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Abstract

A spatial analysis of air pollution in the South St. Boniface (SSB) and Mission
Industrial Areas (MIA) of Winnipeg, in Manitoba, Canada, was conducted by
mapping the results for 23 composite snow samples. Heavy metals were ana-
lyzed in the snow samples by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). Higher concentrations closer to the shredder were significant for
every metal, but, not for arsenic, in regression modeling R squared (0.585 for
Cd, 0.462 for Pb, 0.423 for Zn, 0.343 for Cr, 0.343 for Ni, 0.244 for Mn, and
0.069 for As). Heavy metal concentrations were significantly higher in the
industrial zone, with the next highest being the roadside zone, then the com-
mercial zone and finally the residential/parkland zone, at p-value < 0.01 sta-
tistical significance levels according to the non-parametric Kruskal-Wallis H-
test. The metals concentrations mapped on Arc-GIS with ArcMap 10.6 using
kriging interpolation, display that all toxic metal concentrations, but particu-
larly Pb, Ni, Zn, Cr, and Hg, are highest proximate to the scrap metal shred-
der. Furthermore, pollution indices, specifically contamination factor (CF),
degree of contamination (DOC), and pollution load index (PLI), were under-
taken registering high contamination. The CF registered high for lead, zinc,
and nickel in all areas compared to the background levels, but the highest lev-
els were nearby to the scrap metal shredder. The DOC values showed that the
industrial contamination is nearly five times greater than that for the road or
commercial areas and almost 20 times more contaminated compared to the
residential/parkland. With PLI levels above 1 considered contaminated, the
shredder (4.1), roadside (2.2), and commercial areas (1.9) were polluted. These
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findings point to the shredder as the cause of present-day contamination for
all areas, including residential/parkland, traffic, and commercial areas. High
levels of toxic metal air pollution emissions warrant further study of human
exposure and health risk posed by multiple sources from the air, water, and
land. Enforcement and enclosure of the outdoor shredder should be consid-
ered to reduce heavy metal exposure to the public.

Keywords

Air Pollution, Heavy Metals, Particulate Matter, Pollution Indices, Maps,
Snow, Spatial Analysis

1. Introduction

Recycling scrap metals from end-of-life vehicles (ELV) and other obsolete metal-
lic products, compared to smelting virgin ore, uses less energy, produces less
greenhouse gases and conserves natural resources (Wernick, & Themelis, 1998;
USEPA, 2009). On the other hand, the process of recycling scrap metal causes
negative environmental and health impacts (OSHA, 2008; Salas-Luevano &
Vega-Carrillo, 2016). Recycling scrap metals pollutes (OSHA, 2008; USEPA,
2009) sometimes at levels exceeding the World Health Organization’s guidelines
for particulate matter and heavy metals (Loren et al., 2013; Owoade et al.,
2015). To quantify and spatially analyze emissions from scrap metal recycling in
South St. Boniface and Mission Industrial Areas of Winnipeg, Manitoba in Cana-
da, this study measured heavy metals in snow to determine present-day pollution
levels.

Heavy metals in scrap metal are released, as particulate and fumes, as well as
in the recycled product and waste due to their use in many goods (Tchounwou
et al., 2012; WHO, 2019a). Lead (Pb) is a component of many pipes, lead-acid
batteries, leaded-steel components, cast-metal parts, and lead-based coatings.
Mercury is a component in switches, thermometers, and gauges in electrical ap-
pliances (OSHA, 2008; WHO, 2019a). Nickel (Ni) is an ingredient of nick-
el-based alloy, aluminum-alloy, stainless steel (OSHA, 2008), as well as nick-
el-cadmium batteries, which also includes cadmium (Cd). As well as these batte-
ries, cadmium comes from scrap metals coated with cadmium paint. Zinc (Zn) is
contained in scrap brass galvanized residues, zinc sheet, and 0.4% to 4.3% of
tires (Smolders & Degryse, 2002; OSHA, 2008). Arsenic (As) is present in non-
ferrous metals alloys, semiconductors in electronics, and hexavalent chromium
from the creation of stainless and alloy steels from chromium (Cr) and im-
provement of anticorrosive properties (OSHA, 2008).

Short- and long-term exposures to these metals are capable of inducing carci-
nogenic, non-carcinogenic, and neurotoxic effects and the development of dis-
eases in humans (Agency for Toxic Substance and Disease Registry (ATSDR,

2017). Arsenic, cadmium, chromium (including hexavalent chromium), and

DOI: 10.4236/gep.2020.85023

360 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2020.85023

F. Solademi, S. Thompson

nickel are known to be human carcinogens, categorized as group 1, and inor-
ganic lead is a possible human carcinogen (IARC, 2020). Also, lead is a terato-
gen and a neurotoxin. Children are very vulnerable to adverse health effects, af-
fecting the development of the nervous system and brain (ATSDR, 2017; Ola-
woyin et al., 2018). Toxic metal pollution contaminates soil, water, snow, and
air, thereby degrading these media and causing potential exposure pathways for
humans and wildlife. As a result, the measurement of environmental media pro-
vides a basis to determine the ecological and human health risk posed by toxic
heavy metals (Siudek et al., 2015; Li et al., 2016).

