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Abstract

In the context of urban diffuse pollution a suburlyaad acts as a potential source of
toxic pollutants among which heavy metals are vagnmon, are found at elevated
concentrations and are generally persistent. Withck of detailed understanding of
metal emission patterns on suburban roads, a elétatlidy is therefore essential for
gaining an improved understanding to plug the kieolge gap in terms of urban diffuse
pollution management. The present understandingot@itant build-up and wash-off
processes on road surfaces elucidates that thesesses are highly site specific and
are hard to generalise in certain aspects. Theretbrs study aimed to characterise
heavy metal emissions and associated pollutionldest several road sites on the
Riccarton Campus road network using road sedimehéated during dry and wet
weather periods. The heavy metal concentration€df Cr, Cu, Ni, Pb and Zn, are
believed to be greatly toxic and are highly abundamoad traffic environments, were

determined by strong nitric acid digestion and atoabsorption spectrometry.

The study revealed that the pollutant build-up aagh-off processes were site specific
and so also were the derived local build-up andhvedk parameters, as expected.
However, these derived parameters were very diffef®m those used in common
urban drainage models suggesting that the defaalues are (significantly)
inappropriate for the studied road network. Thengfiaation of heavy metals in road
sediments displayed significantly higher concermdrst than local background
concentrations. Their concentrations between weayipes were found in the order of
runoff, snow and dry road sediment, and also vaoettveen sampling sites according
to site-specific attributes, such as road lay-outred traffic movement pattern, road
surface condition and presence of road paint rdatiaar due to traffic volume alone. The
concentrations of all metals except Pb were sicguifily higher in finer sediment sizes
than in larger sediment sizes. Correlation analysesaled a similar pattern showing a
greater number of statistically significant asstoress between metals in finer sediment
sizes. An assessment of heavy metal contaminatidicated that road sediment may
likely pose a moderate to considerable level oflagioal risk, if transported to the
nearby water environment in the study area. Thendasion of the knowledge gained
in this study should help to improve current untierding of environmental pollution
from suburban roads and to provide better guiddaceselecting appropriate control

measures under the framework of sustainable urtanatje systems.



Dedication

This work is dedicated to my parents whose precilmy®, constant support and
encouragement throughout this journey filled menwyonder, and who would be very
proud of this achievement.



Acknowledgement

| am forever in debt to my primary supervisor Dtev@ G. Wallis for his precious
input, advice, encouragement and support througthagistudy, and always having the
time to review my work, checking drafts and to delthe rational of the ideas in it. It is
impossible to overstate how much | have learnech fnam. | would like to express my
heartfelt thanks to my co-supervisor Dr. Scott Artlior his constant feedback and

encouragement, and also being available, whenewegded his guidance.

Bill Hodder is thanked for his technical and logistupport during field work. Sincere
appreciation and thanks are extended to Sean Malhernand Hugh Barras for
technical assistarduring laboratory work in the Environmental Chemyidtaboratory

in the School of Life Sciences at Heriot Watt Umsiy. The author also thanks Dr.
David A. Kelly for providing rainfall data and infimation. | truly appreciate the
constant support from Ashigur Rahman and SreeniRasaPuwala, my good friends
and colleagues, for their constant support during field work without which a

comfortable completion would not have been possibled also their cheerfulness

which made some of my most difficult days full ahf throughout this study.

I must acknowledge Heriot Watt University for awagl prestigious ‘James Watt’

scholarship to me, which covered the tuition amihgj allowance in the UK. | am

grateful to Dr. Adeloye giving me the opportunity work with him as a ‘Teaching

Assistant’ for several courses, which was not antyincredible teaching experience
abroad but also equally improved my knowledge &itl. $ would also extend my

thanks to Chittagong University of Engineering afdchnology, Bangladesh for
granting deputation to accomplish this study inltée

Lastly but most importantly, | would like to expgsesy unreserved gratitude to my
dearest parents and my siblings, for their suppamt$ unconditional love throughout
this journey. In particular | thank my wife Priyanlkand our daughter Shrestha, who
have put up with me in spite of years of work dgrmany evenings and weekends. |

really couldn’t have done it without your costhasifies, Priyanka.



DECLARATION STATEMENT HERIOT
WATT

ACADEMIC REGISTRY
Resear ch Thesis Submission

UNIVERSITY

On Heavy Metal Pollution from a Suburban Road Networ k

Name Sudip Kumar Pal
School/PGl: Built-Environment / Institute for Ingucture and Environment
Version: (i.e. First, | Final Degree Sought PhD in Civil Engineering (Water
Resubmission, (Award and Resources)
Final) Subject area)
Declaration

In accordance with the appropriate regulationsébg submit my thesis and | declare that:

1) the thesis embodies the results of my own warklzas been composed by myself

2) where appropriate, | have made acknowledgenfahteavork of others and have made reference
to work carried out in collaboration with other gens

3) the thesis is the correct version of the thisisubmission and is the same version as any
electronic versions submitted*.

4) my thesis for the award referred to, depositetthé Heriot-Watt University Library, should be
made available for loan or photocopying and belalkd via the Institutional Repository, subject
to such conditions as the Librarian may require

5) lunderstand that as a student of the Univetsity required to abide by the Regulations of the
University and to conform to its discipline.

*  Please note that it is the responsibility of the candidate to ensure that the correct version of the
thesisis submitted.

Signature of Date: /01/2012
Candidate

Submission

Submitted By(name in capitals): SUDIP KUMAR PAL

Signature of Individual Submitting:

Date Submitted: /01/2012

For Completion in the Student Service Centre (SSC)

Received in the SSC lpamein
capitals):

Method of Submission

(Handed in to SSC; posted through
internal/external mail):

E-thesis Submittedhfandatory for
final theses)

Signature: Date:




CHAPTER

Table of Contents

TITLE
Title Page
Abstract
Acknowledgement
Table of Contents
List of Tables
List of Figures
List of Abbreviations
List of Publications

Introduction

1.1 Background

1.2 Justification of the Research
1.3 Research Hypothesis

1.4 Aims and Objectives

1.5 Scope and limitations

1.6 Organisation of the Thesis

Literature Review
2.1 Background
2.2 Diffuse Pollution: Urban Developmhe
2.3 Pollutant Sources in the Urbartisgt
2.3.1 Pollutant Build-up
2.3.2 Pollutant Wash-off
2.4 Road Runoff Pollutants
241 Sources of Stormwater Pollutants
2.4.2 Heavy Metals
2.4.3 Polycyclic Aromatic Hydrocarbons (PAHs
2.4.4 Conventional Pollutants
2.4.4.1 Suspended Solids
2.4.4.2 Organic Carbons & Others
2.5 Factors Affecting Road Runoff Qtyal
2.5.1 Traffic Volume
25.2 Sediment Particle Size and Water @uali

2.5.3 Storm Characteristics

254 Road Type and Surrounding Land use

2.5.5 Road Drainage Structures
2.6 Assessing Road Sediment Contamination
2.7 Road Drainage — Water Quality pecsive
2.8 Conclusions

Materials and M ethods

3.1 Introduction
3.2 Study Area and Sampling Sites
3.3 Field Sampling

3.3.1 Sampling Road Deposited Sediment (RDS)

3.3.2 Sampling Wet Weather Sediment
3.3.2.1 Storm Event Characteristics

Vi

17

32

42

48



Table of Contents (Continued)

CHAPTER TITLE

3.3.2.2 Road-runoff Collection
3.3.3 Snow Sediment Sampling
3.4 Laboratory Analyses
3.4.1 Sample Preparation
3.4.2 Laboratory Testing
3.4.2.1 Particle Size distribution
3.4.2.2 Total Suspended Solids (TSS)
3.4.2.3 Particle bound Heavy Metal Concentratio
3.4.2.4 Total and Dissolved Heavy Metal congditn
3.5 Quality Assurance
3.5.1 Analysis of Blanks
3.5.2 Precision
3.5.3 Accuracy
3.5.4 Detection Limit

