS mobility or the applied datinghese calculated (biased) average
PFAS deposition rates varied between 35 and 250nfiga ! for PFOS, 50 and
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140 ng m? a* for PFOA, and between 15 and 90 ngf @it for PFNA. Mostly, calculat-
ed (biased) PFAS deposition was fairly low compaedhat obtained from measure-
ments in precipitation (920 ngfa* (PFOS, extrapolated)® 1550 ng i a (PFOA,
extrapolated)!® 2300-11400 ng M a* (PFOA),® 600-12000 ng it a* (PFNA)®) or
ice cores (0-81 ng That (PFOA)/ 0-32 ng m? a?! (PFOS), 40-285 ng tha !
(PFOA)YY) and was rather in the range of that determinadrimote or Arctic than of near
urban samples. However, calculated (biased) PF(Qpgiton was similar to modeled
annual deposition fluxes of-300 ng m? a* for continental American regions or

30-200 ng m? a! adjacent to sourcé$.Calculated (biased) PFNA deposition was still

10-fold lower than modeled valués.

Temporal Trends. Figure 1 depicts average PFAS concentrationsragifun of depth or
corresponding age. Total PFAS concentrations isegdrom the most recent samples
(surface) toward depths of 10-20 cm (1980s) andirset afterward. Compared to re-
ported production maxima of C8-PFSA}’ PFAS concentration maxima in peat appear
20-30 years too early which indicates a PFAS mowverdewnward the peat profile or

uncertainties involved in the appliétfPb dating.

5000

e Paul et al. 2009 e PFOS deposition rate
Prevedouros et al. 2006 < 2504
—_ i i ©
7 4000 Smithwick et al. 2006 o
£
s
g g 200
S 3000 2
> -
150
$ $
S =
2 2000+ [
o 2. 100
s [
°
x »
2 1000+ o
o o 504
o o — p—
0 T T T T T T T T T N T g T B T
1970 1975 1980 1985 1990 1995 2000 2005 1920 1940 1960 1980 2000

Figure 2. Ce—-PFSA (PFOS + derivatives) production volumes regzbtty Prevedouros et &t.Paul et al*¢ and
Smithwick et at” (A) and average PFOS deposition rates (B) detedrand/er Bleue Bog, Canada. Note that the step
width of the PFOS deposition rate curve is inflehdy the dating and thus its uncertainties. Nitge the different
time scales for reconstructed deposition ratesdlf@nand production (panel A).

Furthermore, PFASs were detected even in the ofuksstt samples taken in this study.
This may be attributed to uncertainties involvedha dating (not expected, influence is
estimated to be too low to explain such a big slsde below), contamination during
sampling (not expected, for reasons refer to ththaaesection), or PFAS mobility (an-
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ticipated, see below). Thus, as demonstrated f@3# Figure 2, the shape of the depo-
sition chronology more or less matches that ofdsmated €PFSA production vol-
umes$®> 4 whereas its absolute timing does not. Therefdre,following discussion on
temporal PFAS concentration variations will notfbeused on their accurate position in

time and values will be related to the depth ofgibat core.

Depth-dependent variations of concentrations aoggtions were different for PFAAS
of different chain lengths (Figures 1, 3); e.gndechain PFCAs (&—Ci4) were predom-
inantly observed in the upper part of the peat.coheir curves were characterized by a
distinct and narrow concentration peak in the ugpeat segments (roughly in the 1990s).
Except for PFDA and PFUNDA, these compounds wet®bserved in depths below 25
cm (1970s) and their appearances roughly coincitle tive onset of FTOH production.
On the contrary, concentration curves of shortairciPFCAs and PFSACs) were
rather flat and characterized by broad peaks. Tibeer the perfluorinated chain lengths,
the more evenly distributed within the peat coreentbe compounds. This behavior was
most pronounced for PFHxA. As Mer Bleue is a loegyt recharge systéfnand thus a
downward net transport of water and solutes isalieyg, this may be conceptualized as
being similar to a chromatographic separation sttbngest retention of longer-chained
PFCAs at the peat matrix. Although this analoggdmewhat simplistic given the com-
plex hydraulic conditions with episodic flow revals during periods of high evapotran-
spiration?® overall these results demonstrate that verticability differs for PFCAs of
different carbon chain lengths. This is supportgdrécent findings for PFAA eluting
from a melting snowpaékor by results of leaching experiments in ¥aéind may also
apply to other matrixes such as sediments. Overatlresults indicate that (if at all) peat
bogs may be suitable archives for the historicat@mination for long-chain PFCAs, but

not for the other groups of PFASSs studied here.
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Figure 3. Average vertical distribution of PFCAs (left) anB3As (right) of different chain lengths in the ppatrile.
Note that the surface segment represents the roshtr contamination and may not be directly contgarto the
underlying peat.

Despite the different mobility, contamination of BFASs comprising more than 7 per-
fluorinated carbon atoms declined recently (Figure8). Although being more mobile
than long-chain PFASs, PFHxS and PFHxA were thg BIRIASs with increasing con-

centrations and proportions in the most recent sssnfmot statistically significant (U-

test, p < 0.05)). Such shifts were also observdddrcore samples of high altitude envi-
ronments in Eurogé but were usually not reported in biota-based tremdies as short-

chain PFASs do not bioaccumul4t®©ur results may reflect a production shift from
long-chain to short-chain PFASs as consequence hasgout, manufacturing re-
strictions, and/or use regulatioh%>1°?

Generally, there wasl/is a production shift from €ifffonate chemistry to C4 sulfonate
chemistry whereas PFOA is replaced by PFHxAlowever, we are not aware of any
production shift toward PFHXS in North America thaguld explain the observations in
Mer Bleue.

Implication of This Study and Suitability of Peat Cores for PFAS Trend StudiesAs
mentioned above, two peat cores were taken andpssthsegment was analyzed in du-
plicate to allow for the determination of interc@med intracore differences, respectively,
and thus to provide a measure for the quality efdhalytical method and suitability of
peat cores as archives for the atmospheric PFA&comation history. Concentration
differences between the four sets of samples aeenpbarily presented for PFOS and
PFOA in Figure 4. The overall uncertainties acamydio ISO 20988 resulting from
inter- and intracore paired measurements are givéables S14 and S15. Concentration
differences between duplicate samples of eachqueatwere fairly low. In contrast, con-
siderable differences were observed between ba#sc&imilarly, uncertainties for in-

tracore measurements were lower than those forcore measurements, revealing that
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the analytical method to determine PFASSs in peatpéss is quite precise. However, it
also demonstrates that each investigated peaticaiéferent, either due to a dissimilar
microtopography and specific microstructure andpwvariations during sampling (e.g.,
different degree of peat compaction). In turn, #ig implies that temporal trend studies
should only be performed when each peat core/ seigimedated. Applying the dating
from a separate peat core as performed in thiy shay result in additional uncertainties
of the observed temporal variations, particularlyew reconstructing atmospheric depo-

sition rates.
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Figure 4. Intercore and intracore variations of PFOA and®BFconcentrations (ng Rb) over depth. The two cores
are labeled MBI and MBII, the replicate analysesiadéated by the last digit (1/2).

Furthermore, incorrect reconstructed contaminahistories may be a result of inaccu-
rate dating as the dating itself might be imprediseause of the mobility of radioiso-
topes which can also be influenced by water taltgraions or diagenetic proces$és.
Therefore, Urban et &f. estimated that dating using thféPb method does not yield re-
sults with a resolution better than 10 years. Taruat af’ reported differences of less
than 8 years when comparing a charcoal horizon dating in the same Canadian bog.
In contrast, Thuens et &.recently described'Pb dating in Canadian peat cores to be
more uncertain. In several peat cores, they obdeavéme shift of the onset éf'Am
occurrence due to nuclear testing toward earliengs. They attributed this to artifacts
due to the comparatively coarse 5-cm resolutioefpeat cores.

Regardless of core-to-core variations or datingetamties, (biased) PFAS deposition
rates determined at Mer Bleue, a near urban s#eg wather similar to those determined
in measured data published for source-related nydranear urban area@s-*%which may

question the suitability of peat cores as naturchisies to investigate the historical PFAS
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deposition. In contrast to PFASs, Mer Bleue wagattarized by the highest N deposi-
tion raté’” and one of the highest PAH deposition rates di@&$s investigated in Eastern
Canad® indicating that there must be strong “loss” medsias for PFASs at the site.
Although low PFAS deposition rates (and concerdrej may be a result of non ex-
tractable bound residues (or insuffcient extractédftiency), several reasons suggest
PFAS (here PFAA) mobility as being more important.

(1) PFAAs were detected even in the deepest peat ségmieginating from the
beginning of the 20th century, i.e. long before treset of the industrial
PFAS production. At a first glance, this is sunmisbecause the water flow
at Mer Bleue is rather horizontal than verticaltlas vertical hydraulic con-
ductivity is 1-3 orders of magnitude lower than Hogizontal oné® Howev-
er, changes in precipitation and evapotranspirai@r the year lead to water
table fluctuations of 20—30 cm which may resulainedistribution of certain
chemicals (has been shown for nutrieAtsy.

(2) Sorption of PFASSs to peat in bogs should be enlthraee PFAS solid-water
partitioning coeffcients (K values) increase with increasing organic matter
content and decreasing pif3However, our findings do not suggest that peat
is a strong retaining matrix for most PFAAs whicleres at least partly ex-
pected to be immobile at soil organic carbon castemeasured in the peat of
Mer Bleue (46%). Also, bog pH (about 4) does neins¢o be low enough to
have a significant effect on PFAA adsorption to geat. This consequently
indicates a negligible presence of PFAAs in theindissociated form which
corresponds to recent findirtfdsand may be supported by the occurrence of
most PFAAs in the analyzed peat water in concédotratof up to 0.8 ng 1
(PFOS, PFNA, Table S25) as well. This was expeittedhort-chain PFAAs
but not for long-chain analogues, since \lalues generally increase with an
increasing carbon chain length of the PFAA moleétilelowever, Higgins
and Luthy® assumed Kvalues to drop at enhanced concentrations of dis-
solved organic matter (DOM, 26.9 mgllin the present study’s peat water
sample) as PFAAs may occur DOM-associated. This svgported by a
study of Jeon et & who observed higher PFOA and PFOS concentrations i
water in the presence of DOM than in the absende@i1. They attributed
this either to competition between PFAAs and DOMBmding sites of the
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sorbent or, more likely, to binding of PFAAs to DOK more detailed inter-
pretation of this aspect is not possible as we aredstotal aqueous PFAA
concentrations and thus cannot differentiate batwieeely dissolved and
DOM-associated PFAA.

PFAA transport and diffusion through the peat aqoeey also be facilitated by
the formation of micelles or micellular structur@$e critical micellular con-
centration (CMC) of PFOA and PFOS is around 3.64ugd_1,°>® respective-
ly. However, formation of micellar or hemimicellstructures starts at about a
factor of 100- 1000 below the CMT which is still higher than concentra-
tions observed in bog water. On the basis of sedliraralysis, Higgins and
Luthy®® suggested that the change in free energy duerpticso of an anionic
PFAS surfactant monomer to a solid (sediment) ry w@milar to the free-
energy change due to its movement from the bulleags phase into a mi-
celle. This would mean that the dissolved PFASasiaht moves to a micelle
or a micellar structure just as much as to an desur Still, Higgins and Lu-
thy®? found it unlikely that micelles or even hemimiesllare formed within
the investigated sediment organic matter at looalren-mental conditions.
Later, Cheng et & reported the formation of PFOA dimer ((PE8)) clus-
ters in laboratory studies at low concentrationd anpH values of about 4
(roughly the pH of Mer Bleue Bog). Hypotheticallgs(it can neither be
proved or disproved with our data), this would tegsuthe existence of two
“transportable” phases: the freely dissolved mdcum the one hand and the
dimer structure on the other hand (which may baragf some dissolved col-
loidal micelle composed of PFAAs, dissolved orgamatter, and/or other
surfactants). The dissolved molecule or micellagragate can then be trans-
ported through the pore water by molecular diffasidhis may be assumed
to be a much slower process than leaching or dyainlaut would be much
quicker than pore water diffusion of PCBs or trawspf highly “hydropho-
bic” compounds such as PAHSs through the pore vest¢he PFAA affnity for
the particulate phase would be severely reducedh Sumechanism might
explain differences in mobility between the differeompound classes.

Overall, this study demonstrates that ombrotrofiftigs are not suitable as natural ar-

chives for reconstructing atmospheric PFAS depmsiéiccurately and reliably. This is in
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contrast to findings for other contaminafits?® As a further implication, this study re-
veals that PFAAs are only little retained in s@lsen if these have a high content of or-

ganic matter.
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Table S 1: Standards used in the present study.

compound acronym producer (purity (%))

potassium perfluor-n-butane sulfona (K-)PFBS Well. Lat® (> 98 %

sodium perfluoro-n-hexane sulfonate (Na-)PFHxS  Well. Lal# (> 98 %)
sodium perfluoro-n-heptane sulfonate (Na-)PFHpS  Well. Lal# (> 98 %)
sodium perfluor-n-octane sulfona (Na-)PFOS Well. Lat? (> 98 %
sodium perfluoro-n-decane sulfonate (Na-)PFDS Well. Lat? (> 98 %)
perfluoro-n-butanoate PFBA Well. Lat? (> 98 %)
perfluorc-n-pentanoat PFPA Well. Lat? (> 98 %
perfluoro-n-hexanoate PFHXA Well. Lat? (> 98 %)
perfluoro-n-heptanoate PFHpA Well. Lat? (> 98 %)
perfluorc-n-octanoat PFOA Well. Lat? (> 98 %
perfluoro-n-nonanoate PFNA Well. Lat? (> 98 %)
perfluoro-n-decanoate PFDA Well. Lat? (> 98 %)
perfluorc-n-undecanoa PFUNDA Well. Lat? (> 98 %
perfluoro-n-dodecanoate PFDoDA Well. Lat? (> 98 %)
perfluoro-n-tridecanoate PFTrDA Well. Lat? (> 98 %)
perfluoro-n-tetradecanoate PFTeDA Well. Lat? (> 98 %)
perfluoro-n-hexadecanoate PFHxDA Well. Lat? (> 98 %
perfluoro-n-octadecanoate PFOcDA Well. Lat? (> 98 %)
perfluoro-1-octane sulfonamide FOSA Well. Lat? (> 98 %)
N-Methyl perfluoro-1-octane sulfonamide MeFOSA Well. Lat? (> 98 %
N-Ethyl perfluoro-1-octane sulfonamide EtFOSA Well. Lat? (> 98 %)

2-(N-Methyl perfluoro-1-octane sulfonamido)-ethanol MeFOSE Well. Lalf (> 98 %)
2-(N-Ethyl perfluoro-1-octane sulfonamido)-ethanol EtFOSE Well. Lalf (> 98 %)