Scrap metal recycling and scrap iron smelting emit fine particulate matter
(PM,, ), and larger particulates into the ambient air (Owoade et al., 2015; Ogun-
dele et al., 2016). Inhalation of the fine particles poses greater human health risks
due to their ability to deposit in the respiratory airways and penetrate deeper in-
to the lungs, thereby entering the bloodstream (Brown et al., 2013; USEPA,
2018). Inhalation of scrap particulate matter are associated with lung cancer,
cardiovascular diseases, aggravation of asthma and increased respiratory effects
(wheezing and coughing) (Host et al., 2008; Raaschou-Nielsen et al., 2013,
WHO, 2019a). Scrap metal recycling has resulted in elevated levels of many oth-
er metals, notably lead, including zinc, nickel, and chromium in the surrounding
ambient air, soil, and plants (Owoade et al., 2015; Salas-Luevano & Ve-
ga-Carrillo, 2016). To obtain samples of particulate metal concentrations in air
necessitates using expensive air equipment to capture samples but, in contrast,
snow sampling capture present-day emissions but requires no specialized
equipment. The level of heavy metals in the snow in an urban and industrial
landscape can effectively measure the atmospheric aerial deposition of air pollu-
tants during the winter season (Sakai, 1988; Elik, 2002; Baltrenaite et al., 2014).
Accumulated heavy metals in snow can migrate to the soil and surface water, or
air media from wind-blown dust, which may expose humans or animals to these
heavy metals (Engelhard et al. 2007; Nakajima & Aryal, 2018).

Determining Heavy Metals and Pollution Levels

Numerous studies have analyzed toxic heavy metals in the snow to determine
atmospheric pollution levels considering snow to provide a temporary sink for
pollutants in the winter season (Sakai et al., 1988; Elik, 2002; Suidek et al.,
2015). Melted snow samples are a widely used indicator of air pollution (Brum-
baugh & May, 2008; Carling et al., 2012; Cereceda-Balic et al., 2012). According
to Engelhard et al. (2007), adsorption and accumulation of organic and inor-
ganic pollutants to snow in the atmosphere occurs due to the large surface area
of snow and the slow pace of snowfall. Small ice crystals and thin liquids in
snowflakes act as the medium for adsorption of environmental pollutants
(Grannas, 2014; Nazarenko et al., 2016). Hence, this study analyzed snow and
as an indicator of heavy metal air pollution (Siudek et al., 2015). Analysis of
heavy metals in the snow was undertaken as a cost-effective method to deter-

mine concentrations adjacent to the shredder in the MIA and adjacent residen-
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tial, commercial, and roadside levels in SSB. Previous studies assessed the impact
of the level of contamination of heavy metals in rain precipitation using pollution
indices (Ridgway & Schimmield, 2002; Yang et al., 2016; Pobi et al., 2019).

2. Methods and Materials
2.1. Sampling Area

In south-east Winnipeg, the SSB neighborhood borders an industrial area to
the north and east, called the MIA and the St. Boniface Industrial Park, as
shown in Figure 1. St. Boniface is a low-income community consisting of
58,520 residents (City of Winnipeg, 2019) living in an area of mixed industrial,
commercial, and residential land-uses. The MIA includes many diverse indus-
tries within a 24.5 km” area at the junction of the Red and Seine Rivers. At the

MIA is a scrap metal recycling plant with an automobile metal shredder and

CANADA

Lo

Mission Industrial Area and South St. Boniface Neighborhood

1cm=0.1 km

Figure 1. Map of the study area showing scrap metal shredder in mission industrial area
and South St. Boniface neighborhood, Winnipeg, Canada.
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other metal shredding equipment. In 2017, the scrap metal plant processed
and recycled an estimated 178,500 tonnes of scrap metals (Industrial Metals
Annual Report, 2017). Downwind of the scrap metal recycling plants to the
south are residential streets in the SSB neighborhood with commercial areas
that include childcare facility, rental offices, a temple, and an auto repair work-
shop. The emissions measured in Winnipeg’s MIA and at Dufresne neighbor-
hood of South St. Boniface (SSB).

2.2. Snow Sampling Sites and Procedure

The GPS coordinates and site characteristics of each sample are listed in Table 1,
sample points shown in Figure 2. In total 25 composite samples were collected
on 13 March 2019, between 9:30 am and 5:50 pm. These samples included four
zones, namely: 1) industrial, 2) dense traffic, 3) commercial, and 4) residen-
tial/parkland. In each of these zones, at least four composite snow samples were
collected from undisturbed snow, with five samples collected nearby to the

property line of the scrap metal recycling plant, to cover all wind directions from
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Figure 2. Snow sampling points for heavy metals load in the study area.
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Table 1. GPS coordinates, distance, and characteristics of samples sites.

Distance
X ¥ (meters) o
No. Zones K K from Description
Coordinates Coordinates
Shredder
(point 0)
Auto shredder and scrap
0 Industry 49.8884 -97.0988 0

recycling plant

Downwind of Industry at
1 Industry 49.8881 —-97.1016 203 Construction storage site
nearby rail track
30 metres from fence
2 Industry 49.8884 -97.0973 109
for auto shredder
Southwest downwind of
3 Industry 49.8894 -97.0978 133 industry 100 metres from
scrap metal recycling plant

North downwind of Industry
4 Industry 49.8870 —-97.0992 166 Nearby rail track opposite
auto shredder

South Downwind of
5 Industry 49.8909 —97.0991 270 Construction storage
site beside Messier road

Transit bus stop 1 at Archibald

6 Traffi 49.8852 -97.1003 375
rattie Road with moderate traffic
Transit bus stop 2 at Archibald
7 Traffic 49.8845 -97.1000 449 .
Road with moderate traffic
Heavy traffic area west
8 Traffic 49.8816 -97.0969 770 . .
bound at Marion Point
H traffi
9 Traffic 49.8816 -97.1035 830 cavy tra lc.area .
eastbound at Marion Point
. Roadside and scrap
10 Commercial 49.8876 -97.1026 287
metal savage yard
. Back of auto repair
11 Commercial 49.8849 —97.0996 396 i
and nearby rail track
. Beside kid city and
12 Commercial 49.8845 -97.0994 439 i
nearby rail track
. Sikh temple open field
13 Commercial 49.8834 —97.0986 560 .
and nearby rail track
Parkland located on
14 Residential/Parkland ~ 49.8855 -97.1034 463 Kavanagh street NNE from
Scrap metal shredder
H land Park besid
15 Residential/Parkland 49.8816 -97.1034 825 appy’an . ark beside
busy Marion Road
Cherrier St. 1-NNE
16 Residential/Parkland  49.8841 —-97.1033 584 errier
of Industry
Cherrier St. 2
17 Residential/Parkland  49.8840 —-97.1009 513 errier