3.6 Heavy metals Pollution Assessment
3.7 Statistical Analyses

3.7.1 Descriptive Statistics

3.7.2 Correlation Analysis

3.7.3 ANOVA
3.8 Conclusions

Analysis of Dry Weather Pollutant Build-up

4.1 Introduction

4.2 RDS Heavy metal Concentrations

4.3 Spatial Variability of RDS Heavy Metal Concextions and
Associated Contamination between Sites

4.4 Pollutant Build-up at Primary Sites

4.4.1 RDS Build-up
4.4.2 Mathematical Replication of RDS Buig-
4.4.3 Validation of Build-up Equations
4.4.4 Particle Size Distribution of RDS
4.4.5 Heavy Metals Build-up
4.5 Conclusions

Analyses of Heavy Metalsin Dry Weather Derived Sediment
5.1 Introduction

5.2 Grain Size &ampling Position Specific Heavy Metals in
RDS

5.3 Variability ofddvy Metals across the Study Sites

5.4 Monthly Distritian of Heavy Metals

541 Temporal Variation of Heavy MetalRBS
5.4.2 Grain Size Specific Monthly Mean MéXalriation

5.5 Correlation Analysis of RDS Heavy Metals
5.6 Heavy Metal Pollution Assessment
5.6.1 Environmental Significance
5.6.2 RDS Heavy Metal Contamination
5.7 onclusions

Vil

PAGE

49
51
52
52
52
53
54
54
57
57
57
57
58
59
59
61
62
62
63
64

65
65

65
68

70

72
78
81

85

88

0
90
90

93
102
102
104
106
110
110
112
115



Table of Contents (Continued)

CHAPTER TITLE
6 Analysis of Wet Weather Derived Sediment
6.1 Introduction
6.2 Analysis of Wash-off Sediment
6.2.1 Event Mass Load
6.2.2 Mathematical Replication of RDS Wash-o
6.2.3 Validation of Pollutant Wash-off Egoat
6.2.4 Particle Size Distribution of Runo#diment
6.3 Total Heavy Metal Concentratiom&unoff
6.3.1 Descriptive Statistics of Site-sfietieavy Metals
6.3.2 Influence of Particle Sizes on ekEtbound Metal
Concentrations
6.4 Seasonal Variability of RéfrfQuality
6.5 Correlation Analyses
6.5.1 Heavy metal Concentrations and TSS
6.5.2 Correlation between Metal Concéitns and Storm
Variables
6.5.3 Correlations between Metah€mtrations
6.6 Pollution Assessment for Runoftligeent
6.7 Analysis of Snow Samples
6.7.1 Particle size distribution
6.7.2 Descriptive Statistics of Heavy M&foncentrations in
Snow
6.7.3 Site and Grain size Specific Helshgtal Concentrations
6.7.4 Correlations between Heavy Metah€amtrations
6.8 Pollution Assessment of Snow Sediim
6.9 Conclusions
7 Compar ative Assessment of Dry, Runoff and Snow Sediment
7.1 Introduction
7.2 Particle Size Distribution
7.3 Descriptive &tts of Heavy Metals in Road Sediment
7.4 Site and Size@8fic Heavy Metal Concentrations
7.5 Metal Contamioat
751 Road SedimentluAssessment
7.5.2 Pollution Indides Heavy Metals
7.6 Conclusions
8 Conclusions and Recommendations
8.1 Introduction
8.2 Major Conclusions
8.3 Themed Conclusions
8.3.1 Dry Road Sediment
8.3.2 Wet-weather Samples
8.3.2.1 Runoff Samples
8.3.2.2 Snow Samples
8.3.3 Comparative Assessment of Dry, Ruanff Snow Sediment
8.4 Implications of the Resdar
8.5 Recommendatifand-urther Research

viii

PAGE

116
116

116
117
119
123

125

127

128
130

132
135
135
136

138
140
142
142
144

145
146
147
149

151
151
151
152
154
156
156
158
160

161

161
162
163
163
164
164
165

166

166
167



CHAPTER

Table of Contents (Continued)

Appendices
Appendix A
Appendix B
Appendix C
Appendix D

References

TITLE

PAGE

169
169
180
184
192

200



List of Tables

TABLE TITLE PAGE

2.1 Typical pollutants found in runoff from roadsdahighways 18

2.2 Heavy metal concentrations (mg'kdrom traffic and road materials 19

2.3 Total heavy metals and PAHs estimate (tonmeg) passenger cars 20
in the UK in 2003

2.4 Ranges or mean concentrations of heavy metatead deposited 22
sediments in various cities around the world (mg)kg

2.5 Ranges of event mean concentrations of polisiiarroad runoff 24
from rainfall and in snow-melt runoff around thendo

2.6 Typical Event Mean Concentration (EMC) for ptdints in highway 29

runoff showing relationship with traffic volume

3.1 Site details on Riccarton Campus road netwdilleriot Watt 46
University, Edinburgh

3.2 Summary of the rain events monitored at théyssites 49

3.3 Heavy metal concentrations for standard refereiample MESS-3 58
from the laboratory testing compared with certifiedues

3.4 The detection limit for trace metals analysaagi Perkin EImer 200 59
AAS

3.5 Categorization of standards o, CD, E{ and PERI 61

4.1 Mean and standard deviation of heavy metal @ninations (mg Kg) 66
in RDS on road network in study area

4.2 Pb concentration (mg kg-1) in yellow paint chgollected from road 67
surfaces on studied road network

4.3 Local build-up parameters estimation for nbardurb sampling 77
positions from field monitoring data

4.4 Comparison of estimated local build-up paransetgth the default 78
values from MOUSE and SWMMS5 and other studies

4.5 Grain size distribution of RDS at both samplnogitions averaged 82
over all four primary study sites

4.6 Values of ¢ and dofor both sampling positions 84

5.1 Descriptive statistics of grain size specifietah concentrations 91
(average over sites) in mgkdor both sampling positions

5.2 Spearman rank correlation coefficient amongahegincentrations in 106
RDS (average over all sizes and primary study)sites

5.3 Spearman rank correlation coefficient betweetahtoncentrations 108
in different RDS size fractions from near curb séngp

5.4 Spearman rank correlation coefficient betweetahtoncentrations 109

for different RDS size fractions from 1 m from thierb sampling
X



List of Tables (Continued)

TABLE TITLE PAGE

5.5 Comparison of observed metal concentrations published guide 111
line values

6.1 Event mass load of road sediment transporteaghioff events 117

generated from different sampling sites in Ricaa@@ampus road
network, Edinburgh

6.2 Comparison of wash-off exponent (N) estimatedffield 123
monitoring data with other published values

6.3 Values of ¢, and d, for rainfall-runoff PSDs 126

6.4 Comparison of mean heavy metals concentratidiT&S in road 127
runoff with previous published results

6.5 Summary statistics of heavy metal concentratiomoad runoff (a 129

total of 12 rainfall monitored) at the samplingesialong with
standard guideline values

6.6 Seasonal variability of storm events and hemegtal concentrations 133
(averaged over sampling sites) in road runoff

6.7 Spearmen rank-order correlation coefficientsvben runoff 137
pollutants and storm variables

6.8 Spearmen rank-order correlation coefficientsvben runoff mean 139
metal concentrations

6.9 Descriptive statistics of heavy metal concéiung (average over the 144
sites) in snow

6.10 Site and size specific metal concentratiorshow sediment 145

6.11 Spearmen rank-order correlation coefficieetsveen heavy metal 147

concentrations in snow sediment

7.1 Summary statistics otgifrom the particle size distributions for road 151
sediment

7.2 Descriptive statistics of heavy metal conceiung in road sediments 153

7.3 Site and grain size specific mean metal comagons in road 155
sediment

7.4 Comparison of mean heavy metal concentratioith wublished 157
guide line values

7.5 Pollution indices (Degree of contamination, &l Potential 159
ecological risk index, PERI) for the heavy metasaxiated with road
sediment

Xi



FIGURE

2.1

2.2

2.3
2.4

2.5

3.1

3.2

3.3

3.4

3.5

3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8
4.9

5.1

List of Figures

TITLE

Key sources of diffuse pollutants, emphasidiegvy metals, on
suburban roads
Correlation of TSS concentration to trafficiuoles (Note single

outlier, ignored in regression equation)

Correlation of acid-extractable zinc concemrato traffic volumes
Changing cncept of road drainage design owetitie frame in the
UK

Conceptual diagram of sustainable urban draisggtems (SUDS)
treatment train showing source, site and regiooatrol

Location of study area (Heriot Watt UniversiEginburgh Campus)
on map

Additional flow to the Murray Burn stream thgfluCampus
drainage pipe systems during rainfall events

