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ABSTRACT H 

Urban runoff from an industrial city was found to produce annual 

PAH loadings comparable to those from point sources. More than 95% of 

these loadings were transported by sediments in runoff. Variations of 

PAH levels in runoff were explained by variations of sediment 

concentrations in runoff and by variations in PAH levels in sediment. 

The annual load of PAHs in runoff from the study area was estimated at 
75 kg per year and about one third of this quantity was contributed by 
atmosphericn deposition. A great degree of similarity ,im0ng PAH 

profiles in urban runoff, river sediment and caged mussels was found 
and confirmed the PAH pathways frmn urban anthropogenic sources via 
runoff to the receiving waters.



Résuué 

‘ On a trouvé que 1e ruisseliement urbain d‘une ville industrieile 

produisait des charges. annuelles en HAP comparabies 3 celles de 

sources ponctueiles. Plus de 95 h de ces charges étaient transportées 
par des sédiments dans Ie ruissellement. Les variations de 

concentration en HAP dans 1e ruisse11ement.ont été expiiquées par des 

variations de concentration qe sédiments dans 1e ruisseiiement et par 
des variations concentration de HAP dans ies sédiments. On a 

estimé a 75 kg par an la charge annueile des HAP dans Ie ruissellement 
de la zone étudiée. Environ un tiers de cette charge provenait du 
depot atmosphérique. On a trouvé beaucoup de ressembiance entre Ie 

profil des HAP présents dans le ruisseiiement urbain, ies sédiments de 
la riviére et des moules en cage, ce qui confirme 1e trajet emprunté 
par les HAP, des sources anthropiques urbaines aux eaux réceptrices, 
en passant par 1e ruisseilement.

I
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MANAGEMENT PERSPECTIVE 

In preparation of remedial action plans for the areas of concern 

in the Great Lakes Basin, the magnitudes of pollutant contributions 

from various sources need to be assessed. In one of such areas, the 

St. Maryls River in Sault Ste. Marie, concerns were expressed about 
the levels of PAHs in river sediment and biota. Consequently, 
contributions of polycyclic aromatic hydrocarbons, (PAHs) from various 
point and nonpoint sources were assessed and urban runoff was found to 
contribute annual PAH loadings comparable to those from point 
sources. Such a finding confinns the importance of urban nonpoint 
sources in transport of pollutants of anthropogenic origin to the 
receiving waters and the need to consider both point as well as 
nonpoint pollution sources in environmental planning and protection.



PERSPECTIVE-GESTION 

\__ . 

Pour établir des plans d'assain1ssement pour les zones critiques 
du bassin des Grands Lacs, ii est nécessaire d'éva1uer dans que11e 
mesure les poliuants des diverses sources contribuent au probiéme. 
Dans 1'une de ces zones, la riviére St. Marys 5 Sauit Ste. Marie, on 
s'inquiétait de la concentration des HAP dans les sediments et le 

biotope de la riviére. Nous avons done évaiué les apports 
d'hydrocarbures aromatiques polycycliques (HAP) de diverses sources, 
ponctueiies et non ponctuelles, et nous avons trouvé que 1e 

ruissellement urbain produit des charges annueiles en HAP comparabies 
a celles des sources ponctuelles. Ce résuitat confirme le r61e 
important des sources urbaines non ponctueiles dans ie transport des 
poiluants des sources anthropiques aux eaux réceptrices, et il montre 
la nécessité de prendre en consideration les sources' de pollution 
ponctuelles et les sources non ponctuelles dans la pianification et Ia 
protection environnementaies.
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ABSTRACT: Urban sediments account for more than 952 of polycyclic aromatic 
hydrocarbonsb (PAHs)-in urban runoff. Variations in sediment ¢ODQ€D€I8r 
tions and in PAH levels in sediment cause even greater variations in PAH 
levels in urban runoff. Using the lognormal distribution, the annual PAH 
load in runoff from the study area was estimated at 75 kg yr”1. 
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INTRODUCTION ‘ ' 

Since 1973, the Great Lakes Water Quality Board has identified_ the areas of 
concern in the ‘Great Lakes Basin where various water quality criteria or 
guidelines have been exceeded and remedial measures are needed to restore 
all beneficial water uses. In preparation of remedial action plans for these 
areas, the magnitudes of pollutant contributions from point as well as 
nonpoint sources need to be assessed. Preliminary load assessments were 
recently completed in three areas of concern for 16 ‘critical pollutants 
(Marsalek and Ng, 1989). In one of these cases, the St. Marys River at 
Sault Ste. Marie (Ontario), the concerns about the polycyclic aromatic 
hydrocarbon (PAH) levels in the river sediment and biota indicated the need 
to improve the preliminary assessment and, consequently, a follow up study 
of PAHs in runoff from the adjacent urban area was conducted. ‘R 