N-Methyl perfluorc-1-butane sulfonamic MeFBSA Well. Lat? (> 98 %
2-(N-Methyl perfluoro-1-butane sulfonamido)-ethanol MeFBSE Well. Lat? (> 98 %)
perfluoro-1-hexane'fOz]-sulfonate [**Og)-PFHXS  Well. Labf (> 98 %)
perfluorc-1-[1,2,3,41°Cs]-octane sulfona [*°C4)-PFOS  Well. Lak? (> 98 %
perfluoro-n-[1,2,3,4-°C4]-butanoate [*°C4-PFBA  Well. Lab® (> 98 %)
perfluoro-n-[1,2,3,4-°C4]-hexanoate [1°C4]-PFHXA  Well. Lal? (> 98 %)
perfluorc-n-[1,2,3,41°C4]-octanoat [*°C4]-PFOA  Well. Lat? (> 98 %
perfluoro-n-[1,2,3,4,5°Cs]-nonanoate [*“C5]-PFNA  Well. Labf (> 98 %)
perfluoro-n-[1,2#°Cy]-decanoate [*“C-PFDA  Well. Labf (> 98 %)
perfluorc-n-[1,2-°Co]-undecanoa [*“Co)-PFUNDA  Well. Lak? (> 98 %
perfluoro-n-[1,22°C2]-dodecanoate [*°C2]-PFDoDA  Well. Lab® (> 98 %)
perfluoro-1-f-“Cg]-octane sulfonamide [*“Cgl-FOSA  Well. Labf (> 98 %)
N-Methyl dz-perfluorc-1-octane sulfonamic d3-MeFOSA Well. Lat? (> 98 %
N-Ethyl ds-perfluoro-1-octane sulfonamide ds-EtFOSA Well. Lat? (> 98 %)

2-(N-deuteriomethyl perfluoro-1-octane sulfonamido) d7-MeFOSE Well. Lat? (> 98 %)
1,1,2,2-tetradeuterioethanol

2-(N-deuterioethyl perfluoro-1-octane sulfonamido)-  dg-EtFOSE Well. Lab® (> 98 %)
1,1,2,tetradeuterioethan

aWellington Laboratories, purchased via Campro 18ifie, Berlin, Germany
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2. Method optimization

The extraction of peat with common extraction mdthgields a colourful (usual-
ly yellow to dark brown, for the most recent hongoalso green) extract with
more or less white to beige precipitation (probagiibnt waxes). Colour and thus
matrix intensity depends on the extraction methiod kind of solvent. Among

accelerated solvent extraction (ASE), Soxhlet etiva (SE), fluidized bed ex-

traction (FBE) and ultrasonic extraction (USE), \nest matrix load after peat
extraction was observed for ASE. Lowest visible nratontent was observed for
USE. In general, extraction with acetonitrile (ACN}ulted in less visible matrix
content than extraction with methanol (MeOH). Hoes\after concentration to
150 uL, none of the extracts were of sufficientlgudor injection and detection

using HPLC-MS/MS. Therefore, a clean-up proceduad to be developed to
obtain injectable and measurable samples. In thewimg, attempts to find a

suitable clean-up method are briefly described.dllguclean-up tests were per-
formed with and without matrix. Some clean-up materwere part of test kits
and thus only available in a small number. Foreheaterials, matrix-based per-
formance was investigated first. All matrix sampksemmed from a pool of
combined peat extracts.

2.1 Solid Phase Extraction (SPE) using Envicarb

Table S 2: Clean-up using solid phase extraction P&) with EnviCarb as sorbent. 2mL S+IS: 2 mL

of solvent? (S) spiked with 50 pL of an internal standard (IS5 ng abs.). 2mL M+IS: 2 mL of matrix®
(M) spiked with 50 L of an internal standard (IS,5 ng abs.). R: absolute recovery rate (%). Ace:
acetone. MeOH: methanol

2mL 2mL Rrros Reproa
S +1S MP+IS Clean-Up (%) (%) observations/remarks
X SPE: EnviCarb (Supelco, 3 mL, 0.25 g), 78 49
Elution 3 x 3 mL MeOH, 1 x MeOH:Ace 1:1
X SPE: EnviCarb (Supelco, 3 mL, 0.25 g), not measurablgellow to brown, precipit:
Elution 3 x 3 mL MeOH, 1 x MeOH:Ace 1:1 tion (depending on collect-
ed fraction)
X SPE: EnviCarb (Supelco, 2g self-packed); 78 46
Elution 4 x 6 mL MeOH
X SPE: EnviCarb (Supelco, 2g self-packed); 25 25 light yellow to yellow (de-
Elution 4 x 6 mL MeOH pending on collected frac-
tion)
a methanol
b 50 mL matrix extract were concentrated to 2 mL,
Conclusions

= Matrix-free experiments yielded acceptable absaletevery rates.

» Clean-up with 0.25 g EnviCarb cartridges did natldgisufficiently
clean matrix extracts

» Clean-up with 2 g self-packed EnviCarb cartridgeddgd measurable
matrix extracts, however, with low recovery rai@sly.
=» Clean-up is not suited in present form
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2.2 Solid Phase Extraction (SPE) using C18

Table S 3: Clean-up using solid phase extraction Bf) with C18 as sorbent. 2mL S+IS: 2 mL of
solvenf'
(S) spiked with 50 pL of an internal standard (IS,5 ng abs.). 2mL M+IS: 2 mL of matrix’ (M)

spiked with 50 pL of an internal standard (IS, 5 ngabs.). R: absolute recovery rate (%). MeOH:
methanol.

2mL 2mL Rrros Reproa
S +1S MP+IS Clean-Up (%) (%) observations/remarks
X SPE: C18 (Supelco, 2g self-packed); Elu38 26
tion 4 x 6 mL MeOH
X SPE: C18 (Supelco, 2g self-packed); Elmot measurabldight yellow to yellow
tion 4 x 6 mL MeOH (depending on collected
fraction))
z methanol

50 mL matrix extract were concentrated to 2 mL,

Conclusions
» Matrix-free experiments yielded low absolute reggvates, only.
= Clean-up with 2 g self-packed C18 cartridges dit yield sufficiently
clean matrix extracts
=» Clean-up is not suited

2.3. Solid Phase Extraction (SPE) using anion exaige resins — direct approach

Table S 4: Clean-up using solid phase extraction PE) with anion exchange materials as sorbents.
2mL S+IS: 2 mL of solvenf (S) spiked with 50 pL of an internal standard (IS,5 ng abs.). 2mL

M+IS: 2 mL of matrix (M) spiked with 50 pL of an internal standard (IS,5 ng abs.). R: absolute
recovery rate (%).

RPFO RPFO
2mL 2mL S A
S +1S MP+IS Clean-Up (%) (%) observations/remarks
X  SPE: DMA(CHROMABOND DMA, not measurable yellow to green
M&N; 3 mL, 0.5¢g), Elution 3 mL MeOH, (all fractions)
3 mL MeOH:Ace (1:1), 3 mL Ace, 3 mL
Ace:Hex (1:1), 3 mL Hex
X  SPE: SB(CHROMABOND SB, M&N; not measurable yellow to green
3 mL, 0.5 g), Elution 3 mL MeOH, 3 mL (allfractions)
MeOH:Ace (1:1), 3 mL Ace, 3 mL Ace:Hex
(1:1), 3 mL Hex
X  SPE: PS-OH(CHROMABOND PS-OH, not measurable yellow to green
M&N; 3 mL, 0.5g), Elution 3 mL MeOH, (all fractions)

3 mL MeOH:Ace (1:1), 3 mL Ace, 3 mL
Ace:Hex (1:1), 3 mL Hex

methanol

50 mL matrix extract were concentrated to 2 mL

DMA is a weak anion exchange material

SB is a strong anion exchange material. Since tha® only a limited number of SB-
SPE cartridges available, performance with matras wested first. As the clean-up did
not yield a measurable extract, further matrix-ftk=an-ups were not performed.

€ PS-OH is a strong polymer-based anion exchangeriaat8ince there was only a lim-
153
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ited number of PS-OH-SPE cartridges available, gperédnce with matrix was tested
first. As the clean-up did not yield a measurablgaet, further matrix-free clean-ups
were not performed.

Conclusions
= Clean-ups with anion exchange materials did ndtysefficiently clean matrix
extracts in a direct approach (i.e. extracts weaasferred directly to the SPE
cartridges).
=>» Clean-ups are not suited

. 2.4 Solid Phase Extraction (SPE) using anion exclge resins — indirect ap-
proach

Table S 5: Clean-up using solid phase extraction PE&) with anion exchange materials as sorbents
after the samples were diluted in 100 mL Milliporewater (indirect approach). 2mL S+IS: 2 mL of
solvenf* (S) spiked with 50 pL of an internal standard (IS5 ng abs.). 2mL M+IS: 2 mL of matris®
(M) spiked with 50 pL of an internal standard (1S,5 ng abs.). R: absolute recovery rate (%). MeOH
methanol. ACN: acetonitrile.

RPFO RPFO
2mL 2mL S A
observa-
S +1S MP+IS Clean-Up (%) (%) tions/remarks
X SPE: HR-XAW (CHROMABOND HR-XAW, 104 111

M&N, 3 mL, 60 mg), acidic wash, Elution 2
mL MeOH 5% NHOH

X SPE: HR-XAW (CHROMABOND HR-XAW, not measurable precipitation clogged

M&N, 3 mL, 60 mg), acidic wash, Elution cartridge, brown
2 mL MeOH 5% NH40H
X SPE: Oasis WAX (Waters, 6 mL, 0.5 g), wash, 23 1
dry, Elution 5 mL MeOH 0.1% NH40OH, 14 mL
ACN
X  SPE: Oasis WAX (Waters, 6 mL, 0.5 g), wash, not measurable brown, lots of preci-
dry, Elution 5 mL MeOH 0.1% NkDH, 14 mL pitation
ACN
X  SPE: Oasis HLB(Waters, 6 mL, 0.5 g), wash, not measurable reddish brown, lots
dry, Elution 5 mL MeOH 0.1% NDH, 14 mL of precipitation
ACN
¢ methanol, diluted in 100 mL Millipore water (indateapproach)
d 50 mL matrix extract were concentrated to 2 mLuteidl in 100 mL Millipore water (indirect
approach)
€ Oasis HLB is not a weak ion exchange resin but lsgnper-based material sometimes used for
water analysis. Therefore, it was tested here #is we

Conclusions
= Matrix-free experiments yielded in acceptable recgwates for HR-XAW but
not for Oasis WAX. The reason for this finding rensal unclear.
= Clean-ups with anion exchange materials did nddyseafficiently clean matrix
extracts in the indirect approach (i.e. extractsewdiluted in 100 mL Millipore
water and then transferred to the SPE cartridges).
= Clean-ups are not suited
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2.5 Acidic clean-ups

Table S 6: Acidic clean-up in combination with soll phase extraction (SPE). 2mL S+IS: 2 mL of

solvenf (S) spiked with 50 pL of an internal standard (IS5 ng abs.). 2mL M+IS: 2 mL of matrix’
(M) spiked with 50 pL of an internal standard (IS,5 ng abs.). R: absolute recovery rate (%). MeOH:
methanol. ACN: acetonitrile. HAc: acetic acid.

2mL 2 mL Reros Rproa

observa-
f+1s MP+is Clean-Up (%) (%) tions/remarks
10 mL 1%-HAc, SPE: C18, wash, dry,
X elution 4 mL MeOH (Higgins et al., not measurable

2005)

4000uL highly concentrated $$Os, +

100mL H20, filter precipitation, pH clear and clean

adjustment with Nkito pH7, SPE Oasis nd nd n.d. because of t

Wax (Waters, 6 mL, 0.5 g), wash, dry, e e much HSO: (see

elution 5 mL MeOHO.1 NEki%, 14 mL below)

ACN

50 uL highly concentrated ¥$0Os, same

as above

X 100puL highly concentrated +$O,
same as above

X 250uL highly concentrated $$0s,
same as above

X 500uL highly concentrated 50y,
same as above

X 1000uL highly concentrated $$O,
same as above

X 2000puL highly concentrated $$0s,
same as above

X 1000uL highly concentrated +$O,
same as above but Oasis Waxxouple( 25
to - SO -cartridge (M&N)

X Same as above but 2 - 8Ocartridges
(M&N)

X 1000uL highly concentrated H2S04,
100 mL H20, pH adjustment to 7, SPE:
Oasis HLB(Waters, 6 mL, 0.5 g), was 16
dry, Elution 5 mL MeOH, 5mL 0.1 N8i
% in MeOH

X same as above but pH 2

grey-brown
precipitation

28 4

10

n.d.

n.d.

22

21

X same as above but pH 2 and elution
3 x 5mL MeOH
X same as above but pH 4

30

25

X same as above but pH 8 29

a methanol, diluted
b 50 mL matrix extract were concentrated to 2 mL

Conclusions
» The clean-up developed by Higgins et al. (2005)sfadge is not suited because
it did not result in measurable extracts
= Clean-ups using concentratedS®4 are promising since they removed almost all
visible matrix contents. However, recoveries did mge above ~30 % in matrix-
freeexperiments. SPE materials developed in future mprove this clean-up.
=» Clean-ups are not suited yet
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2.6 Clean-ups using dispersive Solid Phase Extract{SPE)

'Eggll()jle S 7: Clean-Up using dispersive SPE. R: recomerate (%). S: solvent. M: matrix. HAc: acetic

Reros Reproa

observa-
S+IS M+IS Clean-Up (%) (%) tions/remarks
5 g peat, USE with ACN, concentration dark brown, pre-

X to 1 mL, disp. SPE with 30 mg Envi- not measurable cipitatior,1
Carb+50 mL HAc
5 g peat + 15 mL ACN + 15 mL H20, dark brown, pre-

X shaking + Mix MNZ2, shaking, centri- not measurable T
fuge, transfer to vial, N2 cipitation

ge, ,
MN1a, shaking, centrifuge, ACN phase eallowish

X + MN4P®, shaking, centrifuge, transferto  n.d. 2 by

. rown, clear
vial, N2
5g Torf+ 15 mL ACN + 15 mL H20,

X shaking, Mix MNZE, shaking, centri- 15 6 yellow, clear;
fuge, ACN phase + MN5shaking, suited best
centrifuge, transfer to vial, N2
5g Torf+ 15 mL ACN + 15 mL H20,

X shaking, Mix MNZ, shaking, centri- 12 3 brownish yel-
fuge, ACN phase + MN§ shaking, low, clear
centrifuge, transfer to vial, N2
5 g peat + 15 mL ACN + 15 mL H20, dark brown, pre-

X shaking, centrifuge, + Mix SA2shak- not measurable T
. ) . cipitation
ing, centrifuge, transfer to vial, N2
5 g peat + 15 mL ACN + 15 mL H20,

X shaking, Mix SA2, shaking, centrifuge, not measurable brown, precipi-
ACN phase + SA4 shaking, centrifuge tation
transfer to vial, N2
5 g peat + 15 mL ACN + 15 mL H20,

X shaking, Mix SA%, shaking, centrifuge, 7 3 light brown,
ACN phase + SA4shaking, centrifuge clear
transfer to vial, N2
5 g peat + 15 mL ACN + 15 mL H20,
shaking, Mix SA%, shaking, centrifuge,

X ACN phase + SAE shaking, centrifug 5 ! brown, clear
transfer to vial, N2
1 g peat+ 1 mL 200 mmol NaOH in
MeOH for 1/2 h, + 20QL HCI1 N + 5 ellowish
mL ACN, 2x USE, shaking, + MN 7 38 24 yb
(Lechner et al., 2010) shaking, transfer rown
to vial
5 g peat, ASE extraction with ACN,
concentration to 5 mL,+ H20+ Mix greenish yellow