Surface overflow from Car Park A to Murray Buluring rainfall
events

Sampling locations on Riccarton Campus road/ordt at Heriot
Watt University, Scotland

Schematic diagram and photographs of the expatal set-up used
for runoff collection at sites with road gullies

Analytical protocol for RDS metal determination

RDS build-up pattern at four different siteslfioth sampling
positions

Road deposited sediment build-up parameterasin using
power function

Road deposited sediment build-up parameterasin using
exponential function

Road deposited sediment build-up parametersnatsbn using
saturation function

Comparison of simulated RDS load using the pdawe function
with observed RDS load at primary study sites

Comparison of simulated RDS load using expoakfuinction with
observed RDS load at primary study sites

Particle size distributions (average over lié@dent dry days) for
both sampling positions at the primary study sites

Relationship between heavy metal concentramasADD

Heavy metal concentration in road depositethseat over the
antecedent dry days at the primary study sites

Box plots of grain size and site specific cadmi{Cd) in RDS for
both sampling positions

Xii

PAGE

10

29

30
37

37

42

43

44

45

50

55

70

74

75

76

79

80

84

86
87

94



FIGURE

5.2

5.3

5.4

5.5

5.6

5.7
5.8

5.9

5.10

6.1

6.2

6.3

6.4

6.5

6.6
6.7

6.8

6.9

6.10

6.11

List of Figures (Continued)

TITLE

Box plots of grain size and site specific chitom(Cr) in RDS for
both sampling positions

Box plots of grain size and site specific cag@) in RDS for
both sampling positions

Box plots of grain size and site specific niqké) in RDS for both
sampling positions

Box plots of grain size and site specific Iéad) in RDS for both
sampling positions

Box plots of grain size and site specific Zidn) in RDS for both
sampling positions

Monthly mean metal concentrations for differestnpling sites
Grain size specific monthly mean metal conegiutins (average for
all four sites) in mg kg

Box plots showing the degree of contaminat©D) caused by
heavy metals in RDS

Box plots display the Potential EcologicallRisdex (PERI) value
caused by heavy metals in RDS

Variation of wash-off load across the sitedwiinfall intensity,
rainfall duration and dry days between rain events

Road deposited sediment wash-off parameteisnagin using
exponential function

Comparison of simulated and observed washeaff Lising
exponential function at primary study sites

Particle size distributions for runoff sedimehselected storm
events

Box plot ofsize specific heavy metal concentrations in roaaflun
across the sites

Correlation between metal and TSS measuredrmffrsamples
Bar chart of degree of contamination (CD) fatats in runoff
sediment

Bar chart of potential ecological risk indeXe@@) for metals in
runoff sediment

Particle size distribution curve for snow dedwsediment from road
surfaces

Bar chart of degree of contamination (CD)nfatals in snow
sediment

Bar chart of potential ecological risk ind®ERI) for metals in
snow sediment

Xiii

PAGE

95

96

97

98

99

103
105

112

114

120

122

124

125

131

135
140

141

143

148

149



AAS
AADT
ADD
ADT
APHA
BOD
COD
CD
Cd

Cr

Cu
EPA
EA
EU
FHA
MOUSE
Ni
PAH
PERI
Pb
PSD
RDS
RB
RSC
RI

SR
SEPA
SNIFFER
SUDS
SWMM
TOC
TSS
VDS
VOC
VPH
WFD
Zn

List of Abbreviations

Atomic Absorption Spectrometry
Annual Average Daily Traffic
Antecedent Dry Days

Average Daily Traffic

American Public Health Association
Biochemical Oxygen Demand
Chemical Oxygen Demand

Degree of Contamination

Cadmium

Chromium

Copper

Environmental Protection Agency
Environment Agency

European Union

Federal Highway Agency

Model for Urban Sewers

Nickel

Polycyclic Aromatic Hydrocarbons
Potential Ecological Risk Index
Lead

Particle Size Distribution

Road Deposited Sediment

Road Bend

Road with Speed Control Measures
Road Intersection

Straight Road Section

Scottish Environment Protection Agency
Scotland and Northern Ireland Forum foriEsmmental Research
Sustainable Urban Drainage Systems
Storm Water Management Model
Total Organic Carbon

Total Suspended Solids

Vehicles During Storm

Volatile Organic Carbon

Vehicles Per Hour

Water Framework Directive

Zinc

Xiv



List of publications

Journal Papers

Pal, S. K., Wallis, S. G. and Arthur, S. (2011) Assessment ed\y metals emission
from traffic on road surfaces. Central Europeandaluf Chemistry 9(2), 314-319.

Pal, S. K., Wallis, S. G. and Arthur, S. Emission patternsraffic related metals and
associated contamination in road deposited sedsnelmternational Journal of
Environmental Engineering (Article in press)

Pal, S. K., Wallis, S.G. and Arthur, S. Heavy metals in readliment and associated
contamination: a comparative assessment of therdmgff and snow derived sediment
on road surfacedJfder review in Water Environment Research).

Pal, S. K., Wallis, S.G. and Arthur, S. Assessing heavy metatsl associated
contamination in road runoffUpder review in Environmental Monitoring and
Assessment).

Refereed Conference Papers

Pal, S. K., Wallis, S. G. and Arthur, S. (2011) On the relasioip between pollutant
build-up on roads and antecedent dry days: In thecegeding CD of the 2
International Conference on Urban Drainage, 10t&é&ptember, Porto Alegre, Brazil,
Paper No: PAP 004880.

Pal, SK., Wallis, S.G. and Arthur, S. (2010) Emission gats of traffic-related metals
on road: In the proceeding CD of the Internatio@ahference on Environment, 13 to
15 December, Penang, Malaysia, Paper No. 010.

Non-r efer eed Conference Papers

Pal, S. K., Wallis, S. G. and Arthur, S. (2011) Spatial vaoatof heavy metal pollution
on an urban road network: In the proceeding of SkilbSnet / CIWEM National &
International Conference, 11 to 13 May, The Unikgref Abertay, Dundee, UK, pp
61-67.

Pal, SK., Wallis, S.G. and Arthur, S. (2010) Assessmenhaedvy metal emissions on

road surfaces: In the proceeding of th& Irkernational Conference on Heavy metals in
Environment, 19 to 23 September, Gdansk, Polan@5gp959.

XV



Chapter 1 — Introduction

1.1 Background

In recent years, urban areas have experiencedeseneironmental pollution. Roads, an
integral part of any urban development, only usemall percentage of urban land,
however they generate many types of pollutants, ngmahich heavy metals, in
particular Cd, Cr, Cu, Ni, Pb and Zn are very comr{Barrett et al., 1993; Furumai et
al., 2001). Heavy metals are important environmeptdlutants and are regarded as
potential hazards to human health and to natu@dystems (Marcovecchio and Ferrer,
2005). The heavy metals derived from roads origirfiedm diverse sources (Banerjee,
2003). From the study of Irish et al. (1995), atptesic deposition, input from traffic,
carriageway breakup and surrounding land uses amedfto be the key sources of
heavy metal pollution from roads. The urban patintiimpact associated with
transportation has become an important issue aktra#fic in the UK has increased
rapidly during last decade or so (Napier et alQ&0

Meanwhile, much research work has been undertakenntestigate pollutants,

particularly heavy metals, derived from road sugfaall over the world. For example,
studies carried out in Australia and New Zealanall(Bt al., 1998; Drapper et al., 2000;
Mosley and Peake, 2001; Brown and Peake, 2006),ridemn€Sartor and Boyd, 1972;

Sartor et al., 1974; Sansalone et al., 1996; Biikzomd Stadelmann, 2002; Sutherland,
2003; Lee et al., 2004), Asia (Kim et al., 1998glLet al.,, 2002) and Europe (Farm,
2002; Westerlund et al., 2003; Backstrom et ald32Meletic and Orr, 2005; Crabtree
et al., 2006, 2008; Robertson and Taylor, 2007; reeeal., 2009; Helmreich et al.,

2010). Aspects of heavy metals and their quantiboain road sediment are very
commonly studied in the above studies. Howevergtiea lot of uncertainty regarding

their concentrations in road sediment depositethdutifferent types of weather, such
as a dry spell, rain or snow. Such concentrati@we tbeen found to be highly variable
and also appear to be site specific, being depemhea wide range of factors including
location, traffic volume, extent of antecedent dpells, frequency of street sweeping,
nature of road surface etc. Also where data is dritam United States, Australia and

Europe, these may not be very applicable to UKuarstances. While a few of the

1



above mentioned studies of heavy metal concentraiiodry and runoff sediment have
been undertaken in the UK, there is no such datladke for Edinburgh City.
Moreover, there is no previous data on the quaatibn of heavy metals and associated
contamination levels in snow derived sediment froads in the UK.