(Residential/Parkland)-NNE
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Continued
18 Residential/Parkland ~ 49.8852 —-97.1044 537 Kavanagh St.1-NNE
19 Residential/Parkland ~ 49.8856 -97.1020 389 Kavanagh St. 2-NNE
Gi St. 1-d. ind
20 Residential/Parkland  49.8843 -97.1016 504 froux ownwiny
NNE
Gi St. 2-d. ind
21 Residential/Parkland ~ 49.8849 -97.1032 506 froux ownwiny
NNE
D t St. 1-d ind
22 Residential/Parkland ~ 49.8827 -97.1016 671 ouce ownwiny
NNE
D t St. 2 NNE
23 Residential/Parkland ~ 49.8831 -97.1023 643 ouce
of Industry
Sample 1 Fort Garry
24 Background 49.7994 —97.1443 10423 non-industrial
neighbhourhood
Sample 2 Fort Garry
25 Background 49.7989 —-97.1465 10532 non-industrial
neighbhourhood

the auto shredder. Four samples were collected on the property of nearby busi-
nesses, which were downwind to the north of the shredder. We took four undis-
turbed samples at 12 to 20 meters away from the two main roads of Marion and
Archibald streets. Finally, we obtained ten undisturbed snow samples in resi-
dents’ backyard and parklands in the SSB neighborhood. The background sam-
ple (two snow samples) sites were located 15 kilometers away from the MIA and
SSB neighborhoods in an area at Silverstone, Fort Richmond, near the University
of Manitoba with minimal local/industrial pollution sources (Tchepel et al,
2010).

Accumulated snow cover for each of the sampling points was removed to the
depth of 35 cm, which was above ground level to avoid soil contamination. The
removed snowpack for each of the sampling points was divided into top, middle
and bottom layers at 10 randomly selected points to make up one representative
sample for that location (Lancaster & Keller-Mcnulty, 1998). Each layer filled in
a pre-cleaned 500 ml high-density polyethylene (HDPE) bottle, labeled for total
metals and total mercury, respectively, and shaken vigorously to have a homo-
genous mixed composite sample. These sampling procedures were repeated for
each sample obtained from the four zones earlier mentioned. Composite snow
samples were stored and allowed to melt at room temperature for 8 hours to be
able to fill both a 61 ml plastic bottle, adding the preservative of nitric acid (HNO,)
and a 40 ml mercury-free vials with hydrochloric acid (HCI) preservative on 13
March 2019. Twenty-three composite snow samples from the study site and the
two background snow samples were analyzed for heavy metal concentrations by
ALS Laboratory on 14 March 2019.

2.3. Elemental Analysis of Toxic Metals in Snow

In this study, melted and acidified snow samples were analyzed by the Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS) at the ALS laboratory in
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Winnipeg using EPA reference EPA 2002.6020B for total metals and EPA 1631E
for total mercury in environmental water samples. ALS is an environmental
testing laboratory, accredited by the Canadian Association of Laboratory Accre-
ditation (CALA) and Standards Council of Canada (SCC) for International
Standards Organization (ISO/IEC) 17,025. This study looked at total Cr analysis,
to consider trivalent [Cr (III)] and hexavalent [Cr (VI)]. Hexavalent [Cr (VI)] is
a known group 1 carcinogen (Zhitkovich, 2011), while the trivalent Cr is a vital
nutrient but can oxidize and transform into the toxic hexavalent Cr which ne-

cessitated the need to measure total Cr (Government of Canada, 2015).

2.4. Method of Statistical and Spatial Analysis

The distribution of data in all the sampling points was determined by the nor-
mality test. Statistical analysis with SPSS version 24 was performed to analyze
metal levels in snow and non-parametric tests using Spearman rank correlation
coefficient and Kruskal-Wallis Test across the sampling sites. Also, the nonlinear
regression model was used to predict the relationship between the concentration
of heavy metals in snow samples across distances to the metal shredder.

Kriging interpolation technique was applied with geographic information sys-
tem (GIS) methods to map out air pollution in environmental samples, as point
data by Akintuyi et al. (2014) and Oyedepo et al., (2019). In our study, kriging
interpolation, a geostatistical analysis tool on ArcMap 10.6, was primarily used
to indicate the hotspot areas for the heavy metals concentrations measured in
snow. The kriging interpolation analytical tool uses a semivariogram to describe
the relationship that exists between the concentration of heavy metals in the
samples and their respective distances (McGrath et al., 2004; Ha et al., 2014).
The concentration of each heavy metal and the coordinates (latitude and longi-
tude) for each sample point were stored in an excel spreadsheet to create a sha-

pefile on ArcMap 10.6 to support the kriging interpolation analysis.