X MN1? shaking, centrifuge, ACN n.d. n.d. fi . 'tatior'1
phase +MN4, shaking, centrifuge, IN€ precip!
transfer to vial, N2
5 g peat, ASE extraction with ACN,
concentration to 5 mL,+ H20+ Mix greenish yellow

X MN1? shaking, centrifuge, ACN phase 8 4 clear suited best’
+MN5¢, shaking, centrifuge, transfer to '
vial, N2
5 g peat, ASE extraction with ACN,
concentration to 5 mL,+ H20+ Mix

X MN1? shaking, centrifuge, ACN 6 3 yellow, clear
phase +MNB8, shaking, centrifuge,
transfer to vial, N2

X 5 mL ACN + 5 mL H20, Mix % only, 56 68
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transfer to vial, N2
5 mL ACN + 5 mL H20, shaking, Mix

X MN12 shaking, ACN phase + MN5 21 23
shaking, transfer to vial
5 mL ACN + 5 mL H20, shaking, Mix suited best (final
X MN12 shaking, centrifuge, ACN phase 63 45 method; for de-
+MNS5¢ +400uL HAc (pH3-4) shaking, tails, refer to the
centrifuge, transfer to vial, N2 main text)
5 mL ACN + 5 mL H20, shaking, Mix
X MN12 shaking, centrifuge, ACN phase 50 50

+ MN5¢+150uL 1N HCI (pH1-2)
shaking, centrifuge, transfer to vial, N2
aMacherey & Nagel, QUEChERS Mix Macherey & Nagel, QUEChERS Mix IV
cMacherey & Nagel, QUEChERS Mix aMacherey & Nagel, QUEChERS Mix VI
eSupelco, QUEChERS MixiSupelco, QUEChERS Mix 4
gSupelco, QUEChERS MixdSupelco, QUEChERS Mix 5

Conclusions
» The clean-up described by Rubart et al. (2011pfota samples is not suited be-
cause it did not result in measurable extracts
= Of those dispersive SPE (QUEChERS) clean-ups iigateti, MN1 + MN5 +
400 pL HAc was suited best with absolute recovatgs up to 63 %. Future stud-
ies should improve this clean up that higher recpvates are achieved.
=>» Finally chose clean up, may be improved in future
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3. Final analytical procedure

2 g peat
in 15 mL PP tubg

+ 50 pL IS
/ +7.5mL ACN

15 min USE
Centrifugation at 5000 rpm

\/_ + 7.5 mL ACN

Transfer supernatant to 15 min USE

glass flask -

Final volume about 15 mL|

Centrifugation at 5000 rpm

<=

Rotary evaporation to 5 mL |

<=

+ 5 mL Millipore water
Transfer concentrated | / + MN Mix |
extract to 15 mL PP tube

<=

Shake vigorously (1 min)

Centrifugation at 5000 rpm

<=

+ 400pL acetic acid
Transfer supernatant | / + MN Mix V

to 15 mL PP Tube

<=

Shake vigorously (1 min)

Centrifugation at 5000 rpm

\/_ +5 mL ACN

Transfer supernatant to _ Shake
A0k s He Centrifugation at 5000 rpm

Final volume about 10 mL

+ 50 pL MeOH:water 1:4
N, - evaporation to 150 pL / | a

Transfer to 200 puL HPLC vial

| DetectionatLcmsivs |

Figure S 1: Overview about the analytical procedureUSE: ultra sonic extraction. ACN: acetonitrile.
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W‘ :"‘J',‘}MM;“‘

-
- .
-

after clean-up 1 with MN Mix |  after clean-up 2 with MN Mix V
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4. Validation of the analytical method

4.1 Detection & Quantification limits

Table S 8: Instrumental detection limits (IDL), method detection limits (MDL)
and method quantification limits (MQL).

DL MDL® MQL®
(ng kg) (ng kg™) (ng kg™)
PFBS 1.9 24 62
PFHXS 2.2 - -
PFHpS 2.0 67 186
PFOS 2.6 25 64
PFDS 1.6 16 44
PFBA 15.5 141 282
PFPA 4.2 54 140
PFHxA 2.7 6 17
PFHpA 2.6 25 70
PFOA 2.8 46 74
PENA 3.0 19 48
PFDA 4.4 9 23
PFUNDA 6.4 8 20
PFDoDA 3.8 15 41
PFTrDA 5.1 4 11
PFTeDA 7.5 - -
PFHxDA 15.6 61 160
PFOcDA 11.6 95 247
MeFOSA 12.4 - -
EtFOSA 12.1 - -
MeFOSE 8.0 - -
EtFOSE 6.5 - -
MeFBSA 32.6 - -
MeFBSE 6.0 - -
FOSA 94 - -
a calculated on the basis of signal to noise ratfadandards (IDL at S/N<3)
b calculated as average of substance’s method bl&n& *standard deviation

c calculated as average of substance’s method bldfk*standard deviation
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4.2 Analyte losses stepwise

The investigation of analyte losses for major atedy steps occurred
as illustrated in figure S2. Figure S2 also sumpegrilosses for
PFOS, PFOA and for all analytes on average. Ovarajor losses
occur during the clean-up and the evaporation 15 and transfer
to the vial. Thus, if overall performance of theatical method is to
be improved in future, efforts should focus on ehsteps.

LOSSES

average PFOS PFOA

-54 % S7% -53%
épike step l<

EXTRACTIN € 5%) (+1%) ¢1%)
l épikestep 2<

| RoTARY EVAPORATION | 0% 0% (+2 %)
l épikestep 3<

34% 37% 39 %
l Qpﬂm step 4<

N, EVAPORATION — — i

DETE CTION e . R

Figure S 2: Overview about losses during major exaiction steps. Positive values
are given in brackets since this would mean a gaiof analytes from one step to
the other.
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Recovery rates when spiking prior to the

I e xtraction
100 I rotary evaporation
[clean-up
[ evaporation N,
80 -
S
2 60-
o
1=
el
2
o 404
o
[}
™
20 -
0 -

PFBS PFHxS PFHpS PFOS PFDS

Figure S 3: Recovery rates +/- standard deviation&b) illustrating losses of per-
fluoroalkane sulfonates during major analytical stgs. Substances were spiked
prior to the extraction, rotary evaporation, cleanup and final evaporation using

N2.

Recovery rates when spiking prior to the

I = xtraction
100 - I rotary evaporation
[ clean-up
evaporation
J tion N,
80 -
S
2 60
©
S
)
2
o 404
o
[}
™
20 -

PFBA PFPA PFHxA PFHpA PFOA

Figure S 4: Recovery rates +/- standard deviation@o) illustrating losses of C4 -
C8 perfluoroalkyl carboxylates during major analytical steps. Substances were
spiked prior to the extraction, rotary evaporation, clean-up and final evapora-

tion using N2.
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Recovery rates when spiking prior to the

I =xtraction

100 [l rotary evaporation
[Iclean-up

[ evaporation N,

recovery rate (%)

PFNA PFDA PFUnDA PFDoDA PFTriDA PFTeDA

Figure S 5: Recovery rates +/- standard deviation§b) illustrating losses of C9-
C14 perfluoroalkyl carboxylates during major analytical steps. Substances were
spiked prior to the extraction, rotary evaporation, clean-up and final evapora-

tion using N2.

Recovery rates when spiking prior to the

I =xtraction

100 [l rotary evaporation
[Iclean-up

[ evaporation N,

recovery rate (%)

FOSA NMeFOSA NEtFOSA NMeFOSE NEtFOSE MeFBSA MeFBSE

Figure S 6: Recovery rates +/- standard deviation®b) illustrating losses of per-
fluoroalkana sulfonamide substances. Substances veespiked prior to the ex-

traction, rotary evaporation, clean-up and final exaporation using Ne.
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recovery rate (%)

Recovery rates when spiking prior to the

120

100

80

60

40

20

1802PFHxS  13CPFOS 13CPFBA 13CPFHxA 13CPFOA 13CPFNA 13CPFDA

I extraction

I rotary evaporation
[_Jclean-up

[ evaporation N,

Figure S 7: Recovery rates +/- standard deviation§b) illustrating losses of sev-
eral mass-labelled PFASs. Substances were spikedgrrto the extraction, rotary

evaporation, clean-up and final evaporation using &

recovery rate (%)

Recovery rates when spiking prior to the

120

100

80

60

40

20

13CPFUnDA 13CPFDoDA 13CPFOSA D3-MeFOSA D5-EtFOSA D7-MeFOSE D9-EtFOSE

I =xtraction

I rotary evaporation
[Jclean-up

[ evaporation N,

Figure S 8: Recovery rates +/- standard deviation§b) illustrating losses of sev-
eral mass-labelled PFASs. Substances were spikedgorto the extraction, rotary

evaporation, clean-up and final evaporation using &
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4.3 Matrix effect

The matrix effect of mass-labelled PFASs was evatlian an extract-
ed and cleaned peat sample. The matrix effect alaslated as:

Matrix effect = 100 % - (€ample + 1S— Csampld / Csolvent+is (Kro-
midas, 2003)

with  Csample + 1$ Substance concentration in a spiked sample (@ag) p
sample, extracted and cleaned up, concentrate@aqul, + 50
pL of a solution containing mass-labelled
PFASs (5 ng abs.), + 50 uL water:MeOH 4:1
Csamplé substance concentration in a ‘normal’ sample é&sam
above without spiking mass-labelled PFASS)
Csolvent+IS substance concentration in spiked solvent (100 pL

acetonitrile + 50 pL of a solution containing mésselled
PFAS (5 ng abs.), + 50 pL water:methanol 4:1)

Despite the clean- up which reduced lots of visihkgrix components,
matrix still reduced recovery rates by roughly 860 %. Thus, future
studies should improve the clean up procedure qulyamatrix-
matched calibrations or standard addition for gifiaation. In the pre-
sent study, this was not possible, since a siniHlBASs-free matrix
was not available and the available amount of peat not enough to
apply standard addition as described by Rubardh ¢2011).

Table S 9: Matrix effect for mass-labelled PFASs.

matrix effect (%)

0, PFHXS 46
1¥c-PFOS 51
13c-PFBA 66
Bc-PFHxA 30
3c-pFoA 55
Bc.pENA 47
Bc.prDA 51
13c-PFUNDA 52
¥c.PFDODA 45
1¥c-pFOSA 54
D3-MeFOSA 51
Ds-EtFOSA 63
D7-MeFOSE 52

Dg-EtFOSE 48
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4.4 Relative recovery rates of native PFASs

Relative recovery rates (i.e. recovery rate ofueaBRFASSs corrected by
recovery rate of the corresponding mass-labelle8dS2lr were calcu-
lated as quality measure for the correction ofweaRPFASs by mass-
labelled PFASSs. Ideally, relative recovery rates HdO %, i.e. the cor-
recting mass -labelled compound behaves exactlgdhee as the na-
tive substance. Usually, relative recovery rates @assified as ac-
ceptable if they are between 80 and 120 %. TablepBdsents relative
recovery rates calculated for the entire methoduding peat extrac-
tion, clean-up and detection. For most analytesection by their cor-

responding mass-labelled standards was acceptaitihen(80-120 %).

Compounds with relative recovery rates outside hi§ tange were
usually those for which substance-specific maseHeth internal

standards were not available. This also demondtthteimportance of
substance-specific mass-labelled internal standarB§AS analyses.

Table S 10: Relative recovery rates of native PFASse. recovery rate of native
PFAS corrected by recovery rate of the correspondip mass-labelled PFASS).

relative recovery rate error

recovery rate

compound corrected by (%) (abs., %) within 80-120 % ?
PFBS 0o, -PFHXS 90 10 Yes
PFHXS €0, -PFHXS 83 17 Yes
PFHpS Bc .pros 149 -49 No
PFOS ¢ -pFos 102 -2 Yes
PFDS Yc -pFos 106 6 Yes
PFBA Yc -pFBA 111 -11 Yes
PFPA 13c -PFHxA 96 4 Yes
PFHXA B¢ _PFHxA 92 8 Yes
PFHpA B¢ -pFoA 65 35 No
PFOA B¢ -PFOA 95 5 Yes
PFNA B¢ .pPENA 97 3 Yes
PFDA ¥c -pFDA 89 11 Yes
PFUNDA  °C -PFUnA 88 12 Yes
PFDoDA  °C -PFDoA 93 7 Yes
PFTIDA ¢ -PFDoA 109 -9 Yes
PFTeDA  °C -PFDoA 140 -40 No
PFOcDA  °C -PFDoA 85 15 Yes
FOSA ¥c pPFoOsA 108 -8 Yes
MeFOSA  D3-MeFOSA 94 6 Yes
EtFOSA Ds-EtFOSA 89 11 Yes
MeFOSE  D7-MeFOSE 93 7 Yes
EtFOSE Dg-EtFOSE 97 3 yes
MeFBSA D3-MeFOSA 91 9 yes
MeFBSE  D7-MeFOSE 94 6 yes
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4.5 Absolute recovery rates of mass-labelled PFASs

Absolute recovery rates of mass-labelled intertahdards (IS) were
determined for each sample. Whereas concentrabbmative com-
pounds were calculated using a 6-point responserfaalibration,
concentrations of mass-labelled PFASs were cakdiaith a separate
4-point calibration containing IS at different ‘czantration levels’ as

well.

Absolute recovery rates of mass-labelled IS in blaamples were
similar to those observed in preliminary experirseffigures S3-S8).
Absolute recovery rates of samples were lower wiggbrobably due
to the matrix effect (table S10). Thus, future sgadshould further im-

prove the method performance.