PAHs are widely distributed in the environment, because of their abundant 
anthropogenic and natural sources. The anthropogenic sources, which are 
predominant, include heating, power generation, industrial processes, inci- 
neration and open fire burning, and vehicular transportation (Seifert and 
Lahmann, 1980). Such sources are highly concentrated in urban areas where 
the emitted PAHs deposit on urban surfaces and are washed off by urban 
runoff during wet weather and transported into the receiving waters (Ellis 
et a1., 1985; Hoffman et a1., 1984; Yamane et al., 1989). Thus, urban runoff 
functions as an effective means of transport of PAHs from urban catchments 
into the receiving waters. 

To complement the earlier studies of point sources of PAHs found in the St. 
Marys-River, .investigations of PAHs in urban runoff were conducted in three 
phases - an initial exploratory study of PAHs in runoff, a study of atmo- 
spheric PAH deposition in the study area and, finally, a study of PAHs in 
urban runoff and sediment. The principal results of all three phases are su- 
mmarized in the paper that follows. 

STUDY AREA 

The City of Sault Ste. Marie, located along the St. Marys River, is an 
industrial urban centre with population of 83,000 inhabitants. The main 
sources of pollution of the St. Marys River include municipal and industrial



effluents, and urban stormwater discharged from storm sewers. The principal 
industrial operations include a steel plant and a pulp and paper mill. 

A comparative analysis of pollutant sources in the study area was conducted 
for 16 pollutants of concern and, for eight of them, urban runoff was the 
main or major source which significantly contributed to the total loads dis- 
charged to the river. These eight pollutants included cadmiu, cobalt, cop- 
per, lead, nickel, hexachlorobenzene (HCB), BAHs, and polychlorinated bi- 
phenyls (PCBs). Considering the low magnitudes of their loads, the ambient 
water quality and the dilution of runoff in the river, the screening esti- 
mates of runoff loads of the above eight pollutants were found adequate and 
of minor concern for all pollutants except PAHs. For PAHs, it was desirable 
to improve the initial assessment of the load in ruoff from the study area. 

MTHODS 
The selection of the PAH substances studied was based on the toxicity of 
individual substances reported in the literature and on the available ana- 
lytical support. Although some runoff and sediment samples were analyzed for 
up to 21 substances, only.l4 substances were routinely studied and, conse- 
quently, the presentation and discussion of results is restricted to these 
14 substances listed in Table 1. - 

Table 1. PAH Substances Studied 

Substancel 
MA‘ U if 

'Adopted 
Abbreviation 

Detection Limits 
Water Sediment Priority -1 1 

EPA 

(pg L ) (mg kg‘ ) Pollutant 
‘2-Methylnaphthalene 
l-Methylnaphthalene 
2-Chloronaphthalene 
Acenaphthylene 
Acenaphthalene 
Fluorene 
Phenanthrene 
Fluoranthene 
Pyrene‘ 
Benzo(b)f1uoranthene 
Benzo(k)fluoranthene 
Benzo(a)pyrene 
Indeno(l,2,3-cd)pyreneA 
henzo(ghi)perylene 

2-MNA 
1-MNA 
2—CLN 
ANY 
ANE

F 
PA 
FL
P 

BbF 
BRF 
Ba? 
IP 

BghiP A 

0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.050 
0.100 
0.100 
0.100 
0.100 
0.100 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.10 
0.10 
0.10 
0.10 
0.10 

§LN-NNNM 

ex 
xl 
xl 
31 
31 
X1 

llncluded in the World Health o.g......1.. (WHO) group of six PAHs~ 

Flow-proportional composite event samples of urban runoff were routinely 
collected at eight sites which were selected from the geographical distribu- 
tion of primary PAH sources. Recognizing that PAH occur in urbani runoff 
well below the acute toxicity levels and, consequently, that the main in- 
terest should focus on chronic effects and long-term loads, ‘the use of 
event sampling was found highly advantageous. The flow-proportional event 
sampling is well suited for estimates of long-term loads, which can be esti- mated from the distribution of event loads, and leads to large savings on 
analytical costs. 

PAH depositions were studied by surveying PAH accuulations in the urban 
snowpack. For this purpose, snow core samples were collected at 20 sampling



stations in a grid centred around the steel plant and the urban area. The 
samples were collected by means of a stainless steel core sampler (Boom and 
Marsalek, 1988). Sediments were routinely sampled at five sites and occa- 
sionally surveyed at eight additional sites. PAH analyses were performed on 
unprocessed samples as well as on various sediment fractions. 