3. Evaluation of Heavy Metals Load in Snow by Pollution
Indices

Three different pollution indices were calculated for each heavy metal analyzed
in each snow sample calculating the contamination factor (CF), degree of con-
tamination (DOC), and pollution load index (PLI) of heavy metals concentra-
tion in snow samples at different sampling sites. Pollution indices have been ap-
plied to assess the level of contamination of heavy metals in wet precipitate/water-
sediment to describe the potential adverse effect (Sakai et al., 1988; Ridgway &
Schimmield, 2002; Yang et al., 2016; Pobi et al., 2019). The pollution indices
indicate the degree of contamination from industrial activities compared to
background levels (Ogundele et al., 2017; Olawoyin et al., 2018).

Contamination Factor, Degree of Contamination and Pollution
Load Indices

CF was determined from the ratio determined by the concentration of each heavy
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metal in the snow sample divided by the concentration of heavy metals in the
background snow sample (Hakanson, 1980; Shen et al., 2019).

_ mean conc. of each heavy metals from each sample area
mean conc. of heavy metals in background samples

CF (1)
CF <1 = low; CF < 3 = moderate; CF < 6 = high; and CF > 6 = very high.
Degree of contamination (DOC) was computed as the sum of CF for each

heavy metal above the mean concentration of background sample (Backman et

al., 1998) according to the following formula:
DOC=Y"" CF )

DOC £ 1 =low; 1 £ DOC < 3 = medium; and DOC > 3 = high.

Pollution Load Index (PLI) provided a simple and comparative means of as-
sessing soil, sediment or water quality (Tomlinson et al., 1980; Pobi et al,
2019). PLI calculated the geometric mean of CF value of a number of heavy met-
als estimated at the contaminated site by using the following equation (Pobi et
al., 2019):

PLI = (CF, xCF, xCF, x---xCF, )" or PLI=1/CF xCF,xCF,x---xCF, (3)

where: nis the number of different heavy metals (22 = 8 in this study): and, CF
is the contamination factor of individual heavy metals present in the snow
samples.

With PLI < 1 = background, PLI > 1 = contamination.

4. Result and Discussion

4.1. Heavy Metals Load in Snow Samples

Table 2 provides the summary statistics of the heavy metals in the snow sam-
ples. The observed mean concentrations for all heavy metals tested were higher
than their background concentration values, except for some metals namely As,
Ni and Hg that were below the detection limits in some of the samples sites as
well as in some residential/parkland sample points. Pb and Zn had the highest
concentrations of heavy metals in snow samples collected for the different five
sample points in this study, as shown in Table 2.

The mean concentration of Zn (545.5 ug/l) near the fenceline of scrap metal
recycling showed higher pollution levels than other elements analyzed in this
study. The mean concentration of Zn in this study agreed with the Zn measure-
ments in snow as the highest heavy metals reported by Phillips et al. (1986)
snow analysis near smelters in Flin Flon, Manitoba. Also, the Zn level in our
study was 10 times higher than the 53 ug/l reported by Sakai et al. (1988). This
higher concentration in our study suggests scrap metal shredding emissions and
other industrial air pollution sources. Emissions, like zinc dust and fumes,
could be attributed to the processing and shredding of non-ferrous metals that
contain zinc pipes and radiators, zinc in the die-cast alloy in cars, and tire

shredding. Similarly, the mean concentration of Zn (78.85 and 53.35 ug/l) in
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Table 2. Summary descriptive statistics of toxic heavy metals in snowpack samples.

Zone (Composite Pb As Cr Cd Ni Zn Mn Hg
Snow Sample Locations) (ug/D) (ug/M) (ug/M) (pg/) (pg/D) (pg/l) (ug/) (ug/l)
Mean 301 033 429 062 371 5454 30.0 0.062
N 5 5 5 5 5 5 5 5
Std. Deviation 31.4 0.22 4.00 0.53 3.73 651 247  0.08
Industrial
Median 185 027 3.09 040 252 410 254  0.03
Minimum 102 0.15 1.13 021 099 399 11.7 ND
Maximum 858 0.72 108 1.53 10.2 1660 722  0.20
Mean 555 047 220 009 182 785 309 ND
N 4 4 4 4 4 4 4 4
Std. Deviation 5.37 0.40 2.15 0.07 1.87 631 258 ND
Roadside
Median 415 036 1.57 0.08 145 64.7 23.1 ND
Minimum 0.69 0.14 043 0.01 ND 186 9.52 ND
Maximum 132 1.02 521 0.18 4.37 166 67.8 ND
Mean 4.77 030 098 006 086 534 112 ND
N 4 4 4 4 4 4 4 4
Std. Deviation 2.37 0.09 0.26 0.02 0.18 21.2 124 ND
Commercial
Median 4.05 028 093 006 085 524 11.1 ND
Minimum 2.89 022 074 004 065 285 994 ND
Maximum 8.07 041 131 008 1.08 802 128 ND
Mean 1.54 0.08 032 0.03 057 198 6.56 ND
N 10 10 10 10 10 10 10 10
Std. Deviation 1.56 0.08 0.18 0.02 152 108 178 ND
Residential/Parkland
Median 099 0.05 026 0.02 0.00 162 6.70 .ND
Minimum 0.51 ND 0.14 0.01 ND 9.30 433 ND
Maximum 504 021 074 0.06 482 433 102 ND
Mean 020 ND 001 021 037 825 3.63 ND
N 2 2 2 2 2 2 2 2
Std. Deviation 0.01  0.00 0.003 0.06 0.52 1.06 1.03 ND
Background

Median 020 ND 001 022 037 825 3.63 ND

Minimum 019 ND 001 017 ND 750 290 ND

Maximum 020 ND 001 026 074 9.00 436 ND

roadside and nearby commercial areas in this study was within the range (29.0 -
143.0 pg/l) detected by Loranger et al. (1996) in the snow cover of an urban ex-
pressway in Montreal, Canada. Elevated zinc concentration in roadside snow
suggests deposition of Zn caused by road deposition of dust from tire wear and

road abrasion (Adamiec et al., 2016).