It is also well known from several studies thatgmsicant proportion of road pollutants
are associated with particulate matter, the resighe a dissolved phase. Typically 40-
70% of many heavy metals are found in the partieufeaction and about 90% of
polycyclic aromatic hydrocarbon (PAHs) can be asded with particles (Marsalek et
al., 1997; Starzec et al., 2005). Once depositat] sediment could be transported from
the road surfaces to nearby water bodies by diftecbeansing events comprising
mechanical (street sweeping) and natural (air, sapd rain) events, and thus in turn
make a significant contribution to the local enmmmental pollution. Therefore,
managing sediment from roads is required to corinel associated environmental
pollution (Heal et al., 2006). Moreover, recentdadrainage practice has seen the
introduction of sustainable urban drainage syst¢8idDS) for roads, replacing or
modifying conventional road drainage and aimingddress the water quality and water
quantity issues, as a long-term robust option ft¥an pollution management (Heal et
al., 2009). It is therefore useful to have inforibaton pollutant concentrations from
different perspectives that may inform road drasmagsigns and maintenance in the

context of SUDS for roads.

1.2  Justification of the Research

Pollutants derived from the road-traffic environmare seen as a major contributor to
urban diffuse pollution in receiving waters. Thelisgent derived from roads has been
found to be highly contaminated and is thereforféero studied as an indicator of
environmental pollution. From reviewing literature this field of study, it has been
revealed that profiles of pollutant concentrati@ane highly site specific. Furthermore,
variability in rainfall pattern, number of precedidry days, and roadway maintenance,
that are considered as key drivers, makes the gmolohore complex and unique for
specific regions or sites. Furthermore, a few g&sidiave been found that report the
importance of traffic movement patterns on heavyamemissions (Hjortenkrans et al.,
2006; Ewen et al., 2009; Doung and Lee, 2011) adsoAlso from Ewen et al. (2009),
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it is apparent that a higher pollution level isasated with sites on suburban roads than
on busy urban roads or motorways. This finding e@ts further research exclusively
focused on metal emission patterns for differeaffit movement patterns along a
suburban road network. In addition, a piecemealragah to reporting pollutant
concentrations has limited direct comparison betwestudies and, therefore,
recommendations available from different studiesy nmot be widely applicable
(Crabtree et al., 2006). Although a few studiebedvy metal concentrations in dry and
runoff sediment from the road-traffic environmeatv been undertaken in the UK, no
such information is available for heavy metalsmow derived sediment. Moreover, in
particular to Edinburgh City, there is no previalega on heavy metals and associated
contamination levels in dry or wet weather (ruranftl snow) derived sediment from the
road—traffic environment. It is understood that gfuantification of heavy metals in dry,
wet weather and snow derived sediments from roadsthe potential to allow an
improved understanding of diffuse heavy metal gmhy which has a continuing threat

to the nearby aquatic environment.

In order to meet regulatory water quality requiraetseset by the Water Framework
Directive (WFD), a wide range of best managemeattwes have been implemented
and monitored to deal with pollution from the rdsaffic environment. In Scotland the
outcomes of this work practices were documentdtarrecently adopted road drainage
guidance ‘SUDS for Roads’ (Pittner and Allerton,09D The performance of the
various treatment options is often measured by tifyary the percentage removal of
pollutant mass, and less attention has been plaicale toxicity for aquatic species in
receiving waters. However, knowledge of the toyi@kerted by road runoff pollutants
may be essential to accurately evaluate the effmotiss of SUDS treatment options
with regard to removal of the toxic fraction of jupants. A proper understanding of the
pollutants and associated ecological risk at g@siosites on a road network, to
demonstrate how and where pollutants are dispersaald be useful in selecting
appropriate source/site control measures to imprteemwater runoff quality. An
improved understanding of such issues particularlyhe context of treatment trains
would be a useful addition to the SUDS for roadsinad



1.3 Research Hypothesis

Traffic movement patterns, which are conditionedrbgd lay-out, have a significant
influence on heavy metal emission patterns andcassd pollution from the road
traffic environment. It is expected that pollutancentrations would be higher at a
site, where traffic is more likely to undergo stetpst manoeuvres than at a site where

traffic flows are more likely to maintain steadyesgls.

1.4  Aims and Objectives

The overall aim of this research is to charactdnsavy metal emissions and associated
pollution at several different road-layout sites aisuburban road network during dry

and wet weather events.

Major objectives to address the aim of the stu@yaerfollows:

. To investigate the influence of traffic movementt@ans on metal emission
patterns.
. To investigate the pollutant build-up pattern daraction of transverse sampling

position and the number of antecedent dry days.

. To investigate the wash-off pattern for rainfaleats also with the influence of
the number of antecedent dry days.

. To measure heavy metal concentrations and assto@ateronmental pollution
in three different road sediment categories, nardgy runoff and snow, as a function
of particle size distribution.

. To undertake a correlation analysis between heagtals and relevant key

variables.

It is hoped that the findings of this study coulditlier help to improve knowledge on
environmental pollution under different site chaeaistics on suburban roads, and to

provide better guidance to water professionals.



1.5 Scope and Limitations

The research concerns heavy metal concentratiotsthear distribution in different
particle size fractions of dry, runoff and snowiseeht for several road lay-out sites on
a typical suburban road network. Furthermore, heaeyal levels associated with the
above categories of road sediment are discussaeésailtly environmental pollution in
relation to ecological risk indices. Some importessues in relation to this research are

as follows:

. The research was confined to the Riccarton Campitenot Watt University
in Edinburgh, UK. This limits the research outconmeserms of regional and climatic
parameters. However, the generic knowledge gamagplicable outside of this region.
. The field investigations were limited to a suburlraad network with a low
traffic density and a combination of rural and urbdand-uses. This limits the wider
applicability of some of the results where spes&di land uses (e.g. metal industries)
may likely have a significant influence on metal igsion patterns. However, the
understanding of metal emission patterns gainedapglicable to other urban
catchments.

. The metals in focus were limited to Cd, Cr, Cu, Rl and Zn, which are often
found in high concentrations in the road trafficvieonment. Additional constituents,
including, but not limited to, metals (Al, Co, Hgwéa Mn), polycyclic aromatic
hydrocarbons (PAHs), conventional pollutants (afldagrease, volatile suspended
solids, organic matter contents, nutrients, pH,perature etc.) and platinum group
elements, are also important for road runoff palutstudies: however, they are not
considered in this study for limited testing resms:

. Any seasonal variability in traffic volume was nobnsidered during the
investigation, even though this might has the mfice on seasonal variability of heavy

metal concentrations studied.

1.6 Organisation of the Thesis

This thesis consists of 8 chapters. Following timsoductory chapter, Chapter 2

documents the outcomes of relevant published titeza It describes the background

information to the research and identifies knowkedgps. Chapter 3 outlines the study
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area, sampling sites, field investigations, labmmatanalyses and data analysis
techniques, which all together describe the mdseaad methods used to carry out this
research. Chapters 4, 5 and 6 contain the resmttsdesscuss the investigation of the
pollutant build-up and wash-off patterns and thduton potential of dry and wet
weather derived road sediments. Chapter 4 focuse¢beodry road deposited sediment
(RDS) and RDS heavy metal build-up patterns on madaces. Chapter 5 presents
detailed analysis of heavy metals in RDS. Chapi@e€ents and discusses the pollutant
wash-off pattern for runoff events, heavy metalsrunoff and snow samples. The
comparative assessment of dry, runoff and snownsadi is discussed in Chapter 7.
Chapter 8 reveals the major conclusions and ciadsiionclusions based on the results
obtained in Chapters 4 to 7, and gives recommemukafor further research. Following
Chapter 8, a few appendices are provided that comédevant supporting data and
information, additional to the main text, and absits of a few published papers that
were based on the work described in this thesisallyi references cited in the text

throughout the thesis are listed.