For extraction of water and sediment samples, the methylene chloride extrac- 
tion method and ultrasonic extraction (the Sonifier method) were used, re- 
spectively. The dehydrated extracts were concentrated and further cleaned 
by gel permeation chromatography, in order to remove co-extracted interfer- 
ing compounds. The final extract was analyzed for PAHs using one-colun gas 
chromatography and a flame ionization detector (Water Quality Branch, 1981). 

RESULTS AND DISCUSSION 

In the initial phase, runoff samples were collected at three. sites with 
different land use - residential, industrial, and commercial, respectively. 
The’ main objective of this experimental design was to investigate the land 
use effects on PAH concentrations in runoff, Although in some-cases the 
quality of runoff is related to land use, no such relationship was detected 
for PAHs in the study area. Similar findings were reported in the literature 
(Hoffman et al., 1984) and can be explained by the widespread presence of 
PAH sources, unrelated to urban land use categories, and by the transport of 
airborne PAHs' across land use boundaries. To evaluate the significance of 
air transport of PAHs in the study area, their atmospheric deposition was 
studied by surveying.BAH accumulations in the urban snowpack. ' 

Accumulations of conservative chemicals in the snowpack can be used to 
evaluate atmospheric deposition of such chemicals. In the study area, PAH 
accumulations in the snowpack exhibited large variations described by unit 
loadings ranging from about 100 ug m'2 to 1,600 ug m'2. The corresponding 
isoloading contours were centred over the urban area, with the highest 
concentrations occurring just west of the steel plant. The displacement of 
contours in the westerly direction was explained" by the easterly winds 
prevailing 'during the period of accumulation. From areal loadings, a city- 
wide mean deposition rate of the 14 PAHs studied was computed as 25 ug m‘2 
week'1. About two thirds of this rate were contributed by fluoranthene,phe- 
nanthrene, and pyrene (Boom and Marsalek, 1988). 

Although the above deposition rates correspond to the winter period, high 
PAH depositions in industrial cities do not exhibit strong seasonal effects 
(Seifert and Lahmann, 1980) and, consequently, these rates may be extrapola- 
ted over the whole year, recognizing that the resulting estimate will be so- 
mewhat conservative. Such an extrapolation resulted in the estimate of the 
annual PAH deposition in the study area of about 85 kg yr“ . A large part of 
this load_ (around 70%) will deposit on pervious urban surfaces and may be- 
come immobilized. Consequently, the deposited amount available for direct 
transport by urban runoff is probably just about 25 kg yr'1. 

In the next phase of the study, the PAH loads in urban runoff were estimat- 
ed from characteristic PAH concentrations in runoff and runoff volumes. The 
characteristic PAH concentrations were established by sampling runoff and 
urban sediment at a nuber of sites. 
Analyses of unfiltered runoff samples confirmed' that PAHB are predominan- 
tly transported by the residue in samples. Sample filtration,usingglass fi- 
ber filters with pore openings of 0.45 u,removed more than 952 of PAHs from 
unfiltered samples and reduced PAH readings to the values in the proximity 
of the detection limits. Because PAHs in runoff samples are transported by



residue, linear correlations between'PAH levels and three measurements of 
residue in "runoff samples were examined. While for some sites and commonly 
occurring PAH substances the correlation coefficients were_ as high as 0.8, 
for the whole set of samples only very low values of correlation coeffi- 
cients were found (about 0.3). This lack of correlation seem to follow from 
the diverse nature of residue in runoff samples and the widely varying 
levels of PAHs in residue. At individual sites, more homogeneity in residue 
composition. was expected and better correlations between PAHs and residue 
levels in runoff samples were found. ' 

The PAH levels found in runoff were not related to land use or the distance 
from the steel palnt. This last finding indicates that. the atmospheric 
deposition of PAHs, originating to a large extent from the steel plant 
emissions, can be overshadowed by releases from strong local sources, in- 
cluding automobile exhaust emissions, heating emissions, used crankcase oil, 
and pavement attrition. Because of lack of physically-based explanations for 
PAH variations in runoff, a probabilistic approach to evaluation of loadings 
was adopted. After observing that there were no statistically significant 
differences among the data sets from the individual areas sampled, the data 
from all sites were aggregated and subject to statistical analysis. 