DOI: 10.4236/gep.2020.85023 368 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2020.85023

F. Solademi, S. Thompson

The mean concentration of Pb (30 pg/l) measured in scrap metal recycling
snow cover of Winnipeg was approximately seven times lower than the mean
value of 205.5 pg/l observed by Engelhard et al. (2007) in Innsbruck, Austria.
Both mean Pb concentrations from scrap metal recycling in Winnipeg and the
mean concentration of Pb (1.4 pg/l) in the residential/parkland snow samples in
Winnipeg were significantly higher than the concentration (0.01 pg/l) reported
by Barbante et al. (2003) in snow deposits in Central Greenland. The concentra-
tion of Pb detected in the industrial snow cover sample in this study ranged be-
tween 10 and 85.8 pug/l, which is less than the Pb concentration reported in the
melted snow-cap heavy metals (Kristynte et al., 2013). This is likely attributed to
the wide use of lead in industrial applications and the presence of lead in most
recycled non-ferrous scrap metals (OSHA, 2008; USEPA, 2009; WHO, 2019a).

Regulations and operating licenses of auto dismantlers and automobile shredd-
ers prohibit recycling lead-acid batteries and subsequent sorting and removal of
battery terminals before shredding. However, other pathways of lead particle
emission from scrap metals, such as lead pipes, leaded-steel components, cast-
metal parts or lead-based coating, cannot be easily removed through magnetic
sorting or visual examination (OSHA, 2008; USEPA, 2009). Thus, these lead
components can result in the emissions of significant concentrations of lead par-
ticles during scrap metal shredding.

The mean concentrations of As in melted snow cover in the sample sites
ranged between 0.08 and 0.47 pg/l, respectively. This concentration is 1.5 to 9
times lower than the 0.7 pg/l mean value observed by Siudek et al. (2015) in
Poznan, central Poland, for an industrial snow sample area linked to polluted air
masses from urban/industrial air emissions. Mean values of As in Winnipeg ex-
ceeded Douglas & Stum’s (2004) mean value of 0.09 pg/l in snow cover across
Northwestern Alaska, USA. The lower value reported by Douglas & Stum
(2004) is the lowest mean value reported for arsenic in the study’s residen-
tial/parkland snow sampling site of Winnipeg. The variations between the As
concentrations reported in the identified studies linked to different anthropo-
genic operations peculiar to each study area and other site characteristics, such
as meteorology and the sampling period (Siudek et al., 2015). According to
Sanchez-Rodas et al. (2007), non-ferrous metal production is the most signifi-
cant human-made source of arsenic emissions in an urban/industrial area at-
mosphere. For example, the higher mean concentration of arsenic in PM,; air
samples was found to be over 300 times (0.20 - 0.47 pg/m’) above the WHO
guidelines of 0.00066 pg/m’ in scrap metal smelting electric arc furnace emis-
sions by Owoade et al. (2015).

In our study, mean concentrations of Ni (0.860 - 3.712 pg/l) were significantly
higher than the average Ni concentration (0.72 ug/l) reported by Cereceda-Balic
et al. (2012) in the snow of Cerro Colorado, Chile. Also, the Ni value in this
study is higher than the value (0.68 ug/l) reported by Carling et al. (2012) in the
snowpack of Utah, USA. However, in an industrial area in Poznan, Central Pol-
and, Siudek et al. (2015) measured average Ni (3.77 pg/l), was similar to the
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highest mean value reported for our study in Winnipeg. The highest concentra-
tion of Ni observed in this study can be attributed to the possible wet and dry
deposition of Ni dust/fumes generated during scrap metal handling and shred-
ding operation and high recyclable nature of nickel.

Also, Cd concentrations (0.03 - 0.62 ug/1) detected in this study’s snow sample
is significantly lower than the mean value of 3.87 ug/l reported by Engelhard et
al. (2007) in the urban snow sample of Innsbruck, Austria. The higher concen-
tration of Cd reported by Engelhard et al. (2007) was linked to highway traffic
and unidentified anthropogenic source in an urban environment. The current
study’s highest mean Cd value of 0.62 pg/l nearby the fenceline of scrap metal
recycling operations was over seven times higher than that reported by Siudek et
al. (2015). Cd is an example of a rare element of non-ferrous metals. Cadmium’s
high concentration in our study suggests a possible deposition from handling and
processing of non-ferrous scrap metals and shredding of scrap metals coated
with cadmium paint (OSHA, 2008). Mean values of Cd in other sampled sites
in Winnipeg 0.03, 0.06, 0.09, and 0.21 pg/l, respectively, ranged within the
values detected by Douglas & Stum (2004), Gabrielli et al. (2006) and Siudek et
al. (2015).

The mean concentration of total Cr (0.300 - 4.29 pg/l) reported in our study
showed higher variations than Cr values observed in other snow pollution stu-
dies. Specifically, the amount of Cr at 4.29 pg/l in snow samples near recycling
operations was significantly higher than the values of 0.01, 0.40, and 0.77 pg/l,
reported by Carling et al. (2012), Cereceda-Balic et al. (2012) and Suidek et al.
(2015). In contrast, the study of heavy metals in inner urban snow in Japan (Sa-
kai, 1988) detected the mean value of Cr at 9.30 ug/l; over two times the maxi-
mum mean value of 4.29 ug/l observed in Winnipeg.