Chapter 2 - Literature Review

This chapter explores the current understandingladle on urban diffuse pollution
literature with the aim of identifying knowledgepgarelevant to the framework of the

present study.
21  Background

During the 28 century, a wide range of infrastructure was buslich as roads,
commercial and residential structures, urban anesngtc. At the same time, the effects
of urbanisation on the response to the naturaldigdical cycle were felt, for example
an increased runoff volume with earlier peak disghadue to increased impervious
area, and a wide range of pollutants was foundhm rtunoff water. Part of the
urbanisation process was designed to collect ruhafhg wash-off events (rainfall and
snow precipitation), and convey it to a treatmdanhpby a storm sewer network, or in
the absence of such facilities, in particular foad drainage, to discharge the largely
untreated runoff to existing nearby surface watatiés, such as streams, lakes, rivers
etc. By the end of the 1990s while point sourcepadiution were well understood and
reasonably controlled (SEPA, 1999), there was a@wonfor urban diffuse pollution
that continued to pose a threat to the aquaticrenwient (Gray, 2004; Wilson et al.,
2005). A little later, in order to control sourcelspollution with the aim of improving
the water quality of all water bodies, the Européamon (EU) adopted the Water
Framework Directive (WFD) (2000/60/EC), which, argoother things, aimed to set
mandatory environmental quality standards on pgyiopollutants. Considering the
objectives of the WFD, gaining an accurate knowéed§ pollutants derived from the
urban environment has proved necessary (Gaspeal.,et2009). Accordingly, for
mitigation processes to be efficient and produgctihe reliable estimation of relevant
hydrological and pollutant transport processes éented important. Commonly,
mathematical modelling approaches were used, wkighired the estimation of various
generic parameters. However, due to the signifisamiability of natural hydrology,
urban settings, pollutant management strategies teese models often could not
replicate important site-specific aspects of paléicurban environments, therefore, the
necessity of collecting local data and informatimn enhancing the application of

models became recognised.



2.2  Diffuse Pallution: Urban Development

It is widely recognised that urbanisation has mdéhpressures on both the quantity and
quality of surface runoff. Diffuse pollution can e from many different sources,
which are sometimes uniformly dispersed, but atenodggregated within a catchment.
For example, pollutants entering the surface wagstem in urban settings are primarily
derived from roads, pavements, roofs and yardsepsrted by Ellis (1985, 1986);
Heaney and Huber (1984); Goonettilleke et al. (200%ey also noted that diffuse
pollution is closely linked to land use so thatusttial, commercial, domestic and
agricultural estates deliver different types of lpi@ints. Apart from water quality,
diffuse pollution is also linked to air quality,rfexample acid rain in upland rural areas
and impacts of industrial and traffic emissionsalbcin urban areas and also remotely
(see atmospheric heavy metal deposition maps ofUKeproduced by Defra on
http://pollutantdeposition.defra.gov.uk/image/tidy4As a result of rainfall, pollutants
are dislodged, transported and transformed befesehing the receiving waters.
Although it seems that these sources may be indgigl minor, they are collectively
significant. This form of diffuse source pollutitvas been identified as having a major
adverse impact on receiving streams and rivers i@¥agt al., 2008). Based on the
published literature, urban surface water runoffidglly contains a wide range of
pollutants, among which heavy metals, for exam@dngum (Cd), chromium (Cr),
copper (Cu), nickel (Ni), lead (Pb), zinc (Zn), amnsidered to be potentially hazardous
(e.g. Folkeson, 1994; Pitt et al., 1995). ‘Heavytaig commonly refers to metals with
a specific gravity that is at least 5 times thecsje gravity of water (the specific
gravity of water is 1 at 4°C, where simply stategecific gravity is a measure of
density of a given amount of a solid substance whisncompared to an equal amount

of water).

Urban impacts associated with transportation haoeime increasingly important in the
UK as road traffic volumes have increased. The mstpare of urban diffuse pollution
belongs to cars and other road vehicles (Napial. e2008). Despite cleaner technology
developed for cars and other vehicles, the voluimeadfic on the roads continues to
increase, tending to undo some of the benefit dividually less polluting vehicles.
Pollution caused by traffic appears in differentnis: in a solid form as from abrasion

or wear of tyres and corrosion of metal parts dfigles, in a liquid form as leakages or
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drips and in the gaseous state as vehicle exhn8hahgéen, 1975; Herngren et al., 2006;
Napier et al., 2008). Moreover, Patel and Atkin80&) noted that the degradation of
the road surface (due to ageing) and corrosionraghc barriers could also enhance
metal emission in the road-traffic environmentatidition, atmospheric deposition and
input from surrounding soils to the road trafficveanment should not be overlooked.
Runoff from roads during rainfall events carrieshait many pollutants, including dirt
and dust, which is associated with toxic heavy teefeom the different sources
mentioned above (Smolders and Degryse, 2002; Rabeatsd Taylor, 2007; Napier et
al., 2008). Furthermore, salt from winter grittiogn also act as a pollutant. Apart from
heavy metals, certain aromatic hydrocarbon groups ffuel discharged from vehicle
exhausts can also be accumulated on roads and wtheen surfaces, from which the
contaminants are washed off into the drainage systied hence threaten aquatic
species (Clements et al., 2000; FHA, 2000).

2.3  Pollutant Sourcesin the Urban Setting

Although urban surfaces act as sinks for pollutatiese pollutants are mainly
generated from various anthropogenic activitiesn®arising the studies by Pitt et al.
(1995) and Gobel et al. (2007), the list of keyhampogenic activities contains traffic,
industrial and commercial activities, constructiand demolition works, and erosion
and corrosion in the built-environment. In partaulto road-traffic environments,
traffic, road surface, atmospheric deposition amtdosinding land use are found as most
influential sources, as reported by Irish et aB98) and presented here in a pictorial
form, see Figure 2.1.

Among the listed sources, road-traffic is an obsi@ource of contaminants on roads
and has been regarded as the major contributontooemental pollution in urban
areas. Due to the rapid growth of urbanization iacceased traffic volumes during the
last decades, in particular, urban environments Haen modified and stressed with
increased pollution, which has driven the need etter environmental protection
(Napier et al., 2008; Ewen et al., 2009). Meanwhsleveral researchers reported that
road surfaces act as one of the key areas fromhwducface runoff, polluted with a
wide range of pollutants, leads to the degradatiowater quality for receiving waters
(e.g. Ellis et al., 1987; Barrett et al., 1998). darlier study by Hoffman et al. (1984)
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noted that up to 80% of pollutant loadings to reicgj waters came via road runoff in
urban areas. Following the recommendations of the VEFD directive, it is now
obligatory that water protection should be strongitegrated with other domains of
environmental strategy, including the area of tpansation (Crabtree et al., 2008).

Atmospheric deposition

Road Traffic Sector

[\. T U /L;

Surrounding land
uses

\H‘?RJE\V’//I’_——;' N
— Urban Diffuse

= —
,/;}— Pollution .I\—\\_\

= — i__f]l /\}'Ik\"\&l
\

Evaporative
Emission-VOCs

Exhaust Emission

Resuspension-
Cu, Cr, Cd, Pb, In

PM;,

Abrasion (PAM)

-Tyre wear: Zn

-Brake wear: Cu, Cd, Ni. §b. Zn

-Road surface wear: Cd, Cr. Cu, N1, Zn

Other sources nclude voad paint (Cu, Ph), voad mfrastructuves (Zn, Cr, Ni)

Figure 2.1: Key sources of diffuse pollutants, eag$ing heavy metals, on suburban

roads(VOCs: Volatile Organic Carbons; PM: Particulatetidg

Conventionally pollutant loading has been thoughbé exclusively related to traffic

movement pattern, volume of traffic and type ofd@arface. As noted by Sartor et al.
(1974), asphalt paved roads with fair to poor ssgfaondition could have generated
substantially higher pollutant loads than concpaeed roads with fair to good surface
condition. Vehicle speed on roads, road geometd/anrounding road infrastructure
may also affect the amount of pollutant load. Based Novotny et al. (1985),

Hjortenkrans et al. (2006) and Ewen et al. (20Q@}liss, it can be deduced that the
amount of abrasion products derived by traffic oads is at a higher level near traffic

signals and other traffic related bottlenecks, sashbridges and bends compared to
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straight road section sites. Brinkmann (1985) asggested that road geometry and
traffic movement patterns might have an influenae differences in pollutant

accumulation between sites.