Table S 11: Average absolute recovery rates and staard deviations (SD) of
blanks (n=4) and samples (n=38).

blanks samples

recovery SD recovery SD

(%) (%) (%) (%)

0,-PFHxS 47.0 3.9 18.1 9.6
Bc.pros 54.1 9.0 23.0 12.6
Bc.prBA 49.9 9.3 7.6 7.1
13c-PFHXA 35.7 8.5 5.5 5.8
Bc.proa 36.6 8.2 9.2 6.1
13c-PENA 40.3 8.9 11.3 6.6
13c-PFDA 40.7 3.9 8.9 3.9
¥c.PFUNDA 43.2 3.3 13.7 6.4
13c-PFDoDA 39.6 2.1 14.2 8.0
Bc.Fosa 44.7 2.2 17.5 8.1
D3-MeFOSA 41.4 3.4 17.3 8.3
Ds-EtFOSA 38.9 1.2 15.9 7.1
D7-MeFOSE 40.5 6.2 17.5 8.3
Do-EtFOSE 44.2 4.2 17.2 11.0
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4.6 Accuracy & precision of the analytical method
In order to determine accuracy and precision ofnie¢hod, three peat
samples were spiked with 50 pL (about 5 ng absg sblution con-
taining mass-labelled and native PFASs. Peat sanwpége analysed
with the final method described in the main texd anfigure S1. Con-
centrations of native PFASs were calculated by résponse factor
method. For accuracy, the measured amount of PR&Sscompared
to the spiked amount. Precision of the method wetsrthined using
standard deviations of the triplicates.
Accuracy and precision of the method to determiRA$S in peat are
given in table S12. Except for few exceptions, treéastandard devia-
tions as measure of precision were below 5 % affereihces between
spiked and measured amounts as measure for acameseybelow 20
%. Compounds with higher deviations were usuallyséhfor which
substance-specific mass-labelled internal standaeds not available.
Table S 12: Accuracy (ng, %) and precision (ng, %df the method. SD: stand-
ard deviation. RSD: relative standard deviation.
PFAS amount accuracy precision

M spiked M measured M spiked-IM measured M spiked-IM measured SD RSD

(ng) (ng) (abs.) (n9) (rel.) (%) (ng) (%)
PFBS 4.4 4.0 0.5 10 0.35 8.9
PFHXS 4.6 3.8 0.8 17 0.17 4.4
PFHpS 4.8 7.1 2.3 -49 0.42 6.0
PFOS 4.8 4.9 0.1 -2 0.21 4.4
PFDS 4.8 5.1 -0.3 -6 0.46 9.0
PFBA 5 5.6 -0.6 -11 0.14 2.6
PFPA 5 4.8 0.2 4 0.17 3.4
PFHXA 5 4.6 0.4 8 0.20 4.2
PFHpA 5 3.2 1.8 35 0.28 8.7
PFOA 5 4.7 0.3 5 0.22 4.6
PFNA 5 4.8 0.2 3 0.10 2.1
PFDA 5 4.5 0.5 11 0.12 2.7
PFUNDA 5 4.4 0.6 12 0.06 1.4
PFDoDA 5 4.7 0.3 7 0.06 1.3
PFTrDA 5 5.4 -0.4 -9 0.10 1.9
PFTeDA 5 7.0 2.0 -40 0.87 12.4
PFOCDA 5 5.4 -0.4 -8 0.73 13.6
FOSA 5 4.2 0.8 15 0.07 1.7
MeFOSA 5 4.7 0.3 6 0.03 0.7
EtFOSA 5 4.5 0.5 11 0.49 10.9
MeFOSE 5 4.7 0.3 7 0.17 3.6
EtFOSE 5 4.9 0.1 3 0.10 2.1
MeFBSA 5 4.6 0.5 9 0.19 3.8
MeFBSE 5 4.7 0.3 6 0.16 3.2
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4.7 Method uncertainties (EURACHEM / CITAC Guide & ISO
20988)

The uncertainties of the entire method were caledlaccording to
EURACHEM/CITAC guidelines (EURACHEM / CITAC, 200@nd
on the basis of paired measurements according @ 2388 (ISO-
20988, 2007). Uncertainty calculation accordingetoRACHEM was
performed on the basis of standard uncertaintiésnated for each
parameter (e.g. standard purities, peat weighiogesand intercept of
calibration curve, precision of instrumental detatt that was in-
volved in the calculation of PFAS concentrationspgat. Combined
and expanded uncertainties related to average R#&&6 concentra-
tions are presented in Table S13. In contrast, ntaiogy calculations
according to 1ISO 20988 (Tables S14, S15) invohesiilts of parallel
measurements. In this study, two types of paralehples were sepa-

rated: $ intra-core parallels and"2 inter-core parallels. Uncertainty
calculations on intra-core parallels (i.e. pairedasurements of sam-
ples from the same core) depict the analytical tasgy. Uncertainty
calculations on inter-core parallels (i.e. pairedasurements of sam-
ples from two different cores) additionally accodot the sampling
process.

Table S 13: Combined and expanded uncertainties (%galculated for detected
PFASs in peat according to EURACHEM guidelines. Unertainties were related
to the average PFAS concentrations in peat.

combined uncertainty  expanded uncertainty
(%) (%)

PFHxS 45 91
PFOS 8 16
PFBA 2 4
PFPA 150 300
PFHXA 30 60
PFHpA 203 406
PFOA 6 13
PENA 30 60
PFDA 25 50
PFUNDA 12 23
PFDoDA 39 79
PFTrDA 122 245

PFTeDA 142 284
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Table S 14: Combined and expanded uncertainties (Yalculated for detected
PFASs in peat according to 1ISO 20988 on the basi$ paired intra-core meas-
urements. Uncertainties were related to the averagPFAS concentrations in
peat.

combined standard expanded uncertainty

uncertainty (%) (%)
PFHxS 144 302
PFOS 24 51
PFBA 43 90
PFPA 164 345
PFHXxA 48 100
PFHpA 53 111
PFOA 10 21
PENA 15 30
PFDA 24 51
PFUNDA 17 37
PFDoDA 26 55
PFTrDA 24 50
PFTeDA 28 59

Table S 15: Combined and expanded uncertainties (Yalculated for detected
PFASs in peat according to ISO 20988 on the basi$ paired inter-core meas-
urements. Uncertainties were related to the averagPFAS concentrations in
peat.

combined standard expanded
uncertainty (%) uncertainty (%)

PFHXxS 142 299
PFOS 46 97

PFBA 63 132
PFPA 279 586
PFHxA 62 129
PFHpA 101 211
PFOA 45 94

PFENA 38 80

PFDA 47 98

PFUNnDA 61 127
PFDoDA 74 156
PFTrDA 81 170
PFTeDA 81 171

As observed in previous validation experiments, eutanties were
usually highest for those analytes which were yadstected or for
which compound-specific mass-labelled internal déads were not
available. For the other compounds, combined uaicgigs according
to Eurachem guidelines and 1ISO 20988 (intra-corpragch) were
roughly between 5 and 50 %. Precision of the measents and errors
of the calibration curves’ intercepts usually cdanited the most. Inter-
core uncertainties were higher than intra-core tangies, demon-
strating that the sampling (different compactionpeft during sam-
pling, different peat microstructure, choice og}its an important fac-
tor influencing concentrations.
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4.8 Analytical blanks
Table S 16: Concentrations (ng k'gl) of those analytes detected in analytical
blanks.

MBI-BW1  MBI-BW2  MBII-BW1 MBII-BW2 average SD
PFBS 12 7 <MDL <MDL 4.6 5.8
PFHpS 35 <MDL <MDL <MDL 8.9 17.7
PFOS 10 10 <MDL <MDL 5.1 5.9
PFDS <MDL 8 <MDL <MDL 2.1 4.2
PFBA 74 77 93 43 71.7 21.0
PFPA <MDL 22 23 <MDL 11.1 12.9
PFHxA <MDL 3 3 <MDL 1.3 15
PFHpA <MDL 13 <MDL <MDL 3.3 6.7
PFOA 33 37 30 28 321 4.2
PFNA <MDL 9 7 2 4.4 4.4
PFDA 5 1 <MDL <MDL 15 2.2
PFUNDA 3 2 4 <MDL 2.2 1.7
PFDoDA 8 <MDL <MDL <MDL 2.0 3.9
PFTrDA <MDL <MDL 2 <MDL 0.5 1.0
PFHxDA 31 15 <MDL <MDL 11.6 14.8
PFOcDA 44 33 <MDL <MDL 19.4 22.8
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5. Sampling
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Figure S 9: Location of Mer Bleue Bog, Canada. Figw adapted from Lai (2009).
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Figure S 10: Mer Bleue Bog, Canada.

Figure S 11: Peat core taken at Mer Bleue Bog.
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6. Dating approach, used in this study

In this study, two peat cores were taken at Meu8l@ 2009 and cut into 5 cm segments
after the sampling. In order to obtain the ageawhesegment, dating was applied from
another study (Thuens 2012, personal communicaginalysing peat cores taken at Mer
Bleue in the same year to investigate the contamimdnistory on other organic pollu-
tants. This appeared to be a cost-effective angdw@Epproach for studying additional

organic pollutants beforehand because of the fatigweasons.

15t The age of the 5 cm sections of thfé@Pb dated peat cores taken in that study
(Thuens 2012, personal communication) correlateshgly with the accumulated dry
weight of the cores (?Q: 0.98) and three cores differed not substantidlherefore, a

uniform growth rate can be assumed, indicating diasing of one core may be applied to
another core without adding too much uncertaintiyc@urse, this implies that the peat
layers are parallel and evenly distributed overghat bog. Although this can certainly
not be completely applied for an entire bog of $ie of Mer Bleue, uniform growth
may be presumed when the same microstructureh@liews in this case) are sampled
within a small defined area.

3,0

— Linear (MB core 1)

—— Linear (MB core 2)

age-accumulated weight R? = 0 99557

§

IS

(&)

2 & MBcorel
E

2 m MB core 2
o

= MB core 3
‘2‘ A

©

S

>

Q

Q

@

——Linear (MB core 3)

0 20 40 60 80 100 120 140
age of peat (a)

Figure S 1. Age-accumulated weight using 3 Mer Bleupeat cores (Thiins 2012, personal communi-
cation).

2"d In a previous study on PAHs in ombrotrophic bag<Canada (Dreyer et al. 2005),
peat cores were taken at Mer Bleue bog at two réifietimes, extracted, and analysed

for their PAH content. A significant difference @€5) between both cores was not ob-
174



APPENDIX STUDY 4

served indicating replicate cores taken at Mer 8lprovide reproducible information on
historic atmospheric deposition of organic contaants.

Differences in PAH concentrations taken at Mer Bleu e

Differences in PAH concentrations taken at Mer Bleu e

3000
2500 -
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——A

concentration (ug/kg)

Figure S 13:Depth-dependent PAH concentrations in Rer Bleue peat cores taken at two different
times.

However, as we now know, significant differencegevebserved in the present study
regarding the depth distribution of several PFAS idifferent peat cores from Mer

Bleue. Among other reasons, this may also be dtleetaise of an external peat core for
their dating. Thus, with the knowledge we have radter having analyzed these cores
for their historical PFAS contamination, it is asifdle to use an internal dating of each

core instead of applying external data.

Although the dating by using another peat cordnefdame bog may appear to be a limit-
ing factor, major conclusions and findings of tmanuscript are not depending largely
on the accuracy of the dating. Consequently, datimgertainties will not reduce the le-

gitimacy of these other findings substantially
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7. PFAS concentrations determined in peat samples

Table S 17: Blank-corrected PFAS concentrations (ngg'l) of the first parallel in the first core taken
at Mer Bleue Bog (MB-I). < MDL: below the method deection limit. < MQL: below the method

quantification limit. < IDL: below the instrumental detection limit. n.d.:

not detected.
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age 0 3 8 17 26 36 47 64 82 97
year 2009 2006 2001 1992 1983 1973 1962 1945 1927 1912
PFBS <MDL <MDL <IDL <MDL <MDL 71 <MDL <MDL <MDL < MDL
PFHxS 131 28 17 6 10 14 25 14 19 19
PFHpS n.d. n.d. nd. <MDL <MDL <MQL n.d. n.d. nd. <MDL
PFOS 76 130 296 469 461 711 726 532 303 114
PFDS n.d. nd. <MDL <MDL < MDL n.d. n.d. n.d. n.d. n.d.
PFBA (654) (1572) (1572) (1171) (2084) (1408) (3141) (2043) (848) (2131)
PFPA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFHxA 88 42 38 93 53 72 108 69 120 107
PFHpA <|IDL < MDL 35 49 54 31 60 39 <MDL n.d.
PFOA < MDL 66 118 192 229 352 416 364 249 232
PENA 41 143 229 259 241 203 263 148 69 44
PFDA 12 36 65 87 49 36 32 19 13 < IDL
PFUNDA 34 144 282 291 134 78 28 10 < IDL n.d.
PFDoDA < MDL 32 76 110 44 41 <MDL <MDL <MDL < MDL
PFTriDA 9 27 76 138 50 14 n.d. n.d. n.d. n.d.
PFTeDA 13 17 21 61 40 28 n.d. n.d. n.d. n.d.
PFHxDA <IDL <IDL <IDL <MDL <MDL <MDL <MDL n.d. n.d. n.d.
PFOcDA <MDL nd. <IDL <IDL <IDL n.d. n.d. n.d. n.d. n.d.
NMeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NEtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NMeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NEtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table S 18: Blank-corrected PFAS concentrations (ngg'l) of the second parallel in the first core
taken at Mer Bleue Bog (MB-I). < MDL: below the mehod detection limit. < MQL: below the meth-
od quantification limit. < IDL: below the instrumental detection limit. n.d.: not detected. PFBA val-
ues are in brackets because of insufficient peak ape in the chromatogram.
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age 0 3 8 17 26 36 47 64 82 97
year 2009 2006 2001 1992 1983 1973 1962 1945 1927 1912
PFBS n.d. nd. <MDL <MDL <MDL <MDL <MDL < MDL n.d. n.d.
PFHxS 40 33 5 10 12 29 21 22 15 17
PFHpS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOS 101 217 316 637 472 758 720 532 355 93
PFDS < |DL n.d. n.d. nd. <MDL n.d. n.d. n.d. n.d. n.d.
PFBA (574) (1574) (1335) (188) (1473) (2814) (317) (453) <MDL (818)
PFPA nd. <MDL <MDL <MDL <MDL < MDL n.d. n.d. n.d. n.d.
PFHxA 95 44 13 56 37 52 23 38 n.d. 45
PFHpA <MDL <MDL <MDL 63 49 81 99 54 <MDL n.d.
PFOA <MDL 131 101 189 257 404 514 367 229 202
PFENA 33 192 223 271 234 322 297 156 89 44
PFDA <MDL 73 89 81 52 53 34 23 16 n.d.
PFUNDA 43 222 273 314 129 95 37 12 n.d. n.d.
PFDoDA < MDL 48 75 104 36 29 <IDL n.d. n.d. n.d.
PFTrDA 8 53 76 122 42 18 <IDL n.d. n.d. n.d.
PFTeDA n.d. 10 12 42 27 13 n.d. n.d. n.d. n.d.
PFHxDA n.d. <IDL <IDL <MDL <MDL <MDL <MDL n.d. n.d. n.d.
PFOcDA <IDL n.d. n.d. <IDL <IDL <MDL n.d. n.d. n.d. n.d.
MeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA <IDL <IDL n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table S 19: Blank-corrected PFAS concentrations (n§g '1) of the first parallel in the second core
taken at Mer Bleue Bog (MB-Il). < MDL: below the mehod detection limit. < MQL: below the
method quantification limit. < IDL: below the instr umental detection limit. n.d.: not detected.
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age 0 3 8 17 26 36 47 64 82
year 2009 2006 2001 1992 1983 1973 1962 1945 1927
PFBS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFHXS n.d. 46 6 n.d. 10 11 17 12 n.d.
PFHpS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOS 74 376 573 894 950 539 294 570 n.d.
PFDS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFBA (2780) (4865) (1123) (2005) (2438) (1357) (1273) (1131) (1253)
PFPA 154 171 82 <MDL n.d. <DL <IDL n.d. n.d.
PFHXA 148 115 86 131 101 32 32 40 n.d.
PFHpA <MDL 86 54 29 56 34 <MDL <MDL n.d.
PFOA 136 211 241 436 509 346 243 278 194
PFNA 52 193 162 320 396 206 82 160 <MQL
PFDA 21 36 a7 57 60 27 nd. <MQL n.d.
PFUNDA 122 123 116 160 122 37 <MQL <MQL nd.
PFDoDA 47 56 42 72 65 <MDL nd. n.d. n.d.
PFTrDA 46 28 39 42 37 <MQL <MDL n.d. n.d.
PFTeDA 18 63 40 88 65 n.d. nd. <IDL n.d.