The group 1 carcinogen levels, namely As, Cd, Cr, and Ni, were all found to be
significantly higher in accumulated snow near the scrap metal shredder than le-
vels observed in the background snow samples. These carcinogenic heavy metals
alongside high concentrations of Zn and Pb fit the footprint of contamination
and hazardous emissions. Other possible sources of heavy metals include vehi-
cular and industrial smoke/dust particles emission as well as tire rub-off on the
road (Vasic¢ et al., 2012; Krastinyte et al., 2013). However, the heavy metals de-
position and accumulation in snow samples were significantly higher in the in-
dustrial area along the fenceline of the scrap metal shredder than every other

sample areas.

4.2. Result of Non-Parametric Tests Using Spearman Rank
Correlation and Kruskal-Wallis Test

All the p-values were <0.05, according to the Kolmogorov-Smirnov Test and
Shapiro-Wilk test, indicating non-normally distributed data for heavy metals
concentrations in snow samples in Table 3. As a result, we applied Spearman
rank correlation and Kruskal-Wallis as non-parametric tests for the co-occurrence
and statistical significant levels of heavy metals in snow across the sample sites.
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Table 3. Tests of normality.

Kolmogorov-Smirnov* Shapiro-Wilk
Statistic Df Sig. Statistic df Sig.
Pb 0.319 25 0.000* 0.469 25 0.000*
As 0.202 25 0.010 0.801 25 0.000*
Cr 0.330 25 0.000* 0.605 25 0.000*
Cd 0.301 25 0.000* 0.540 25 0.000*
Ni 0.280 25 0.000* 0.655 25 0.000*
Zn 0.369 25 0.000* 0.410 25 0.000*
Mn 0.323 25 0.000* 0.629 25 0.000*
Hg 0.495 25 0.000* 0.337 25 0.000*

Lilliefors Significance Correction; * = statistical significance at p < 0.01.

The rank coefficient showed strong positive correlation coefficients r, = 0.744
- 0.949 and statistically significant p = 0.01, for Pb, As, Cr, Cd, Ni, and Zn. Also,
moderate correlation coefficient r, = 0.527 - 0.586 and statistically significant p =
0.01, between Hg-Pb, Hg-Zn, Hg-Ni, Hg-Cr, and Hg-Cd were observed. The
moderate correlation coefficient for mercury with other heavy metals can be at-
tributed to the low detectable levels of mercury, which was detected in three out
of the five industrial samples.

Furthermore, the non-parametric Kruskal-Wallis H test showed a statistically
significant difference between heavy metals in groups of composite snow sample
sites, N = 23; X*(2) = 14.23, p = 0.003, with a mean rank Pb value 20.80 for In-
dustrial, 12.50 for roadside, 13.25 for commercial, and 6.90 for residen-
tial/parkland. The Kruskal-Wallis H test for other trace elements statistical sig-

nificant for different snow sample sites are presented in Table 4.

4.3. Discussion of Pollution Indices in Snow Samples

Table 5 presents the results for the contamination factors (CF), degree of con-
tamination (DOC) and pollution load index (PLI). The DOC values were 249,
50, 48, and 13 for the industrial, roadside, commercial, and residential/parkland
snow sites, respectively. These four areas were all considered by this DOC meas-
ure to be highly contaminated. These DOC values showed that the industrial
contamination is roughly five times more contaminated than that for the road or
commercial areas and almost 20 times more contaminated compared to the res-
idential/parkland. The road and commercial sites are roughly four times more
contaminated than the residential/parkland. However, the lowest PLI value (0.6)
in the residential/parkland area did not consider this area contaminated, but that
the others were at 4.1 for shredder, 2.2 for roadside and 1.9 for commercial
areas.

The CF of each toxic heavy metal in snow was calculated for four land use

categories (industrial, commercial, roadside, and residential/parkland). The CF
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Table 4. Kruskal-Wallis test for heavy metals distribution in snow.

H Metal X 2) al Mean Rank Mean Rank Mean Rank Mean Rank
ea etals -value
vy 4 (Industrial) (Roadside) (Commercial) (Residential/Parkland)
Lead (Pb) 14.229 0.003* 20.80 12.50 13.25 6.90
Arsenic (As) 13.365 0.004* 16.40 16.00 17.13 6.15
Chromium (Cr) 16.342 0.001% 19.40 16.00 14.38 5.75
Cadmium (Cd) 14.951 0.002* 21.00 12.75 13.00 6.80
Nickel (Ni) 10.645 0.014* 18.60 14.75 12.50 7.40
Zinc (Zn) 15.24 0.002* 19.40 15.25 14.50 6.00
Manganese (Mn) 16.567 0.001% 18.80 17.50 13.750 5.70
Mercury (Hg) 11.812 0.008% 17.40 10.50 10.50 10.50

* = statistical significance at p < 0.05.

Table 5. Three different pollution indices applied to the four different land uses for six

heavy metals.
Pollution Indices Industrial Roadside = Commercial Residential/Parkland
Degree of Contamination 249 50 48 13
(DOC)
Pollution Load Index (PLI) 4.1 2.2 1.9 0.6
CF for Pb 151 28 24 7
CF for Zn 66 6 9 2
CF for Ni 20 10 5 1.4
CF for Mn 8 3 9 2
CF for Cr 4 2 1 0.3
CF for Hg 0.03- 0.2 (ug/l) Not Detected Not Detected Not Detected

With: CF < 1 = low; CF < 3 = moderate; CF < 6 = high, and CF > 6 = very high. With: DOC <1 =low; <1
DOC < 3 = medium; and DOC > 3 = high. With: PLI < 1 = background, PLI > 1 = contamination.

values for Mn, Pb, Zn, and Ni indicated moderate to very high levels of conta-
mination in the industrial, roadside, and commercial areas. The largest CF val-
ues for Pb (151), Zn (66), and Ni (20) for industrial snow samples suggests pre-
dominant deposition came from the scrap metal recycling operations. Chro-
mium also showed moderate contamination levels in the industrial (CF = 4.3)
and roadside (CF = 2.2) areas, respectively. CF values for As and Cd in all the
sample sites was less than CF > 1, which suggests low contamination levels for
these two metals. However, some CF values were low in the residential/parkland
sample site with the exception of Mn (2), Ni (1.4) and Zn (2), respectively, which
showed moderately contaminated levels at CF < 3. Also, the residential/parkland
zone snow samples showed highly contaminated levels for Pb (7), at CF > 6 in-
dicates very high contamination.