Other than road surfaces, car parks are a largmpron of the runoff producing area in
the urban environment, which are often contaminatik oil, petrol and heavy metals
from vehicles. Conventionally all of this pollutiomould be washed off into drains,
eventually polluting nearby watercourses. Indukty@ards often deal with polluting
substances on a larger scale than car parks, wiagles them a potentially even greater
producer of pollution. Oil is the cause of morent0% of Scottish water pollution
incidents. It can have serious affects on the faanthflora of aquatic systems. Much of
it comes from diffuse sources (Napier et al., 2008)

Similarly, construction and demolition activitigsurban settings are also found to have
a significant impact on stormwater runoff, conttibg a range of materials such as
cement dust, fine sand, gravels and general li&ecording to the US EPA (1993),
construction sites potentially generate approxitgai® to 20 times more solids than
agricultural land, and 1000 to 2000 times more tlomasts. The report also noted that
the loading may vary with the scale of construcmuipment, maintenance activities

and site management practices.

In addition, atmospheric deposition from industeativities (depending on the industry
type) could create much larger pollutant loadinggertain areas. The extent and type
of depositions are dependent on both the natutieeahdustry, location and the climate.
Briefly, atmospheric deposition can contribute gngicant amount to pollutant load

though this source of pollutant build-up is highiyated with land use.

Pollution from road operation and maintenances migblude some pollutants. For
example, regular maintenance includes de-icingveeeds control, which involves the
use of chemicals (de-icing salts and herbicides) Will be flushed from the highway
surface by runoff. Winter time salting and sandprgctices, for example, may leave
concentrations of chloride, sodium and calcium oadr surfaces (Westerlund and
Viklander, 2006). Additionally, these materials aky have associated chemicals

including iron, nickel, chromium, lead, zinc andaniyde (Granato, 2003; Patel and
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Atkins, 2005; Pihl and Raaberg, 2000; Norrstrom dadks, 1998; Olli, 2003). In
contrast, structural maintenance, renewal and mepare usually well planned

operations for which appropriate precautions atenofaken.

Depending upon the exposure of building infrastiteetsuch as gutters, roofs and
fences to the atmosphere, wind, rainfall, and sramsrosion from these products may
result in particles that carry significant amouotsollution (Brinkmann, 1985; Pitt et
al., 1995). These corroded particles, which accateubn the ground and on roof
surfaces, are eventually washed-off in stormwateoff (Gobel et al., 2007). When
compared to road surfaces, roof surfaces are velgtiess polluted (Van Metre and
Mahler, 2003), however, pollutant concentratiomsrfrroof surfaces may be significant
in densely populated housing areas, where hougesatalominant share of land use
(Van Metre and Mahler, 2003). On the other handjally sealed areas, such as urban
parks, porous paving, residential gardens and lasenfd contribute to the stormwater
pollutant load (particularly solid loads). Bannermet al. (1993) studied the relative
importance of surface type for stormwater pollutimad and reported that street
surfaces and parking lots are the most dominantcesufor urban stormwater
pollutants. They further noted that lawn areas sagaificant for organic loading, but

roof surfaces are not significant compared to mafhces for heavy metals.

2.3.1 Pollutant Build-up

Quantifying the relationship of pollutant build-gper antecedent dry days is difficult,
but it is one of the important processes of urbavirenmental pollution. Based on the
published studies (e.g. Egodawatta et al., 20073, ¢lear that pollutant build-up is a
complex process, as many variables influence thié&d bup process. In the road

environment, the pollutants primarily originate rfrdraffic activities, the road surface
itself, paints used for road markings, road sidiastructure, road operations and
maintenance, and atmospheric deposition duringaddywet weather (Irish et al., 1995;
Sansalone et al., 1996; Deletic and Orr, 2005)0At®ad surface type, roughness,
slope, antecedent dry days, land use and roadutgtay a significant role in the build-

up process. The accumulation of road sedimentt&okgarded as a spatially uniform
process. However, due to wind and traffic turbuéenmad sediment is often moved

towards the edge of the road and accumulates incuel areas (Novotny et al., 1985;
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Namdeo et al.,, 1999). To link with this issue, & feesearchers highlighted that a
significantly higher load of sediment (often comgoof the coarse size fraction) was
found near the curb, while relatively finer sedimesas found towards the middle of the
road (Harrison et al., 1985; Grotteker, 1987; Miklar, 1998; Charlesworth et al; 2003;
Deletic and Orr, 2005; Herngren et al., 2006). kemnore, Johnston and Harrison
(1984) and Deletic and Orr (2005) reported a trarsy gradient of metals indicating

that particle redistribution rate is always lesatithe particle deposition rate on roads.

As mentioned earlier, the availability of the pédints on road surfaces is influenced by
a wide range of factors, which are associated Wwiith natural and anthropogenic
characteristics of the catchment. In the case tfrabcharacteristics, climate variables,
geomorphic characteristics, surrounding land, dedrntumber of antecedent dry days
(ADD), are a few examples, while variables that amere likely considered as
anthropogenic factors include average daily trdfieed (ADT) and number of vehicles
during a storm (VDS). A common assumption is that larger the ADD the higher is
the sediment build-up on roads between any clegn@&rg. street sweeping, rainfall)
events. It has been considered that the ADD hassitiye linear or non-linear
relationship with pollutant build-up (Sartor andyBlp 1972; Hewitt and Rashed, 1992;
Irish et al. 1998; Kim et al., 2006). However, otBtudies found this relationship to be
non-existent or insignificant (Harrison and Wilsd985; Kerri et al. 1985; Kim et al.
2004). In general, pollutant concentrations havenlreported to be well correlated with
average daily traffic (ADT) (Driscoll et al. 199%Ju et al. 1998). However, as noted by
Barret et al. (1993), ADT alone is not sufficieatdescribe observed sediment build-up
and associated pollutant data: site specific infdrom is also required. Additionally, the
road lay-out has also been found to have a sigmfiénfluence on metal emission
patterns and how and where metals are dispersedtiéHkrans et al., 2006; Ewen et al.,
2009).

Meanwhile, many researchers have also investigdtedmass distribution of road
deposited sediment (RDS) in different particle siaages (e.g. Lau and Stenstrom,
2002; Charlesworth et al., 2003; Sutherland, 2@09ala et al., 2005; Deletic and Orr,
2005; Robertson and Taylor, 2007) and report smfiitelings of particles smaller than
250 um accounting for a higher percentage of thed fwllutant mass than the larger

particles.
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In recognition of the scope of these potential fots for cities, best management
practices have identified source control of sedingamerated from urban streets as a
top water resources management priority. Subselyyentany field monitoring
programs have been conducted in developing a seilloition build-up models to guide
selection, design and maintenance of these con{Bastor et al., 1974; Moe et al.,
1978; Driscoll et al., 1990; Sutherland and Jel996; Ball et al., 1998; Deletic and
Orr, 2005; Kim et al., 2006; Li et al., 2008; LichBarrett, 2008). Based on Sartor et al.
(1974) pollutant build-up on road surfaces can bplicated with an exponential
function with ADD as a primary variable. This coptecontinues to be used in
commercial software, such as SWMM and MIKE-UrbamithwADD being the major
input parameter along with the catchment surfa@eadteristics. In contrast, Ball et al.
(1998) found a power law function or a reciproaatdtion was a better alternative to
explain pollutant build-up. However, the pattern kofild-up over several dry days
(commonly asymptotic with a high build-up rate iality) was consistent from both

studies.

2.3.2 Pollutant Wash-off

Wash-off is the process of erosion of constituéthist build-up during dry days) from a
catchment surface during a period of runoff indulegdainfall or snow. To describe the
wash-off process simply, it can be divided intcethmain phases: firstly the surfaces
get wet and soluble pollutants start to dissolvevater films, secondly sediment starts
to detach from the surface and thirdly, dependingh® slope and topography of the
surface, sediment is either dragged along the cairkgy the runoff or is carried in
suspension entering the drainage system in ovetland Rainfall energy (refer to
kinetic energy in relation to rainfall intensity@ems to be the main agent for particle
detachment and initiation of motion (Kayhnian ef 2002; Pitt et al., 2004; Shaw et al.,
2006). In addition, other rainfall and runoff pameters (e.g. rainfall duration, rainfall
volume and runoff volume) are also found to havefect on wash-off loads (Sartor et
al., 1974; Novotny et al., 1985; Mackay, 1999; Egudtta et al., 2007).