PFHxDA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOCDA n.d. n.d. nd. <MDL <MDL n.d. n.d. n.d. n.d.
MeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table S 20: Blank-corrected PFAS concentrations (ngg'l) of the second parallel in the second core
taken at Mer Bleue Bog (MB-Il). < MDL: below the mehod detection limit. < MQL: below the
method quantification limit. < IDL: below the instr umental detection limit. n.d.: not detected.
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age 0 3 8 17 26 36 47 64 82
year 2009 2006 2001 1992 1983 1973 1962 1945 1927
PFBS n.d. n.d. nd. <MDL <MDL <MDL n.d. n.d. n.d.
PFHXS 157 n.d. n.d. 14 18 7 15 8 n.d.
PFHpS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOS 88 296 319 469 732 546 242 432 n.d.
PFDS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

PFBA (2265) (3901) (1380) (1771) (3028) (1536) (1152) (1281) (875)
PFPA < MDL 117 87 nd. <MDL <MDL n.d. n.d. n.d.

PFHxA 162 140 100 61 48 49 37 51 n.d.
PFHpA  <MDL 72 95 86 56 45 <MDL <MDL n.d.
PFOA 160 225 237 394 568 351 268 296 167
PFENA 62 166 234 319 412 206 81 149 < MDL
PFDA 12 35 49 62 66 18 nd. <MDL n.d.
PFUNDA 108 138 147 130 116 27 nd. <MDL n.d.
PFDoDA 52 45 25 38 54 <MDL n.d. n.d. n.d.

PFTrDA 37 44 43 49 49 n.d. n.d. n.d. n.d.
PFTeDA 20 70 59 85 66 n.d. n.d. n.d. n.d.
PFHxDA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOcDA <IDL <IDL <IDL <MDL <MDL n.d. n.d. n.d. n.d.
MeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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8. PFAS deposition rates determined in peat same

Table S 21: PFAS deposition rates (ng ih a'l) of the first parallel in the first core taken at Mer
Bleue Bog (MB- 1). < MDL: below the method detectia limit. < MQL: below the method quantifica-
tion limit. < IDL: below the instrumental detection limit. n.d.: not detected.
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age 0 3 8 17 26 36 47 64 82 97
year 2009 2006 2001 1992 1983 1973 1962 1945 1927 1912
PFBS <MDL <MDL <IDL <MDL < MDL 35 <MDL <MDL <MDL < MDL
PFHxS 59 12 4 1 2 7 9 3 5 6
PFHpS n.d. n.d. nd. <MDL <MDL <MQL n.d. n.d. nd. <MDL
PFOS 34 55 61 74 101 351 245 107 73 38
PFDS n.d. nd. <MDL <MDL < MDL n.d. n.d. n.d. n.d. n.d.
PFBA (295) (666) (323) (185) (458) (696) (1061) (412) (204) (705)
PFPA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFHxA 40 18 8 15 12 35 36 14 29 36
PFHpA <IDL <MDL 7 8 12 15 20 8 <MDL n.d.
PFOA < MDL 28 24 30 50 174 140 73 60 77
PENA 19 61 47 41 53 100 89 30 17 14
PFDA 5 15 13 14 11 18 11 4 3 < |DL
PFUNDA 15 61 58 46 29 38 9 2 < |IDL n.d.
PFDoDA < MDL 14 16 17 10 20 <MDL <MDL <MDL < MDL
PFTrDA 4 11 16 22 11 7 n.d. n.d. n.d. n.d.
PFTeDA 6 7 4 10 9 14 n.d. n.d. n.d. n.d.
PFHxXxDA <IDL <IDL <IDL <MDL <MDL <MDL <MDL n.d. n.d. n.d.
PFOcDA <MDL nd. <IDL <IDL <IDL n.d. n.d. n.d. n.d. n.d.
MeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table S 22: PFAS deposition rates (ng 'r?na'l) of the second parallel in the first core taken aMer
Bleue Bog (MB-I). < MDL: below the method detectiorlimit. < MQL: below the method quantifica-

tion limit. < IDL: below the instrumental detection limit. n.d.: not detected.
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age 0 3 8 17 26 36 47 64 82 97
year 2009 2006 2001 1992 1983 1973 1962 1945 1927 1912
PFBS n.d. nd. <MDL <MDL <MDL <MDL <MDL < MDL n.d. n.d.
PFHxS 18 14 1 2 3 14 7 4 4 6
PFHpS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOS 45 92 65 101 104 375 243 107 86 31
PFDS < |DL n.d. n.d. nd. <MDL n.d. n.d. n.d. n.d. n.d.
PFBA (259) (667) (274) (30) (324) (1391) (107) (91) <MDL (271)
PFPA nd. <MDL <MDL <MDL <MDL <MDL n.d. n.d. n.d. n.d.
PFHxA 43 19 3 9 8 26 8 8 n.d. 15
PFHpA <MDL <MDL <MDL 10 11 40 34 11 <MDL n.d.
PFOA <MDL 55 21 30 56 200 173 74 55 67
PFENA 15 81 46 43 52 159 100 31 22 15
PFDA <MDL 31 18 13 11 26 11 5 4 n.d.
PFUNDA 20 94 56 50 28 47 12 2 n.d. n.d.
PFDoDA < MDL 20 15 16 8 14 <IDL n.d. n.d. n.d.
PFTrDA 4 22 16 19 9 9 <IDL n.d. n.d. n.d.
PFTeDA n.d. 4 2 7 6 6 n.d. n.d. n.d. n.d.
PFHxDA n.d. <IDL <IDL <MDL <MDL <MDL <MDL n.d. n.d. n.d.
PFOcDA <IDL n.d. n.d. <IDL <IDL <MDL n.d. n.d. n.d. n.d.
MeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA <IDL <IDL n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

181



STUDY 4

APPENDIX

Table S 23: PFAS deposition rates (ng 'r%a'l) of the first parallel in the second core taken aMer
Bleue Bog (MB-Il). < MDL: below the method detectim limit. < MQL: below the method quantifi-
cation limit. < IDL: below the instrumental detection limit. n.d.: not detected.
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age 0 3 8 17 26 36 47 64 82
year 2009 2006 2001 1992 1983 1973 1962 1945 1927
PFBS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFHxS n.d. 17 2 n.d. 2 3 5 3 n.d.
PFHpS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOS 26 142 223 188 199 141 86 128 n.d.
PFDS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFBA (991) (1841) (437) (421) (510) (356) (373) (254) (512)
PFPA 55 65 32 < MDL n.d. <IDL <IDL n.d. n.d.
PFHxA 53 43 34 27 21 8 9 9 n.d.
PFHpA < MDL 32 21 6 12 9 <MDL <MDL n.d.
PFOA 49 80 94 92 107 91 71 62 79
PENA 18 73 63 67 83 54 24 36 < MQL
PFDA 7 14 18 12 13 7 nd. <MQL n.d.
PFUNDA 44 47 45 34 26 10 <MQL <MQL n.d.
PFDoDA 17 21 16 15 14 <MDL n.d. n.d. n.d.
PFTrDA 17 11 15 9 8 <MQL <MDL n.d. n.d.
PFTeDA 6 24 16 18 14 n.d. nd. <IDL n.d.
PFHxDA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOCDA n.d. n.d. nd. <MDL <MDL n.d. n.d. n.d. n.d.
MeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Table S 24: PFAS deposition rates (ng i%a'l) of the second parallel in the second core taken Mer
Bleue Bog (MB-Il). < MDL: below the method detectim limit. < MQL: below the method quantifi-
cation limit. < IDL: below the instrumental detection limit. n.d.: not detected.
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age 0 3 8 17 26 36 a7 64 82
year 2009 2006 2001 1992 1983 1973 1962 1945 1927
PFBS n.d. n.d. nd. <MDL <MDL < MDL n.d. n.d. n.d.
PFHxS 56 n.d. n.d. 3 4 2 5 2 n.d.
PFHpS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOS 31 112 124 98 153 143 71 97 n.d.
PFDS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFBA (807) (1476) (537) (371) (634) (402) (337) (287) (357)
PFPA <MDL 44 34 nd. <MDL <MDL n.d. n.d. n.d.
PFHxA 58 53 39 13 10 13 11 11 n.d.
PFHpA <MDL 27 37 18 12 12 <MDL <MDL n.d.
PFOA 57 85 92 83 119 92 78 66 68
PFENA 22 63 91 67 86 54 24 33 < MDL
PFDA 4 13 19 13 14 5 nd. <MDL n.d.
PFUNDA 39 52 57 27 24 7 nd. <MDL n.d.
PFDoDA 18 17 10 8 11 <MDL n.d. n.d. n.d.
PFTrDA 13 17 17 10 10 n.d. n.d. n.d. n.d.
PFTeDA 7 27 23 18 14 n.d. n.d. n.d. n.d.
PFHxDA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PFOcDA <IDL <IDL <IDL <MDL <MDL n.d. n.d. n.d. n.d.
MeFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
EtFOSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MeFBSE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FOSA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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9. PFAS in Bog Water

Table S 25: Concentrations of quantified PFASs (ng 'E) in a peat water sample from Mer Bleue

concentration
PFBS (1.64)
PFHxS 0.10
PFOS 0.77
PFBA 0.33
PFHxA 0.25
PFHpA 0.07
PFOA 0.73
PFENA 0.78
PFDA 0.16
PFUNDA 0.08

PFDoDA 0.06
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10. Information on Peatlands and Ombrotrophic Bogs

Classification of peatlands is quite diverse andegally involves peatland-specific char-
acteristics such as vegetation, geomorphology,digdy, or chemistry. In North Ameri-
ca, four main types of peatlands (> 40 cm peat)disenguished: ombrotropic bogs,
minerotrophic fens, intermediate or poor fens, ealderous fens (Blodau 2002). Where-
as bogs receive their water (and thus nutrients @rmaminants) from atmospheric
sources, only, fens are connected to the groundrwaturface water system.

Peatlands are distributed in those areas wheref@aaation is enabled by hydrological

and climatic conditions (Goéttlich 1990). With motlean 4 * 16 km? they comprise
about 3 % of the global land surface and are widphgad around the globe (Figure S14)
(Succow and Joosten 2001). About % are locatedbithern latitudes (Canada, USA,
North Europe, Siberia). The remaining % are locatelumid tropical areas (Gorham
1990).

3o F Mangroven

- N ! ! [/ o T -
] Mecre5-10% e e ol L | il - Inesein mil. Betydchllichm
2 = i - w 7 o g Fauchigebietsanteil

B oo > 10 % der Landfiche
Figure S 14: Global distribution of peatlands (Sucow and Joosten 2001).

Peatlands are ecosystems with a positive carbogdbude. the production of organic
material exceeds its degradation. As peat is teegiling matrix formed, peatlands de-
velop by peat accumulation (Succow and Joosten)20BE main reason for the incom-
plete degradation of organic material is a lackorygen caused by water saturation
which limits the activity of (micro)organisms (Swee and Joosten 2001). Other limiting
parameters are the type of vegetation, low temperstlow pH values, and/or large C/N
(> 50 in bogs) ratios.

Undisturbed ombrotrophic peat bogs form an ideatioma for studies investigating
temporal trends of contaminants for various reas@mbrotrophic peatlands have an
autonomous water regime, they are isolated fromfaserand groundwater flow. Thus
chemical input occurs only by atmospheric depasifiBerset et al. 2001; Rapaport and

Eisenreich 1988;
185



STUDY 4 APPENDIX

Sanders et al. 1995). Up to 90 % of peat consistsganic material (Berset et al. 2001;
Gorham 1990). Hydrophobic contaminants have a &ffjhity to organic substances and
surfaces to which they tend to adsorb. Thus, thl bbntent of organic matter of peat
may enhance the adsorbed proportion of a contamiaad minimizes their post-
depositional mobility. For PAHs for example, pospdsitional mobility is thought to be
negligible (Berset et al. 2001; Rapaport and Emehr1988; Sanders et al. 1995). How-
ever, the high content of organic matter may redbeeextractability of organic contam-
inants. Due to the prevailing anaerobic and acdidicditions in ombrotrophic bogs mi-
crobiological degradation and transformation of doydhobic organic compounds are
minimized (Aamot et al. 1996; Berset et al. 200&p&oort and Eisenreich 1988). Also,
in contrast to soils or sediments there is no gttomnover by fauna (Berset et al. 2001).
In conclusion, organic contaminants such PAHs dB$&re conserved in the peat matrix
(Berset et al. 2001; Rapaport and Eisenreich 1988ders et al. 1995). Because bogs
accumulated peat since the last ice age they forexeellent archive for the determina-
tion of depositional changes of environmental coribants.
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Abstract: Multimedia fate and transport models are used t@uae the long range
transport potential (LRTP) of organic pollutantBea by calculating their characteristic
travel distance (CTD). We calculated the CTD ofesal/polycyclic aromatic hydrocar-
bons (PAHs) and metals using two models: the OEGI&RFA.RTP Screening Tool
(The Tool), and ELPOS. The absolute CTDs of PAHBneded with the two models
agree reasonably well for predominantly particlexios congeners, while discrepancies
are observed for more volatile congeners. We testperformance of the models by
comparing the relative ranking of CTDs with the arfeexperimentally determined
travel distances (ETDs). ETDs were estimated frastohical deposition rates of pollu-
tants to peat bogs in Eastern Canada. CTDs and BTP#&Hs indicate a low LRTP.
To eliminate the high influence of the wind speed & emphasize the difference be-
tween the travel distances of single PAHs, ETDs @ms were analyzed relative to
the travel distances of particle-bound compounti® ETDs determined for PAHs, Cu,
and Zn ranged from 173 to 321 km with relative utairties between 26 and 46 %.
The ETDs of two metals were shorter than thosé®PAHSs. For particle-bound PAHs
the relative ETDs and CTDs were similar while tldfered for Chrysene.
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Graphical Abstract
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1. Introduction

In the atmosphere, some semi-volatile organic cbali(SVOCs) are transported
long distances before being deposited [1]. To eatalwhether the environmental release
of a man-made chemical may need to be curtailezugtr international agreements like
the Stockholm Convention on Persistent Organicukatits, a number of compound-
specific hazard indicators is often determined eowchpared with threshold criteria [2].
One of these indicators is a contaminant’'s spadiagie or long-range transport potential
(LRTP) [3], which can be characterized by the cb@mastic travel distance (CTD) [4].
The CTD is defined as the distance from a sourcerevthe concentration of a chemical
is reduced by 63 %. A fraction of the chemical tranel a multiple of the CTD.

Several models such as the "Environmental Longeahgnsport and Persistence of
Organic Substances Model” (ELPOS) [5] and the& LRTP Screening Tool (“The
Tool”) [6] have been developed and applied to estinthe CTD of various chemicals.
Both are steady-state fugacity models that estirttegeCTD based on a compound’s
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equilibrium partitioning properties, transformatioates in environmental media, and
environmental properties such as wind speed. Tlt Aas been designed to be as basic
as possible while including all essential inforroat{7], whereas ELPOS is more com-
plex and includes more compartments and additioptbns. Both models can be used to
assess a chemical's LRTP by comparing and ranksnGTD against that of identified
persistent organic pollutants [8]. By comparing thseults of various models the influ-
ence of different model assumptions and desigrufeatcan become apparent [9]. Both
models are not intended to simulate real world @gmrds. However, to increase confi-
dence in the results and to identify possible mdaiéire, their estimates should qualita-
tively agree with empirically derived data. To dag&perimental data that facilitate the
evaluation of these models with respect to themeded CTDs are sparse [10,11].