Wind dispersion, subsequent wet (rain and snow precipitates), and dry depo-

sition of particulate matter on trees, plants, soil, and snow are crucial to the nat-
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ural cleansing of the polluted atmosphere (Soriano et al., 2012; Nazarenko et al.,
2016). These deposits serve as a temporary and permanent sink of hazardous air
pollutants. In this case, particulate heavy metals settle on surfaces such as plants,
soil, and snow. In our study, neurotoxic and carcinogenic heavy metals (Pb, Mn,
and Ni), as well as essential trace elements (Zn and Mn) at very high concentra-
tions, pose a toxic health risk (Sanders et al., 2009; Claus Henn et al., 2010;
ARG, 2020).

Previous measurements of heavy metals in particulate matter emission during
scrap metal processing found average levels of Pb, Mn, Ni, Cr, and Cd exceeded
the safe limit levels in airborne particles recommended by WHO and USEPA
(Ogundele et al. 2017). In the context of this study design and study area, heavy
metals measured in snow as a low-cost indicator of air pollution in the scrap
metal recycling area and other neighboring areas adopted as the sample sites.
Although no provincial or existing guidelines or limits for heavy metals load in
snow cover, but pollution indices model estimated high contamination levels
and pollution load for Pb, Zn, Ni, and Mn in the order of industrial > roadside >
commercial > residential/parkland.

The highest CF for Pb under all land uses is explained by Pb being ubiquitous
in metal products, and most recycled metal after iron (ILO, 2004; OSHA, 2008),
as well as previously being used in leaded gasoline and paint. Health risks from
exposure to Pb include anemia, weakness, brain, and kidney damage (CDC,
2018) and are more pronounced in children than adults impacting their brain
and nervous system development (WHO, 2019b). Consequently, lead is a global
public health concern. According to the Centre for Disease Control (2018), in-
halation of Pb is the primary source of absorption of higher levels of Pb in the
human body than any other route of exposure. Children are also at the risk of 4 -
5 times ingestion of Pb than adults because of their hand to mouth behavior, and
long term exposure in the adult can result in profound health impacts like high
blood pressure and kidney damage (WHO, 2019b).

Ni is a toxic and carcinogenic heavy metal that had a very high CF in the in-
dustrial and roadside samples. Naturally, Ni occurs at low levels; however, the
extensive industrial use of Ni has increased its occurrence level in the environ-
ment. For example, nickel is a non-ferrous metal like lead, used for stainless
steel, aluminum alloys, and electroplating when processed and shred as scrap
may be present as fume or dust. The deposition of Ni scrap dust and fumes may
be attributed to the high contamination factor reported for Ni in snow and in-
halation. Ni dust poses numerous public health risks when inhaled at high con-
centrations, causing pneumonitis and the development of nose, lung, larynx, and
prostate cancer (Lenntech, 2020). CF values for Zn and Mn range between very
high to moderate levels of contamination, respectively. Zn has the second-highest
level of CF in the industrial snow samples and other sample sites, which can
be linked to the fact that Zinc is the fourth most widely used metals in the
world (Tolcin, 2015). Zinc emissions poses a high hazard level from scrap metal

processing (Ogundele et al., 2017). Consequently, in this study, the high con-
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centration of Zn in snow sampled at the property line of the scrap metal recy-
cler suggests a recent deposition of zinc dust and fumes on snow cover ema-
nating from the scrap metal recycler.

Unlike Pb and Ni, which are neurotoxins and carcinogens in humans, Zn is
an essential nutrient needed for numerous bodily functions. Zn is needed in
small amounts for cellular metabolism of nutrients and a healthy immune sys-
tem through dietary intake (Darnton-Hill, 2013; Nordqvist, 2017). However,
overexposure to Zn as an environmental pollutant can be detrimental to hu-
man health from inhalation of contaminated air linked to Zinc dust and fumes
from metal processing and recycling industries (ATSDR, 2005; OSHA, 2008).
Development of short-term disease known as metal fume fever caused by the in-
halation of zinc dust and fumes but is reversible when exposure stops (ATSDR,
2005).

4.4. Nonlinear Regression Analysis of Heavy Metals
Concentration

In this study, we applied the nonlinear regression to statistically estimate the re-
lationship between heavy metals concentrations in snow and the distance of
scrap metal shredder to the sample sites. The Polynomial Regression was applied
to determine the variation trend of each heavy metal concentration, with the
formula shown in Equation (4) below:

Y =B, +B,X +B,X? (4)

where Yis the heavy metal concentration, Xis the distance of the snow sample
point to the scrap metal shredder, B,, B, and B, are the model’s coefficients.

The regression curve of each heavy metals’ concentration to the sample site
distance from the scrap metal shredder are shown in Figures 3-9. Distance of
the sample sites to shredder is 100 to 270 meters in the industrial area, 287 to
560 in the commercial area, 370 to 830 meters in the roadside area, 463 to 671
meters in the residential/parkland area. All heavy metals concentrations signifi-
cantly decreased as the distance of the sample locations increased from the scrap
metal shredder. The R square values of the regression models for the heavy met-
als are 0.585 (Cd), 0.462 (Pb), 0.423 (Zn), 0.343 (Cr), 0.343 (Ni), 0.244 (Mn), and
0.069 (As), respectively.