Furthermore, it is noted that the influence of #ve mentioned parameters varies
widely between studies. For example, Chiew and Mawodh (1999) reported that event

mean concentrations of suspended solids showedramgstpositive correlation
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coefficient with total runoff volume, while, in ctmast, Brezonik and Stadelmann
(2002) and Kayhnian et al. (2002) reported thahewsean concentrations of suspended
solids can be better explained by the rainfallnsiy. They also noted that the kinetic
energy of rain drops (used to dislodge sedimeninfrihe surfaces) was strongly
correlated with rainfall intensity, hence highetlp@nt removal may occur with more

intense rain even if it is a short duration event.

The relative importance of each factor is dependentthe type of contaminant in
question. For example, Irish et al. (1998) repotteat solids concentration increased
with an increase in the duration of the antecedkintperiod and decreased with an
increase in the intensity of the previous stormnév®ther studies have shown that Cu
and Pb concentrations are highly influenced byiblame of traffic during a storm, Fe
concentration is controlled by conditions in theeqading dry period, and Zn
concentration is influenced by the traffic countidg the dry period and the runoff
characteristics of the preceding storm (Kayhniaalgt2002). It is therefore necessary
to understand the effect of each factor to effetyivcontrol the pollution induced by
runoff. Subsequently, some of the studies alsortegseasonal variations of pollutants
in stormwater runoff, which demonstrated that higpellutant concentrations (in
smaller sediment load) are commonly found to oacuhe summer, particularly when
high intensity rain is preceded by a long dry sp@impared to winter rainfalls, which
are normally less intense and more frequent (Biigzand Stadelmann, 2002; Deletic
and Orr, 2005; Hallberg et al., 2007).

Duncan (1995) followed by Pitt (2004) reported thallutant wash-off loads (by mass)
were found to be unusually high (a factor of 100 more), if there were any
construction activities nearby the catchment sexfédso, the effect of road cleaning on
wash-off loads (by mass) was reported by sevesdarehers (Sartor and Boyd, 1972;
Vaze and Chiew, 2002). They found that conventionall cleaning techniques (e.g.
street sweeping by brushes, municipal sweepindtwith fitted brushes) were only
able to remove the larger sediment size fractioabably significantly decreasing the
wash-off mass load, however leaving sediment deesthan the 250 pm available for
wash-off in the next storm event. It has also bemphasized that smaller particle sizes
could easily be blown around by the wind and, bewlable, could pose potential
human health hazards (Borrego et al., 2006 and Kaat., 2007). Subsequently, the
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wet atmospheric deposition due to rain, snow, flegy may also add finer substances to
the road surfaces from the surrounding land usenaake them available for transport
with surface runoff (Gobel et al., 2007).

It has been understood that wash-off events ontyowe a fraction of the available
pollutants from the catchment surfaces dependiro tpe characteristics of the runoff
events. For, example, Vaze and Chiew (2002) fohatdnly 35% of the total pollutant
mass were washed-off from their controlled catchinbgrone event, while a subsequent
event washed-off 40% of the total pollutant massnethough it had a smaller rainfall
depth than the first event ( there were differerinastensity and antecedent dry spells
between the rain events also). A similar suggestias also reported by Egodawatta et
al. (2007).

Understanding the inherent complexity of the precgsollutant wash-off models
require a wide range of information. Several mathiral equations are available to
simulate wash-off load, however, the choice of Wwhexuation to use needs to be
justified (Deletic et al., 1998; Massoudieh et &008; Opher and Friedler, 2010).
However, an exponential wash-off equation, propdse&artor et al. (1974) based on
their research study on road surfaces in the USAften preferred for its ease of use
and robustness (Rosener, 1982; Egodawatta et @07)2 In terms of wash-off
modelling it has been proposed that predictingitiitgal period of runoff, containing
the “first flush’ (in which pollutant concentratisrare believed to be significantly higher
than later in the event) may well be a suitable teagxplain the entire event (Lee et al.,
2002; Kim et al., 2004). However, the occurrencehef ‘first flush’ is not consistently
observed and it is possible that a significant amhai dissolved pollutants appear at
later phases of runoff events, as reported by Haxffiet al. (1984), Harrison and Wilson
(1985) and Kim and Sansalone (2008).

2.4 Road Runoff Pollutants

Road runoff has been identified as a significantree of diffuse pollution for receiving
waters, and road traffic has been found to playngmortant role in generating such
contamination in numerous research studies duhegdst three decades (Hedley and
Lockley, 1975; Laxen and Harrison, 1977; Hoffmanakt 1985; Lee et al., 2004,
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Cabtree et al., 2006)De-icers, nutrients, heavy metals, polycyclic arbma
hydrocarbons (PAHS) and volatile organic compoufd®Cs) are often found at
elevated levels in road runoff compared to natbheakground levels. The study carried
out by Ellis et al. (1987) estimated that drainftgen road surfaces contributes as much
as 50% of the total suspended solids, 16% of togdlocarbons and between 35 and
75% of the total pollutant inputs to urban recegvimaters in the UK. Deposition of all,
grease, rust, rubber particles together with wedrtaar of vehicle parts are identified
as common sources of these pollutants (Napier.,e2@0D8; Ewen et al., 2009), as also
illustrated in Figure 2.1. A fraction of particutatontaminants that build up on the road
surface may subsequently be dispersed by windsoandffic before they become
washed into the road drainage system by wet weahents (rainfall or snow-melt
runoff). In urban areas, the process of road ctegras mentioned in previous section,
may also reduce the contaminant load in road rumypffainfall or snowfall events. For,
example, some particulates are permanently rembyesiiction devices. On the other
hand washing procedures only serve to deliver pmikis to drains in sudden
concentrated bursts.

2.4.1 Sour ces of Stormwater Pollutants

There are numerous sources of stormwater runofiutaoits from roads, including
vehicles (exhaust emissions, fuel losses, lubooaslystem losses, brake wear and tyre
wear), litter, spills, road surface wear, atmospghedeposition (dust fall and
precipitation) and road operation and maintenasedt, (herbicides and road repairs)
(Folkeson, 1994; Barrett et al., 1995). The mospartant groups of road runoff
pollutants reported in the published literaturelude suspended particles, oxygen-
consuming pollutants, nutrients, heavy metals, migy@aollutants, petroleum products
and microorganisms (Folkeson, 1994). A list of tinest frequently studied constituents
in road runoff is as follows (Folkeson, 1994):

« Total suspended solids (TSS)

+ Biological Oxygen Demand (BOD)
+ Chemical Oxygen Demand (COD)
+ Phosphorus (P)

+ Nitrogen (N)
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« Cadmium (Cd)
«  Chromium (Cr)
+ Copper (Cu)

+ lron (Fe)
+ Lead (Pb)
« Nickel (Ni)
+ Zinc (Zn)

» Hydrocarbons
« Coliform bacteria

« Sodium and chloride ions (if chemical de-icing ageare used)
A list of common pollutants and their probable s®gr in the road traffic
environment is summarised in Table 2.1. A few @fsth (particularly heavy metals)

is shown in Figure 2.1.

Table 2.1: Typical pollutants found in runoff from roads amighways

Pollutants Sour ces

Particulate Pavement wear, vehicles, the atmosparde maintenance activities, snow/ice
abrasiveness and sediment disturbance

Rubber Tyre wear

Asbestos Clutch and brake lining wear

Nitrogen and Phosphorous Atmosphere, roadsiddiZertapplication and sediments

Lead (Pb) Leaded gasoline from auto exhaust, tearwubricating oil and grease, bearing
wear and atmospheric fallout

Zinc (Zn) Tyre wear, motor oil and grease

Iron (Fe) Auto body rust, steel highway structusash as bridges and guardrails and moving
engine parts

Copper (Cu) Metal plating, bearing and brushing nwe®ving engine parts, brake lining wear,
fungicides and insecticides

Cadmium (Cd) Tyre wear and insecticide application

Chromium (Cr) Metal plating, moving parts and briéiking wear

Nickel (Ni) Diesel fuel and gasoline, lubricating, anetal plating, bushing wear, brake lining
wear and asphalt paving

Manganese (Mn) Moving engine parts

* Adapted from U.S. Environmental Protection AgenGuidance Specifying Management Measurement
for Sources of Non Point Pollution in Coastal WateéWashington, D.C.: Office of the Water, U.S.
Environmental Protection Agency, 1997 and Fedeighiday Administration. Sources and Mitigation of
Highway Runoff Pollutants, Washington, D.C.: Fediéfighway Administration, 1984.