Polycyclic aromatic hydrocarbons (PAHS) are emitigchatural combustion process-
es, such as forest fires, but anthropogenic emrmisstmminate, specifically through the
incomplete combustion of carbon-based fuels. Thegetgo atmospheric long-range
transport [12]. Their saturation vapor pressurel trerefore, their gas/particle partition-
ing characteristics span a wide range [13]. Basetheir gas/particle partitioning behav-
ior in the rural atmosphere of Eastern Canada, Pegtisbe divided in 3 groups [14]: g-
PAHSs that are almost exclusively present in theplase (e.g.,phenanthrene (Phen) and
fluoranthene (Flt)), c-PAHSs (c for changing paatiing behavior) that are present in the
gas phase in summer and particle-bound in winter,tenzo[alanthracene (B[a]A) and
chrysene (Chry), and p-PAHs that are almost exablgiparticle-bound all year long
(e.g.,benzo[b+k]fluoranthene (B[b+k]F), benzo[ajaye (B[a]P) and indenol[1,2,3-
cdlpyrene(ind)). To empirically determine LRTP, measuents at variable distance
from a distinct contaminant source generating nradd@ concentrations have to be done
[5]. The rates of decline of log-transformed corications over large latitudinal gradi-
ents in North America have been used to deterrmmgirecal travel distance (ETDs) of
pesticide chemicals [10,11]. A general problem vgitith an approach is that additional
sources along a long transect may affect the sesMlbreover, substantial changes in
temperature and precipitation along latitudinaldggats might complicate data interpre-
tation due to the temperature dependence of gaéisipapartitioning and atmospheric
reaction rates and the dependence of deposities aat the magnitude and temporal var-
iability of precipitation. This study aimed at ugia shorter, regional transect downwind
of a dominant point source to determine ETDs @rege of PAHs, which were then used
to evaluate the CTDs derived with The Tool and EBPO

CTDs not only scale linearly with wind speed, bisbaely on several simplifying and
generalizing assumptions and are based on a stioplepresentation of the environ-
ment. Therefore absolute values given by the modedsnot directly comparable to
ETDs.
To facilitate a comparison, both ETDs and CTDs weyanalized to those of inert aero-
sol particles and Ind. Therefore, we compare nedatather than absolute values. Because
most metals, including zinc (Zn) and copper (Cudergo atmospheric transport exclu-
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sively bound to particles [15] and are not degradetie atmosphere, they can be used to
estimate the atmospheric transport distance ofgest As Ind is also mainly bound to
particles we used it as a second proxy for parbolend substances when normalizing
travel distances.

We selected four ombrotrophic bogs along a ~400tiemsect downwind of a large
mining and smelting operation in Eastern Canadadter Sudbury area, Ontario; Fig. 1)
to derive the temporal trend of atmospheric demrsof PAHS, Zn and Cu. The smelters
in the Greater Sudbury area have been a known eairair pollution, especially for
copper and sulphur-based acid precipitation, tostireounding area for the last century
[16]. Smelters emit PAHs and metals to the atmospls a consequence of wood or
coal firing and roasting processes [15,17,18]. Gutibphic peat bogs have previously
been used as archives of the atmospheric deposifi@everal classes of organic and
inorganic contaminants [19-22]. The combinatiorcoftinuous growth and limited bio-
turbation with atmospheric wet and dry depositientl@e only source of contaminants
makes them well suited to derive the historicalagpheric deposition trend of non-polar
contaminants. Historical depositions were used hsréhey represent a long term aver-
age. More importantly, the Greater Sudbury areativaglominant regional source in the
past, whereas today there are many potential sewtc®AHs. As deposition rates of
pollutants correlate to their air concentration3][2he decline of deposition rates over
distance can be used to derive the ETD.

Fig.1: Locations of sampled peat bogs in Ontario, Canada

A sampled'bog

——— major roads:,

N

2. Methods

2.1. Sampling and Analysis

Peat cores were sampled at four bogs located dawhefi the Greater Sudbury area
(Canada; Fig. 1) in summer 2008. Coordinates ofsdmapling locations are given in
Table S1 in the Supplementary Material. At each, sliree peat cores were sampled in
hollows with a box corer and cut into 5 cm segmemtthe field. Samples were trans-
ported to the laboratory, frozen, freeze dried, \nilted to a fine powder. For determina-
tion of PAHSs, recovery standards (mixture of 7 éeum-substituted PAHS) were added
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to 5 g (dry weight) of sample before extraction dncelerated solvent extraction with
hexane. Extracts were purified by column chromatplyy (5 g silica, 3g alox 15 % de-
activated) followed by size exclusion chromatogsaphhe concentrations of 12 PAHs
(10 EPA-PAHSs: phenanthrene, fluoranthene, pyrege (Benzof]anthracene, chrysene,
benzop]fluoranthene, benz&fluoranthene, benza]pyrene, indeno[1,2,8d]pyrene,
and benzgjhi]perylene (B[ghi]P), and additionally bengjyrene (B[e]P), and ben-
zo[j]fluoranthene (B[j]F)) were determined as descriloed22]. Due to the incomplete
chromatographic separation of B[b]F and B[K]F, shken of the compounds is reported as
B[b+k]F. Because these isomers have similar physi@mical properties (less than 10
% difference) [24], the ETD of B[b+k]F was compatedthe CTD of B[b]F. A mass of
200 mg of the milled peat samples was digestedryjceowave assisted acid dissolution
technique [25] and Cu and Zn analyzed by ICP-M& Pkat cores were dated using
210pp ¢4, =22.26 years) by applying the constant rate opsumodel [26].

2.2. Calculation of ETDs

The temporal resolution that can be achieved widht gores is relatively low [22].
Individual segments of 5 cm span periods of 20Qge&ars. In contrast to previous work
[20] we did not calculate 10 year-averaged depmsitates, as this procedure might re-
duce the absolute magnitude of reconstructed dépogiates. Instead, we based our
analyses on the segments showing the maximum PAddstteon rate. Such maxima
have previously been suggested as chrono-stratigraparkers in peat profiles by Tu-
retsky et al. [27]. In all peat cores PAH depositrates peaked around 1880 — 1930, co-
inciding with the onset of intensive smelter opierad in Sudbury. At that time the smel-
ters were one of the main sources of PAHs in thdystegion as the population was
small and other sources, such as traffic, werghaitrelevant yet.

For each compound, the maximum deposition rates fach of the three replicate
cores per bog were In-transformed and linearlyeggsgd against the distance of the sam-
pling site from the Inco Superstack in Sudburycdises where the decline of the deposi-
tion rates was significant (p < 0.1) the negatigeiprocal of the slopen (km) of the
regression line corresponds to the ETD for theeetspe compound, and the ETD con-
sequently corresponds to the distance where theoaicentration of a compound de-
clined by 63 % (1/e). The error of the slope of thgression was used to estimate the
uncertainty of the ETDs. The software package R @& used for these calculations.

Wind speed is an important parameter constrainingpspheric transport of contami-
nants, but reliable data on average wind speediifireult to obtain for large areas and
longer periods. To facilitate the comparison of sugad and calculated transport dis-
tances, we eliminated this source of uncertaintynbymalizing the PAH transport dis-
tances to those of aerosol particles. As a proxyhe transport distance of particles, we
used the average transport distance of the metaln@ Zn or the PAH Ind. Subsequent-
ly, we refer to these normalized distancenastETD and he-ETD.
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2.3. Model description

The Tool and ELPOS have both been designed tandigsh between chemicals with
low and high LRTP [29]. They are steady state fitganodels (level Ill, no equilibrium,
inter-compartment transport [30]) that assess tiver@nmental hazard of organic chemi-
cals using the metrics of CTD and overall persiste(ity) under different emission sce-
narios [7]. With only three generic compartmenis, @il and water), The Tool requires
five input parameters for each compound: the atewéKaw) and octanol-waterkow)
partition coefficients as well as degradation higks (i) in air, water, and soil. A Mon-
te Carlo (MC) analysis routine estimates the 95dhfidence interval of & and CTD.

In this study we used dispersion factors of 5 a@dat partition coefficients and half-
lives, respectively, comparable to the factors &n8l 10 used previously [8]. ELPOS
(version 2.2) has eight compartments: air, watsisent, four soil compartments (natu-
ral, agricultural, industrial, urban), and plan§, [necessitating seven chemical input
parameterskaw, Kow and the organic carbon partition coefficiekb€); as well asiiz in
air, water, soil and sediment. Instead of estingatite Koc from Kow, we used the option
to supply it directly as well as théa-approach to estimate the particle-bound fraction i
air.

Besides the CTD, both models also provide theitraatf a compound bound to par-
ticles in air as output information. As degradatrates for pollutants bound to particles
are generally slow compared to the gas phase @ Jealiable estimates are difficult to
obtain, both models assume that compounds assaondth particles do not degrade
[29].

Some of the default environmental input paramedétsoth models were adjusted to
reflect the characteristics of Southern Ontariadfion of model region covered by water
= 10 %, average water depth = 10 m, yearly avepageipitation = 1008 mm, average
wind speed = 13.1 knt'htaken from Canadian Climate Normals for North Bgy&/MO
ID: 71731, period 1971-2000 [32]). More detailedoinmation on the model input pa-
rameters is provided as Supporting Material (TaBl2sand S3). Three temperature sce-
narios reflect the annual average (4°C), summer’C)3 and winter (limited to O °C as
partition behavior to frozen compartments mighfedifand is not taken into account by
the model calculations) conditions in Southern QotgB2].

Partition coefficientsKowandKaw) at 25 °C for the PAHs were taken from Ma et al.
[24]. TheKoc values at 25 °C were estimated using a poly-pa@miieear free energy
relationship (pp-LFER) [33] and solute descriptérsm Absolv online[34]. While
ELPOS has a built-in routine to adjust these cokfifits to a user-supplied temperature,
The Tool requires the user to supply temperatupeséet input information. Th&aw
values were adjusted using the temperature depepgeldFERs from Goss et al. [35];
Koa values from Ma et al. [24]were adjusted using epika of vaporization, derived as
described in Goss and Schwarzenbach[36]. Finatypperature-adjusteldow were ob-
tained as the product &faw andKoa. We preferred predicted values since consistency
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between the properties of different PAHs is morpontant than accuracy of single prop-
erties. Degradation half-lives in air reflectingetfeaction of PAHs in the gas phase with
hydroxyl radicals were estimated with the Atmosphéxidation Program (AOPWIN
v1.92) using default settings for a 12h-day[10,Hdwever, AOPWIN does not estimate
activation energies, which are necessary to cdkulegradation rate constants at differ-
ent temperatures [29]. Temperature dependent matstants for the reaction with hy-
droxyl radicals are only available for Phen and[BH]. The temperature dependence is
so small that in case of The Tool degradation bPAHs in air can be assumed to not
depend on temperature [29]. However, the varighititdaytime length and OH radical
concentration with season was taken into accoumeréffore we used the averaged OH
concentrations calculated for the atmospheric baondayer (1000 and 900 hPa) by
Spivakovsky et al. [38]. Average daylight hours avéken from [39].Degradation half-
lives in water, soil and sediment were estimateth \&PISuite v4.0 [40] and retrieved
through the Level Il Fugacity Model implementedtims software. In ELPOS degrada-
tion rates are temperature adjusted by an implezdewiutine. By setting the temperature
to 25°C and using the manually adjusted valuesutatied for the Tool the implemented
temperature adjustment was bypassed.

Whereas the two models were not designed to e&i@@Ds of metals, it is possible
to use them to calculate the CTD of exclusiveltipe-bound substances. As the metals
for which we were able to determine ETDs (Cu, Zo)ndt partition into the gas phase,
they can be considered surrogates for particle-thanganic contaminants. The CTDs
for such particle-bound contaminants was estimatea@ssigning partition coefficients
that ensured almost exclusive partitioning to pas (logkow = 10, logKaw = -9, yield-
ing log Koa of 19). In addition, we assigned a very long emwmental half-life
(tiz= 101 h). Additional information on this choice of paraers is available as Sup-
porting Material (Figure S1). All model input paraters are listed in Tables S4 and S5.
Table S6 summarizes the temperature-adjusted chemioperties. As for the ETDs,
relative CTDs were calculated by normalizing theDSTof the PAHs to the CTD of Ind
(rna-CTD) and of exclusively particle-bound compoungst(ieCTD).

The sensitivity of the CTD to changes in input easluwvas tested by a sensitivity anal-
ysis as described in Wania and Dugani[41]. A sesitof 1 indicates proportional
changes of input values and CTDs. A sensitivity iadicates that the CTD does not re-
spond linearly to changes of the input value. Walyaed the sensitivity of temperature
(ELPOS only), wind speed, height of the air comparit, aerosol deposition velocity,
precipitation rate, rain scavenging ratio, halélifmes in all compartments, and partition
coefficients for the 4 °C scenario by varying tlaues by 10 %.
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3. Results and Discussion
3.1. Empirically determined travel distances

The maximum deposition of PAHs and the two metals measured in peat segments
dated to the period 1880-1930 (Fig. S2 in Suppgriitaterial, data given in Table S7).
The increase in deposition around 1880 coincidel thie onset of intense smelting op-
erations in Sudbury. In most peat profiles, we olese declining deposition rates from
1920 onwards, when blast furnaces and roast yaeds meplaced by multi-hearth roast-
ers and reverberatory furnaces for smelting [42)rédetailed data and interpretation is
available in Thuens et al. [22].

The maximum deposition rates of Chry, B[b+k]F, B{and Ind, as well as of Cu and
Zn declined exponentially (p < 0.1) with distanceni Sudbury (Fig.2). Together with
the prevailing westerly winds, this finding is awsful indication that the dominant
source of atmospheric contamination to the stubm@gk during the time of peak deposi-
tion was located in the Greater Sudbury area. RenPFlt, Pyr, and B[a]A, this decline
was not significant (see Fig. S3 in Supporting Matg for B[ghi]P, B[e]P, and B[j]P no
ETD could be calculated, as concentrations werevbéte level of quantification in sev-
eral samples. Therefore, these compounds are neidased in the following discussion.

The ETDs of PAHs, Cu, and Zn are shown in Tabl&Hey range from 173 to 321
km with relative uncertainties between 26 and 46T%e ETDs of the two metals were
shorter than those of the PAHs. The discrepancydest the two metal ETDs reflects
the overall uncertainty of our approach. Their agerETD (198 = 45 km) was used to
calculate thenetar ETD of PAHS.
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Table 1 Empirical travel distances with standard erroE)Ssignificance
level (p), coefficient of determination R and relative ETDS fkw+ETD and
rna-ETD) with SE.