The highest concentration of Cd (1.53 pg/l), shown in Figure 3, at 133 meters
from the scrap metal shredder decreased exponentially to 0.01 pg/1 at 400 to 500
meters in the residential/parkland area. Peak concentrations of Cd in high
proximity with the shredder may be the result of cadmium in paints, alloys,
pigments, and batteries (Apanpa-Qasim et al., 2016). Pb concentration also de-
creased from 85.8 pg/l at 133 meters from the scrap metal shredder to 13.2, 8.07,
and 5.04 pg/l, respectively, for roadside, commercial and residential/parkland
areas. Also, as shown by the scatter plots and regression curves, high metals load
in roadside area at 450 meters from the shredder suggests deposition from traf-
fic-related emissions (Khalid et al., 2018). With the exception of arsenic (As), all
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metals were highest at the shredder and diminished with further distance from
shredder.

4.5. Spatial Analysis and Kriging Interpolation of Heavy Metals
Distribution

All eight maps, shown in Figures 10-17, indicate the shredder area is the most
contaminated area for all eight heavy metals notably for Pb, Zn, Ni, Cr, Cd,
and Hg, decreasing with the distance from this source to low or moderate lev-
els in residences. Furthermore, Siudek et al. (2015) reported similar high con-
centrations of Pb, Ni, Zn, and Cr in snow samples downwind from industri-
al/urban emissions sources. The findings from this map concurred with Ha et
al. (2014) interpolated maps of high levels of Pb, Cd, and Zn in air emissions
from nearby metal foundries. These findings suggest that the scrap metal re-
cycling shredder is the source of heavy metals, which adsorb and deposit on
snow surfaces.

Furthermore, the meteorological factor, such as prevailing wind direction
plays a significant role in the dispersion and deposition of industrial emission
of heavy metals in accumulated snow cover (Krastinyte et al., 2013). Wind
speed and direction data were obtained from the meteorological weather sta-
tion of Environment Canada, The Forks, Winnipeg and shown in Figure 18’s
wind rose. At the receiving end of the prevailing west/northwest wind direc-
tion is the scrap metal shredder, which is located in the northeast direction of
our interpolated maps. This prevailing northwest wind may contribute to sig-
nificant fallout of heavy metal particles in the downwind area, especially the
northeast and part of the southeast.
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Lead Distribution in Industrial and Residential Snowpack

Lead Concentration (pg/L) 456 - 8.07
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2.64 - 4.56
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Figure 10. Spatial distribution of Lead (Pb) in undisturbed snowpack in
South St. Boniface.
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Figure 11. Spatial distribution of Zinc (Zn) in undisturbed snowpack in
South St. Boniface.
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Figure 12. Spatial distribution of Nickel (Ni) in undisturbed snowpack in
South St. Boniface.
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Figure 13. Spatial distribution of Chromium (Cr) in undisturbed snow-
pack in South St. Boniface.
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Figure 14. Spatial distribution of Manganese (Mn) in undisturbed snow-
pack in South St. Boniface.
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Figure 15. Spatial distribution of Arsenic (As) in undisturbed snowpack
in South St. Boniface.
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Figure 16. Spatial distribution of Cadmium (Cd) in undisturbed snow-
pack in South St. Boniface.
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Figure 17. Spatial distribution of Mercury (Hg) in undisturbed snowpack
in South St. Boniface.
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Figure 18. Wind rose for wind speed and wind direction measurement from the forks

weather station (Environment Canada), Winnipeg. (1st November 2018 to 13th March
2019).

5. Conclusion

This study conducted a spatial analysis of heavy metal concentrations in snow
samples. Many different ways to assess and compare heavy metal concentrations
at different distances from the shredder and different zones were undertaken.
Every analysis pointed to the zone surrounding the shredder as being the most
contaminated at the shredder and decreasing with distance from the shredder.
Higher concentrations closer to the shredder were significant for every metal,
but arsenic, in regression modelling R squared (0.585 for Cd, 0.462 for Pb, 0.423
for Zn, 0.343 for Cr, 0.343 for Ni, 0.244 for Mn, and 0.069 for As). Heavy metals
concentrations were found to be significantly higher in the industrial zone, with
next highest being the roadside, then the commercial zone and finally the residen-
tial/parkland zone, at p-value < 0.01 statistical significance levels according to the
non-parametric Kruskal-Wallis H-test. The spatial analysis of heavy metals con-
centrations measured in the snow sample sites displays that all toxic metals, par-
ticularly Pb, Ni, Zn, Cr, and Hg, have highest concentrations proximate to the
scrap metal shredder. Furthermore, different pollution indices, specifically con-
tamination factor (CF), degree of contamination (DOC), and pollution load index
(PLI),all registering high contamination. The CF registered high for lead, zinc,
and nickel in all areas compared to the background levels with the highest levels
nearby a scrap metal shredder. The DOC values showed that the industrial con-
tamination is roughly five times greater than that for the road or commercial ar-
eas and almost 20 times more contaminated compared to the residential/parkland.
With PLI levels above 1 considered contaminated, the shredder (4.1), roadside
(2.2) and commercial areas (1.9) were polluted but not the residential/parkland
areas (0.6). These findings point to the scrap metal shredder as causing the pre-

sent-day contamination for all areas studied, including residential/parkland, traf-
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fic and commercial areas. High levels of toxic metal air pollution proximate to a
community warrant further study of human exposure and health risk posed by
multiple sources from air, water and land. Enforcement and enclosure of the
outdoor shredder should be considered to reduce heavy metal exposure.
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