Probabilistic distributions of PAH' concentrations are plotted in Fig.1 for 
the 14 PAHs studied, six PAHs in the WHO group,'and BaP. The data in Fig.1 
indicate that the concentration distributions can be approximated by the 
lognormal distribution, for which the 95% confidence levels were also plot- 
ted. Because of high variance of PAH data, it is unlikely that the width of 
these bands could be reduced by extended sampling. These levels of’ uncer- 
tainty in PAH levels and loads may have to be accepted in the planning 
analysis dealing with comparison of sources and targeting sources for pollu- 
tion control. Using the plots in Fig.1 and the annual volue of urban runoff 
from the study area (Marsalek and Ng, 1989), the city-wide PAH loads were 
estimatedat 75kg of the 14 PAHs studied, 55 kg of the six WHO PAHs, and 7 kg 
of BaP. If the atmospheric deposition rates, observed in the snowpack sur- 
vey, are prorated for the impervious areas contributing runoff, they account 
for about one third of the load carried by urban runoff. 
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Recognizing that most of PAH loads in unfiltered runoff samples are trans- 
ported by sediments, it was of interest to study PAHs in urban sediments by 
investigating spatial distributions of PAHs in urban sediments in relation 
to sources, the PAH profiles in urban sediment from various locations (and 
presumably sources), time variations in PAH concentrations in sediment, and 
variations of PAH concentrations with particle sizes. 

In contrast to distributions of ;such conventional pollutants as metals, 
spatial distributions of' PAHs in sediments showed great variations. For 
combined sets of concentrations of four common metals (copper, iron, lead, 
and zinc) in sediments from several sites in the study area, the coefficient 
of variation varied from 0.2 to 0.6. In the case of PAHs, however, the 
variations among various sites reached almost two orders of magnitude. Such 
great variations have to be caused by strong local sources including pave- 
ment attrition, tar-based pavement sealants, used crankcase oil, and deposi- 
tions from car exhausts, industrial sources, and heating. Some of the high- 
est conéentrations were found in relatively clean residential areas with 
expected low imports of PAHs from outside sources. Consequently, constant 
potency factors, which are useful for the modelling of metals, may not be 
very helpful.in the modelling of PAHs. ’ 

Variations in PAH levels in sediment at a site were also of interest. At two 
locations, sediments were collected on several different occasions and time 
history of PAH concentrations compared. Appreciable variations were noticed. 
At the first location, the sums of 14 PAHs in street sediment samples varied 
from 1.5 to 105 mg/kg. At the second location, sediment samples were col- 
lected from the bottom of an urban creek. In this case, the total PAHs 
varied from 0.2 to 3 mg/kg. PAH levels in street sediment varied greatly 
and this contributed to variations in PAH levels in runoff samples.

V 

Finally, some sediment samples were divided into three fractions according 
to the particle sizes and the individual fractions were analyzed for PAHs. 
The fractions studied were characterized by D 5 45 um, 45 S _D $1250 um, and 
250$I)$l,0OO um. If the forces binding PAH to the sediment were those of 
adsorption, skewed distribution of PAH concentrations in these fractions 
would be expected. This has not been observed, as the distributions of PAH 
in these three fractions were rather uniform. It would appear that there are 
other mechanisms involved, probably the attachment of PAHs to the sediment 
by oily films originating from traffic. The only site where skewed distri- 
butions favouring smaller fractions were observed was the bed. of a creek 
flowing through the city and receiving stormwater discharges. during iwet 
weather. ,It could be expected that PAHs attached loosely to the sediment 
by oily films would be removed during extended transport. 

Typical PAH profiles in samples of snow, ufiltered runoff, urban sediment, 
the river-bottom sediment, and caged mussels from the study area are shown 
in Fig.2. Most of these profiles are fairly similar and this similarity 
follows from the predominance of three most ubiquitous substances - fluor- 
anthene, phenanthrene and pyrene. The predominance of these substances is 
widely recognized and detracts from the usefulness of PAH profiles in source 
tracking. Nevertheless, the profiles indicate PAH pathways comprising atmos- 
pheric deposition, surface runoff, and river sediment and biota,'recognizing 
that the river sediment and biota profiles result from all PAH inputs, 
including those from point sources. '

A 

CONCLUSIONS
A 

Widely-varying significant levels of PAHs were found in runoff from an 
industrial urban area. PAH loads in runoff were conveyed mostly by the sedi- 
ment and did not depend on land use. Much of the variation in PAH event
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Fig.2. PAH Profiles in Various Media 

loads was explained by variations in PAH levels in sediment at sampling 
sites land among the sites. The distribution of PAH concentrations in runoff 
was approximated by a 'lognormal distribution which was used to estimate 
the annual PAH loads in runoff at about 75 kg yr‘ , with about one third of 
this load originating from atmospheric deposition. ’Urban runoff was found 
to be an effective means of transport of PAHs from anthropogenic sources. 
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