ETD SE p R2 Mmetar SE e SE
(km) (km) ETD () ETD )
¢ ¢
Phen n/a 0.222 0.14 n/a
Flt n/a 0.195 0.16 n/a
Pyr n/a 0.402 0.07 n/a
B[a]A n/a 0.119 0.23 n/a
Chry 292 119 0.034 0.37 1.47 054 094 056
B[b+K]F 281 74 0.003  0.59 142 044 091 046
B[a]P 321 148 0.055 0.32 1.62 058 1.04 0.60
Ind 310 119 0.026 041 1.57 0.52
Cu 173 31 0.0002 0.76 -
Zn 222 56 0.003 0.61 -

“n/a: value not available as correlation of depositin rate with distance was not significant

Fig.2: Average maximum deposition rates of (A) PAHs &Yl metals as a
function of distance from the Greater Sudbury seuapea. The error bars
represent the standard deviation of the threeaa&tglipeat cores.
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Using data from several studies reporting metabdijon rates at variable distance
from smelters [43-45], we calculated ETDs for Ca, Bb and Ni between 21 and 67 km.
Average uncertainty was 17 % (Table S8 in Suppgritaterial). These ETDs are con-
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siderably lower than those we have obtained herghése previous studies, samples
were taken within a distance of up to 125 km frdma smelters. It is known that metals

such as Ni, Zn, and Cu are associated with bothlen@and larger aerosol particles in the
atmosphere [46]. As larger particles are depositede rapidly than smaller ones [47],

large particles will dominate the deposition clés¢he emission source, while fine parti-

cles will be deposited at longer distances. Thightncause divergent ETDs depending
on the spatial scale and resolution of a particstiady: the apparent ETD may be short in
the immediate vicinity of the smelter, where deposi of coarse particles dominates,

and long at larger distances, where mainly findiglas are deposited. This interpretation
would explain the longer metal ETDs observed in study, as the distances of the sites
we analyzed are outside the range influenced lgetgparticles. As coarse particles are
not subject to atmospheric long-range transportcareclude that the metal ETDs deter-
mined in this study are more representative ofttheel distances of the particles rele-
vant for long-range transport.

3.2.Characteristic Travel Distance
3.2.1 The Tool

With the default settings of The Tool, CTDs up 8@ km were calculated for parti-
cles at 4°C. After adjusting the settings and irgmrameters to the specific conditions in
the study region the estimated CTDs were lower Bgctor of 7.5. This reduction is
mainly caused by changes in the partition coeffitseand changes in size of the individ-
ual compartments, while wind speed contributed toirzor extent. The 95 % confidence
intervals of the absolute CTDs were larger for g-BAhan p-PAHSs (e.g., factor of 46for
B[a]A, 40 for Phen, 9for Chry and 2 to 3 for thé®AHSs) indicating a higher uncertainty
of the CTD for B[a]A and the g-PAHSs. Details arersnarized in Table S9 (Supporting
Material). The confidence intervals cover rangesnfralmost 10 to 5500 km, indicating
the high uncertainty of the model results.

Using The Tool, the CTD of particles was longemthiae CTDs of the PAHs except
for the CTD of Phen and Flt in winter. Consequentipst parice CTDs are <1 (Fig. 3A).
The CTD for Phen in winter was greater than alleot6 TDs by a factor of 4. The p-
PAHs had almost the same CTD as the particlesgwihdse of g- and c-PAHs were sub-
stantially shorter. B[a]A had the shortest CTD.tAe CTD of Ind was almost the same
as the one of particlesa-CTDs were equal to th@akicie CTDS.

The CTD of particles was identical for the thremperature scenarios. The CTDs of
all PAHs decreased with increasing temperaturechvban be attributed to a higher pro-
portion of these compounds being in the gas phasegher temperatures and the gas
phase degradation half-lives in air being shoregalise of longer days and higher OH
concentrations in summer, when temperatures aftehigonversely, the high CTD of
Phen and Flt for the 0 °C scenario is caused byoing half-lives in air, which are a re-
sult of short days and low OH concentrations interinThe Tool predicted the c-PAHs
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to be mainly particle-bound in winter and equallgtdbuted between gas and particle
phase in summer (13 °C), whereas the p-PAHs wemnesdlexclusively particle-bound at
all temperatures. This is in good agreement witasueed gas-particle distributions [14].

The CTDs of all studied compounds were directlypprtional to wind speed (sensi-
tivity of 1, Fig. 3B). For the g-PAHS, half-life iair was the only other parameter with
high sensitivity. The CTDs of the less volatile PAAlere sensitive to the particle depo-
sition velocity, the precipitation rate, and theghe of the air compartment while the
sensitivity to the half-life in air was lower (FigB). This finding reflects the importance
of the removal of c- and p-PAHSs from the atmospligrdry or wet deposition.
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Fig.3: Characteristic Travel Distance (CTD) of seledg&Hs normalized to

the CTD of particles estimated with (A) The TooldafC) ELPOS for the

three temperature scenarios and sensitivity ofGf® at 4 °C to different

model input parameters estimated with (B) The Taal (D) ELPOS (note:

data not presented here available in SupportingeNédt tables S11 and S12;
the lines in sub-figures B and D are shown for aissupport in identifying

the individual parameters). The assignment of PAdHgroups according to
their atmospheric partition behavior is indicatacbrackets. depovelo = dry
particle deposition velocity.
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3.2.2 ELPOS

With default settings, CTDs from 295 km (FIt) toO7&m were calculated with
ELPOS (particles, 4 °C). With region-specific sggs, CTDs between 142 km (B[a]A)
and 517 km (particles) were estimated for the ahauerage temperature of 4 °C (Table

S10

in Supporting Material). This reduction wasssliby a lower height of the air com-

partment and a higher precipitation in the studdaai he faricle CTDs for all PAHs cov-
ered the range from 0.10 to 4.6 under the thre@eemture scenarios (Fig. 3C). B[a]A
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had the shortespdrice CTD due to its high degradation rate in air in suen, Phen had
the longest in winter.

The temperature dependence of the chemical preperis substantial, el§aw were
up to 90 % lower and half-lives 200 % longer in Wiater scenario compared to summer
(Table S6). This effect had a high impact on theutated CTDs. With rising tempera-
ture, the CTDs of all PAHs diminished due to ineeghreactive loss from air. The rela-
tion between temperature and CTD was almost lineitin, coefficients of determination
for the regression of CTD against temperature 8 QF9g. 3). The effect of temperature
was largest for B[a]A and B[a]P and the CTD in windouble that in summer.

The particle-bound fraction of B[a]P and Ind estietaby ELPOS was less than
100 % (given in Table S10 in Supporting Materiak) &ll temperature scenarios and de-
creased with increasing temperature. This conulastith measurements in Southern
Ontario [14] where these PAH could not be detestdtle gas phase. The overestimation
of the gaseous fraction by ELPOS might cause amestimation of B[a]P and Ind re-
moval by degradation.

The estimated CTD of all compounds was directlypprdonal to wind speed (Fig.
3D). The half-life of the volatile compounds in aias another highly sensitive parame-
ter, whereas the particle-bound substances were s®rsitive to precipitation and the
height of the air compartment. The dry particle asfon velocity only substantially
influenced the p-PAHs and particles. The sensytigitthe CTD against changes in tem-
perature was 0.21 and similar regarding all compounds othen tBfo]F and particles.

3.2.3 Model comparison

When the same degradation half-lives and temperatdjusted partition coefficients
were used in both models, i.e., the internal teaipee correction of ELPOS was not
used, the CTDs calculated by both models agreesbnadbly well (Fig. 4A) and were
significantly correlated (R= 0.92, p < 0.00015).

However, most ELPOS-CTDs were above the 1:1-liee, ELPOS systematically es-
timated longer CTDs than The Tool. CTDs normalizedhat of the particles agreed
very well between both models, with all compoundtirfg close to the 1:1-line (Fig.
4B). Clearly, normalization eliminates systematiffedence between the models. The
agreement for p- and c-PAHs was even better aftanalizing the CTDs to that of Ind
(Fig. 4C).
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Fig.4: Comparison of characteristic transport distaqreslicted by The Tool

and ELPOS for the average temperature scenarioC4 Results from

ELPOS were obtained both with the built-in tempamtcorrection of parti-

tion coefficients and reaction rates (ELPOS autadj)-and with the parame-
ters that were temperature-adjusted manually agéenTool (ELPOS man. T-
adj). A: Absolute CTDs; B: CTDs relative to the fide-CTD; C: CTDs rela-

tive to Ind. The 1:1-line is shown as dotted line.
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When the in-built temperature-adjustment of ELPO&s wised, the agreement be-
tween the models diminished. On the one hand, staatil increase of CTDs calculated
using ELPOS was observed for Phen and Flt (Fig. wi®) the temperature adjustment.
This finding was not surprising as the temperaadgistment of the atmospheric half-
lives in ELPOS substantially increased the hakésiwith decreasing temperatures (for
0 °C the increase was 200 %, see table S6), wieléalf-lives were not adjusted in The
Tool. Moreover, the sensitivity of the two gas-ph&AHs Phen and Flt against changes
in half-lives was high in both models (Fig. 3B adyl For this reason these two PAHSs
should indeed be most affected by the discrepamdireo degradation rates in the gas
phase. ELPOS applies a default activation energd0dfJ mof for the temperature ad-
justment of the atmospheric degradation rate fbc@mpounds. Using 10 kJmbin-
stead, the increase tf> of Phen in air at lower temperatures was redugedioh. The
experimentally determined activation energy of Paed Flt is less than 10 kJridB7].
Therefore, the temperature adjustment in ELPOS migbderestimate atmospheric deg-
radation of PAHs at low temperature. On the othardy the CTDs of the less volatile
PAHSs generally decreased when the implemented tetyre adjustment was used. This
is because the default temperature dependenceeopattitioning coefficients imple-
mented in ELPOS was larger than the dependenceedtmmanually, i.e. the PAHs par-
titioned more into the particulate phase in ELP@&htthis was the case for the adjusted
input values we used in The Tool.

When comparing thediice CTDs, the pattern was basically the same (Fig. ¥@)h
the built-in adjustment, however, tha+#eCTDs of the less volatile PAHs calculated by
ELPOS were now consistently smaller than those withmanual temperature adjust-
ment. Overall, the major discrepancies betweenviioemodels can be seen for the more
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volatile compounds, while theakice CTDs for the less volatile PAHs were comparative-
ly consistent. This finding is important for thengparison with measured ETDs, as these
are only available for the less volatile compouadd thus for compounds with a lower
overall deviation between the two models.

The sensitivity of both models against changeféindividual input parameters was
similar for the g-PAHs, and only wind speed anglin air had a strong influence. How-
ever, while this half-life still strongly influendethe CTD of the c-PAHs in ELPOS, i.e.
sensitivity was close to 1, the influence was safitslly lower in The Tool (Fig. 3B and
D). This result can be attributed to a substamtiiver fraction of B[a]A and Chry in
the atmospheric gas phase in The Tool (20%) th&iLPOS (84%) (see Supporting Ma-
terial for details). As Su et al. [14] found theobe 80 % in the gas phase in summer and
40 % in winter, The Tool obviously under-predidie tgaseous fraction. The sensitivity
of these compounds agai&tw in The Tool was higher than that of the other PAiHd
than found in ELPOS. This observation is most fikdilie to its sensitivity t&oa, which
was governing the gas/particle partitioning. Sévigitto Koa, which was calculated
from the Kaw, thus indicates which compounds primarily partitioom gas to particle
phase and are crucially affected by the partitigronefficient. In the Tool the c-PAHSs,
whereas in ELPOS the p-PAHs were affected. Forptteelominantly particle-bound
PAHSs, processes determining the fate of atmosplparitcles, such as precipitation and
dry particle deposition velocity, became more iafitial in both models, although the
dry deposition velocity was more influential in Theol.

3.2.4 Comparison of CTDs and ETDs

The absolute ETDs of PAHs derived from the peaisieat were between 281 and 321
km, whereas the absolute CTDs with regional settingre between 44 and 480 km (av-
erage temperature scenario, 4 °C). The latter amgparable to the CTD calculated for
aldrin (~200 km ( The Tool) and 95 km (ELPOS), gsihe input values implemented in
both models), a pesticide banned by the Stockhotmvéntion on Persistent Organic
Pollutants [48], and which has — compared to masinbd substances —a relatively low
LRTP [49].

The direct comparison between measured ETDs andlatdd CTDs was impeded by
the fact that the Greater Sudbury area is a pounicg on the regional scale. Even with-
out any degradation and deposition, the PAH comatahs would thus decline with
distance from the source because of radial dilut®uch a dilution is not implemented
into either model, and instead a line source amlhat is blowing in a constant direc-
tion are assumed. However, by normalizing the nrealsand calculated transport dis-
tances to a common reference, i.e. non-reactiviic|es, the comparison between meas-
urements and model becomes feasible as the etiecdslial dilution, wind speed, and a
changing wind direction are eliminated. Moreovehew using a particle-bound sub-
stance as a reference, differences in parametaratffect the deposition of atmospheric

particles between the real environment and the tsmiéngs are eliminated as well, and
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the relative comparison of a given set of compound®rms of atmospheric transport
distance is possible.

Fig.5: Comparison of relative ETDs and CTDs of PAHs ‘aCAleft: relative
to metals (ETD) and patrticles (CTD); right: rel&ito Ind).
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As both models are intended to calculate the tramgmtential and to compare com-
pounds relative to each other, rather than to dhpre real transport distances in the envi-
ronment, it is more meaningful to compare rela@EDs with relative ETDs instead of
absolute values. This comparison is illustratedripn 5. When normalized to particles,
the parice CTDs of both models agreed very well, and theile CTDs of the three p-
PAHs were close to 1, whereas th&:itieCTD of Chry was substantially lower. Howev-
er, the measurechdiarETD for all four compounds was much higher anduatb1.5 for
all compounds. Thus, the agreement between measmekanodeled relative transport
distances was not very good. This outcome migtdttsdbuted to a different atmospheric
behavior of the particles that metals and PAHsaas®ciated with, or to some inaccuracy
of the estimated particle-CTDs. Although it is véikely that PAHs and metals in histor-
ic samples shared the same dominant source in ribate€® Sudbury area, they might be
associated with different aerosol size classes. pdrdcles contained differ in their at-
mospheric transport behavior and metals assocwitbdsomewhat larger particles than
PAHs may consequently be removed from the atmospfaster. Alternatively, PAHS
might not be as reactive as the models assumeinip@tance of these factors for the
discrepancy betweemdiarETDS and garicle CTDs of PAHS cannot be decided based on
the currently available knowledge.

To further reduce uncertainty, the CTD of PAHs bannormalized to the travel dis-
tance of Ind (or any other of the p-PAHS) inste&dnetals (Fig. 4C and 5B), thereby
referencing the transport distance to a compourt wentical emission behavior and
that is association with particle of similar siZeEhis procedure yielded a very good
agreement between measurement and model for BidFBfa]P, while the estimated
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rna-CTDs for Chrysene (ELPOS: 0.38; The Tool: 0.42jev@uch lower than the actual-
ly measurediss-ETD (0.94).

The finding that the measured r-ETD of Chry wasdaatridentical to the r-ETDs of
the other three PAHs was unexpected, as Chry istaoitally more volatile (see Sup-
porting Material, Table S4 for partition coefficish Both Chry and Ind have similar
atmospheric half-lives but Chry is the compoundhwiite higher volatility and it should
thus be removed faster if the assumption is cothetdtparticle-bound PAHs are degrad-
ed much slower than gas phase PAHs [29]. The g¢iaoey between r-ETD and r-CTD
can have two reasons: i) The volatility of Chry htidgpe overestimated in the models
which assume an ideal partitioning behavior of PAFHs 0 °C ELPOS assumed 24 % of
Chry to be bound to particles, while Su et al. [fgijnd about 60 % of Chry bound to
particles in winter. Harner and Bidleman[50] supzbghat PAHs might be bound within
particles during their formation in combustion prsses and thus might be non-
exchangeable with the atmosphere. Moreover, PAHisllp present on the surface of
particles may become less accessible for reactpartifioning and volatilization due to a
coating of the particles by secondary aerosol corapts [17,31]. ii) The actual atmos-
pheric half-life of Chry might be much longer thdrat used for estimating its CTD.
However, in order to reach asfCTD equal to thers-ETD, in ELPOS a nearly 10-fold
increase irty2 would be necessary, while it is even impossibleetich such a CTD in
The Tool by increasing the atmospheric half-life.

Two previous studies aimed at comparing measurddalculated transport distances
of organic pollutants. Shen et al. [10] found a dy@greement between ETDs of pesti-
cides with high LRTP determined from latitudinabdrents of air concentrations and
CTDs calculated by ELPOS and two other models.oimtrast, ETDs for pesticides de-
rived from water concentrations in North Americakds were tenfold higher than the
CTDs calculated by four models. This differencelddee reduced by lowering the hy-
droxyl radical concentration and introducing dryatieer conditions [11]. Unfortunately
both studies did not measure metals or other pradortly particle-bound reference sub-
stances to allow for the calculation of relativevel distances.

4. Conclusions

In this study the comparison between modeled arasared transport distances was
limited to only a few compounds, as the peat pesfillid not reveal statistically signifi-
cant ETDs for more PAH congeners. Keeping this indnseveral general conclusions
can be drawn:

- The absolute CTDs of PAHs estimated with the twalet® agreed reasonably
well for predominantly particle-bound congeners,ilevtiiscrepancies were ob-
served for the more volatile congeners (Fig. 4)isTdould be attributed to the
temperature-adjustment of input parameters (iniquaar, Kaw and half-life in
air) in ELPOS, which relies on generic assumptionest importantly with re-
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spect to the temperature dependence of the atmisphegradation half-life.

Since the CTDs of rather volatile compounds in batidels are highly sensitive
to the half-life in air (Fig. 3), the quality oféhpredictions would improve with
better data on the temperature dependence of thespheric degradation half-
lives of PAHs and the implementation of this depsrae in both models.

- Peat archives sampled from bogs at variable distdram a single dominant
point source can be used to experimentally detexriawvel distances of pollu-
tants.

- Particles deposit onto peat and, therefore, pedivaas can provide information
about the relative transport distances of partidand compounds. Most other
passive samplers collect only compounds in thepbase.

- Data from peat archives are suitable to experinlgnéaaluate predicted CTDs
of PAHs if data are normalized to a reference camgowith similar behavior,
even if the source characteristics (point vs. lirgaurce) differ between model
and reality. However, in the present study, theltedrom the peat archive lim-
ited the number of compounds available for sucle\aluation. This conclusion
might also apply to other non-polar atmospherictammnants measured in peat
archives.

- The underestimation of th@akice CTD of Chry might be due to a “non-ideal”
partitioning behavior, i.e. Chry associated to aef@articles might not freely
partition to the gas phase. More information orhspiocesses is needed to verify
this hypothesis experimentally. Such a processdcalsio apply to other contami-
nants that are already particle-bound during taeirssion. Compounds predomi-
nantly emitted as gaseous compounds would be fiesde.
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Table S2: Coordinates of Greater Sudbury and sampiig locations

site name latitude longitude distance from Superstk (km)
Sudbury (Superstack) N 46.48011 W 81.056506 -

Giant Bog 1 N 46.42422 W 79.937056 81

Eagle Lake Bog N 45.80572 W 79.444830 140

Spruce Bog N 45.59050 W 78.373055 220

Green Lake Bog N 45.68517 W 77.151194 310

T while the names of the other sampling sites hayeeviously been reported, the name Giant Bog was sigined to this site as no previous description and
thus no established name was available

Table S3: Original and adjusted settings in The Too

temperature (K)  area of water (%)  depth of water wind speed (km h!) height of air (m) precipitation rate (mm a?)

(m)

original 298.15 71 100 14.4 6000 850

adjusted 276.95 10 10 13.1 1000 1008
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Table S4: Original and adjusted settings in ELPOS

length of study region

wind speed (km ht)

precipitation rate (mm a)

area of water (%)

depth of water (m)

area of indstry (%)

original

adjusted

200 000

450 000

14.4

13.1

760

1008

10

10

10

Table S5: Input values for The Tool at 4 °C, partiton coefficients taken from Ma et al. (2009) and teperature adjusted as described in the manuscriptalf-life times

taken from AOPWIN[1]; partition coefficients and degradation rates for particlesare hypothetical valus.

molar mass (g/mol) logKaw log Kow half-life air (h) half-life water (h) half-life soil (h)
0°C 4°C 13°C 0°C 4°C 13°C

Phen 178.23 -4.27 -4.14 -3.86 4.68 4.58 4.39 14.44 1440 2880
Flt 202.26 -4.95 -4.82 -4.53 531 5.19 4.95 6.42 1440 2880
Bla]A 228.30 -7.06 -6.89 -6.53 4.86 4.74 4.50 1.49 1440 2880
Chry 228.29 -5.38 -5.24 -4.91 6.61 6.46 6.17 3.76 1440 2880
B[b]F 252.31 -6.27 -6.11 -5.76 6.58 6.47 6.25 10.12 1440 2880
B[a]P 252.31 -6.27 -6.11 -5.76 7.03 6.87 6.55 3.76 1440 2880
Ind 276.33 -7.15 -6.99 -6.62 7.33 7.14 6.76 2.91 1440 2880
particles 63.55 -9.00 -9.00 -9.00 10.00 10.00 10.00 16x10 10x10 10x10
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Table S6: Input values for ELPOS.Partition coefficents (25 °C) taken from Ma et al. (2009).Half-lifdcimesestimated with AOPWIN, and melting point takenfrom
EPISuite[1]. The partition coefficients and degrad#on rates for particlesare hypothetical values.

mol. mass(g/mol) melt. point (°C) log Kaw log Kow log Koc  half-life (h) air half-life (h) half-life (h) half-life (h) sedi-

water soil ment
Phen 178.23 372 -2.76 4.47 3.65 14.44 1440 2880 13000
Flt 202.26 382.00 -3.27 4.97 4.52 6.42 1440 2880 13000
Bla]A 228.30 431.80 -3.59 5.83 4.61 1.49 1440 2880 13000
Chry 228.29 530.00 -3.82 5.67 5.06 3.76 1440 2880 13000
B[b]F 252.31 441.20 -4.58 5.86 5.73 10.12 1440 2880 13000
B[a]P 252.31 452.00 -4.51 6.05 5.73 3.76 1440 2880 13000
Ind 276.33 436.00 -4.70 6.57 6.40 291 1440 2880 13000

particles 63.55 1084.62 -9.00 10.00 -0.5 10%10 10x10 10x10 10x10
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Table S7: Input values for ELPOS calculated by thémplemented temperature adjustment; not presented sinot changed are lodow and Koc

log Kaw half-life (h) air half-life (h) water half-life (h) sediment half-life (h) soil

0°C 4°C 13°C O0°C 4°C 13°C 0°C 4°C 13°C °q 4°C 13°C 0°C 4°C 13 °C

Phen -3.72 -3.56 -3.20 1.82 1.50 1.00 4359.06 3602.44 2392.0439352.67 32522.02 21594.76 8718.13 7204.88 4784.07
Flt -4.23 -4.07 -3.71 081 0.67 0.44 4359.06 3602.44 2392.0439352.67 32522.02 21594.76 8718.13 7204.88 4784.07
B[a]A -455 -439 -4.03 0.19 1.06 0.10 4359.06 3602.44 2392.0439352.67 32522.02 21594.76 8718.13 7204.88 4784.07
Chry -4.78 -4.62 -4.26 0.47 0.39 0.26 4359.06 3602.44 2392.0439352.67 32522.02 21594.76 8718.13 7204.88 4784.07
B[b]F -5.54 -538 -5.02 1.28 1.06 0.70 4359.06 3602.44 2392.0439352.67 32522.02 21594.76 8718.13 7204.88 4784.07
Bl[a]P -5.47 -531 -495 0.47 0.39 0.26 4359.06 3602.44 2392.0439352.67 32522.02 21594.76 8718.13 7204.88 4784.07
Ind -5.66 -5.50 -5.14 0.37 0.30 0.20 4359.06 3602.44 2392.0439352.67 32522.02 21594.76 8718.13 7204.88 4784.07
particles -9.96 -9.80 -9.44 3x10° 2.5x10° 1.6x10¢ 3x10° 2.5x10°¢ 1.6x10¢ 3x10°¢ 25x1G°¢ 1.6x10° 3x10° 2.5x10°¢ 1.6x10°
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Fig. S6: (A) Particle-CTD calculated by both modelss a function of the air-water partition coefficient (Kaw), and (B) Particle-CTD (normalized to the CTD at 8 °C)
calculated with ELPOS as a function of temperaturdor three air-water partition coefficients. The CTD of a completely particle bound substance should hdepend on
the air-water partition coefficient and also not onthe temperature (as in both models, wet and dry gmsition are not implemented as temperature-depenaé process-
es). For The Tool, no dependence of CTD dfew was observed, whereas the CTD calculated by ELPO#as increasing with temperature for logKaw)>-9. Therefore, we
chose aKaw Of -9 to simulate the particle behavior. Moreoverthe temperature dependence of CTD in ELPOS was nkigjble for this log(Kaw), whereas a clear depend-
ence on temperature (caused by apparent partitionig into the gas phase) was observed for ldg{)>-9. Therefore, we chose lo#faw)=-9 for simulating the metal CTD
in ELPOS.
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Table S8: Maximum deposition rates of PAHs (ug ma?) and metals (mg ntal) in each of the sampled

peat cores and calculated ETD (km).

Chry B[b+k]F Bla]P Ind Cu Zn
GB1 15 30 15 33 6 55
GB 2 24 15 14 32 5 35
GB 3 24 22 6 17 4 71
ELB 1 31 13 7 15 2 42
ELB 2 10 14 5 30 2 40
ELB 3 10 15 6 28 2 31
SB1 7 9 10 19 2 23
SB 2 14 10 7 11 2 37
SB 3 7 9 5 14 1 31
GLB 1 7 6 2 8 2 34
GLB 2 12 12 7 21 1 16
GLB 3 11 11 6 15 1 10
ETD (km) 292 281 321 310 173 222
I~
= 40
c\‘f“ = Phen
= o Flt
’ 30 A Pyr
= + B(a)A
2 20-
©
|
S 10
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= 0 100 200 300 400

distance (km)

Fig. S8: Average maximum PAH deposition rates alonthe transect; error bars indicate standard devia-

tion of the three peat profiles per bog.
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Table S9: Empirically determined travel distances b several metals derived from other studies with

standard error (SE), significance level (p), and cfficient of determination (R?).

Study metal ETD (km)  SE (km) p () R(-)
Freedman et al.[2] Ni 23.53 1.25 0.000 0.92
Cu 22.36 1.12 0.000 0.91
Nieboer et al.[3] Cu 30.74 5.75 0.001 0.78
Ni 21.31 4.74 0.002 0.72
Zn 67.15 24.64 0.026 0.48
Kettles and Bonham-Carter [4] Cu 32.56 414 0.000 0.64
Pb 21.32 2.69 0.000 0.64

Zn 66.47 12.71 0.000 0.44
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Table S10: Characteristic travel distances of PAHand particles, 95 % confidence intervals (Cl) andraction bound to particles calculated by The Tool dr different

temperature scenarios and with regionalized settirgy

0°C 4°C 13°C
CTD (km) 95 % CI particle fraction CTD (km) 95 % Cl particle fraction CTD (km) 95% Cl  particle fraction
(%) (%) (%)
Phen 1633 483 - 5514 0.7 325 51 - 2066 0.4 258 50 - 1329 0.2
Flt 596 212 -1673 134 149 33-675 8.0 116 29 - 458 2.5
Bla]A 66 13- 329 87.4 44 6 - 298 78.4 28 4 - 205 47.4
Chry 378 295 - 483 89.2 225 75-672 80.9 113 31 - 409 50.0
B[b]F 355 305 - 405 98.4 336 231 - 489 97.0 293 153 - 559 89.6
B[a]P 375 346 - 405 99.4 355 220 -571 98.8 285 142 -572 945
Ind 380 364 - 398 100 375 343 -410 99.9 352 257 -487 995

particles 388 388 - 388 100 388 388 - 388 100 388 388 - 388 100
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Table S11: Characteristic travel distances of PAHand metals and fraction bound to particles calculagd by ELPOS for different temperature scenarios andvith re-

gionalized settings.

0°C 4°C 13°C
CTD (km) particle fraction (%) CTD (km) particle f raction (%) CTD (km) particle fraction (%)

Phen 2376 0.2 345 0.1 266 0.1

Flt 704 1.7 158 1.2 120 0.5
Bla]A 378 21.1 142 15.4 54 7.4
Chry 480 23.9 282 17.6 133 8.6
B[b]F 457 73.6 432 65.6 373 45.7
B[a]P 482 78.6 456 71.6 366 52.6

Ind 490 95.0 483 92.8 454 85.0

particles 517 100.0 517 100.0 517 100.0
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Table S12: Sensitivity of the CTD to different modeinput parameters estimated with The Tool.
aerosol deposition
windspeed height of air velocity rainrate tyzinair  tyzin water  tizin soil Kaw Kow

Phen 1.00 0.05 0.00 0.02 0.93 0.01 0.00 0.03 0.00
Flt 1.00 0.08 0.01 0.06 0.91 0.00 0.00 0.02 0.06
B[a]A 1.00 0.58 0.02 0.54 0.38 0.00 0.00 0.18 0.71
Chry 1.00 0.36 0.10 0.26 0.60 0.00 0.00 0.41 0.47
B[b]F 1.00 0.92 0.25 0.62 0.07 0.00 0.00 0.05 0.15
B[a]P 1.00 0.91 0.27 0.60 0.08 0.00 0.00 0.07 0.11
Ind 1.00 0.99 0.30 0.64 0.01 0.00 0.00 0.01 0.03
particles 1.00 1.00 0.31 0.64 0.00 0.00 0.00 0.00 0.00
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Table S13: Sensitivity of the CTD to different modeinput parameters estimated with ELPOS.
aerosol vapor
height deposition rain  pressure tizin  tizin tizin tyzin

temperature windspeed of air velocity rate air water soll sed Kaw Kow Koc

Phen 0.18 1.00 0.02 0.00 0.02 0.00 0.97 0.00 0.00 0.00.02 0 0.00 0.00

Flt 0.07 1.00 0.02 0.00 0.02 0.00 0.96 0.00 0.00 0.00.01 0 0.00 0.00

B[a]A 0.09 1.01 0.04 0.00 0.02 0.00 0.98 0.00 0.00 0.00.110 0.14 0.00

Chry 0.08 1.00 0.08 0.01 0.08 0.00 0.90 0.00 0.00 0.00.080 0.13 0.00

B[b]F 0.03 1.00 0.64 0.05 0.57 0.00 0.32 0.00 0.00 0.00.000 0.22 0.00

Bl[a]P 0.08 1.00 0.43 0.04 0.39 0.00 0.52 0.00 0.00 0.00.250 0.37 0.00

Ind 0.05 1.00 0.71 0.08 0.61 0.00 0.25 0.00 0.00 0.00.190 0.25 0.00

particles 0.00 1.00 1.00 0.12 0.01 0.00 0.00 0.00 0.00 0.00.050 0.00 0.00
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