24.2 Heavy Metals

Among the variety of pollutants in the road tra#icvironment, heavy metals have been

of great concern because they are found at elecatgckntrations that possibly threaten

18



aquatic organisms and human health (Barrett e1893; Furumai et al., 2001; Gdbel et
al., 2007; Ewen et al., 2009). Heavy metals in roadoff are the most persistent
contaminants, accumulating in the environment rathan degrading and are believed
to be one of the major diffuse pollutants from rcaad traffic activities. Emission
patterns of road traffic related heavy metals rtedak described and quantified in order
to evaluate best management practices for optinwaall treatment systems
(Hjortenkrans et al., 2006; Napier et al., 2009%aty metals, such as Cd, Cr, Cu, Fe,
Pb, Ni, and Zn, are some of the most frequentlyprepn ones and are derived from the
wear and tear of vehicle parts, road surface bugrloil and fuel drips and corrosion
products, as seen in Table 2.1 and Figure 2.1 i@tarrand Wilson, 1985; USEPA,
1995; Sansalone et al., 1996, Napier et al., 2B0&n et al., 2009). For example, tyre
wear is a source of Zn and Cd. Brake wear is aceoaf Cr, Cu, Ni and Pb. Engine
wear and fluid leakages are sources of Cr, Cu an&/&hicular component wear and

detachment are sources of Cr, Fe and Zn (Ball e1891; Legret and Pagotto, 1999).

Typical metal concentrations from traffic and raadterials are shown in Tables 2.2
and 2.3. Apart from the road-traffic, weatheringrotd infrastructure, such as sign
posts, road markers and galvanised railings acerated as metal emission sources by
Smolders and Degryse (2002) and Hjortenkrans et2806). Moreover, adoption of
catalytic convertors, to avoid release of noxioas fjom exhaust emissions, is believed
to result in the emission of platinum group mei@lsch as, palladium, platinum and

rhodium) into the road-traffic environment (Wisensard Zereini, 2009).

Table 2.2 Heavy metal concentrations (mg Rgfrom traffic and road materials

(adapted from Legret and Pagotto, 1999)

Sources Cd Cu Pb Zn
Vehicles

Leaded gasoline - - 200

Unleaded gasoline - - 17 -
Brake linings 2.7 142,000 3900 21,800
Tyre rubber 2.6 1.8 6.3 10,250
De-icing agent 0.2 0.5 3.3 0.5

On the other hand, the concentration of Pb in fuwaters in recent years has shown a

sharp decrease following the ban of tetra-ethytl IEBEL), a petrol additive, due to

health concerns (Legret and Pagotto, 1999). Howevéew other studies after Legret
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and Pagotto (1999), for example, still reporte@asonably high Pb emission from the
road-traffic environment (e.g. Deletic and Orr, 200lapier et al., 2008; Ewen et al.,
2009). While Deletic and Orr (2005) pointed outttiead paint (double yellow lines) is

the probable source of this Pb, Napier et al. (26081 Ewen et al. (2009) reported

diesel fuel, car exhaust and brake pad erosioalacethe likely sources.

Table 2.3: Total heavy metals and PAHs estimate (tonnes) fpassenger cars in the
UK in 2003 (adapted from Napier et al., 2008)

Metal Tyre erosion Brake erosion Oil losses Exhaust Total vehicular
Cu 0.3 24 0.038 0.4 37.74

Pb 1.0 15 0.02 11 3.62

Zn 990 44 2.3 1 1037.30
PAHs 21.7 - 320 130 471.70

" Value for all road vehicles

The way these metals are transported to the recematers is highly variable and
depends on the nature/type of the metal conceithedprevailing hydrology, and the
road surface characteristics. Cd, Cu and Zn aregpily found in soluble forms and are
transported with the water, while Fe and Pb aretijnadtached to sediment particles
which, depending on the patrticle sizes, may bemetkbon the road surfaces (Sansalone
et al., 1996; Kim and Sansalone, 2008; Helmreichl.et2010). Runoff resulting from
high intensity rainfall is likely to wash off albfms of the metals deposited on the road
surface and may cause severe stress to the rag@raiter ecology. The fractionation of
the metals into particulate and dissolved phaskxtafthe impact of the runoff since
their environmental mobility and bioavailability meEnds upon the aqueous
concentration (Mungur et al., 1995). Soluble metmisally exert the greatest impact or
toxicity to aquatic life (Clements, 2000). Clearlthis has implications for the
development of control strategies to protect edoklgcommunities. In contrast,
Kayhanian et al. (2007) studied a wide range of i@@%fall events during 2000 to 2003
and reported that most of the metals in runoff vesgociated with the particulate phase
rather than soluble forms. Based on their studycentration of Pb was the highest
proportion present in particulate (83%), while cemtcations of Cd, Cr and Zn were
found between 60% and 65% and Cu and Ni were bet®d@% and 55%.
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Briefly, based on the above discussion, it can b&d that a significant variability
exists between studies, which is why the need fta-specific data is extremely
important. However, it can be reasonable to comgltE more than half the proportion
of metals may be effectively managed or removedabgeting the particulate fraction.

A similar suggestion was also found from the sthyyHeal et al. (2006).

The quantification of heavy metals in road sedimsribund to be well documented in
the literature covering different parts of the wdorbs few of these are collated and
presented in Table 2.4. It has been seen thataheyhmetal concentrations have been
found to be highly variable and depend on a widgeaof factors including location,
sediment type, sediment collection method and netibction technique etc. It is also
apparent from Table 2.4 that road sediment contasignificantly higher concentration
of most of the metals than nearby soils (see, Bateet al., 1996 and Deletic and Orr,
2005). There are significant differences betweeardies (for example, Wilber and
Hunter (1979) and Herngren et al. (2006), seenainld 2.4) when viewed on a decadal
basis, suggesting that changes have taken plactodiranges in legislation to control
road traffic pollution, such as, better road camgion and maintenance practices,
changes in vehicle manufacturing technology, banoineaded fuel etc. (Napier et al.,
2008).

The heavy metal concentrations in runoff and snoelt-samples from road surfaces
are collated from a few previous studies, as saefable 2.5 along with some other
pollutants. Clearly, for runoff studies (columnd.@4in Table 2.5), there is a significant
variability between previous studies, carried oudifferent countries, or even between
different cities within the same country, whichicates the need for local data to select
appropriate tools to control heavy metal pollutiefficiently in the context of
sustainable drainage systems at individual sitesvi@©and Birch, 2010). Only two
studies, from Sweden and Germany, are found fal to¢avy metals in snow-melt
runoff and are presented in Table 2.5 (columns 2)1-imilar to runoff, snow studies
are found to vary significantly. The variation imljitant concentrations in snow is
possibly linked to the nature of the winter weatimedifferent regions and to the road-

traffic management practices.
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Table 2.4: Ranges or mean concentrations of heavy metatsaith deposited sediments in various cities arouaavirld (mg kg dry weight)

Region Type of surface Method of collection Digestion Cd Cr Cu Fe Ni Pb Zn References
(metal detection)

Aberdeen Paved residential ~ Wet vacuuming (FAAS) HNO 1.74 530 - 1900 1040 Deletic and Orr (2005)
(Scotland)
Aberdeen Roadside soil Soil coring (ICP-AES) HNHCI 22.9 44.6 18116 15.9 172.9 113.2 Patersaih ¢1996)
(Scotland)
Kavalla Paved urban Dry brushing (GF-AAS) HNO 0.2 232.4 172.4 - 67.9 386.9 354.8 Christofor&lis
(Greece)  paved residential  Dry brushing (GF-AAS)  HMNO 01 1104 760 - 489 1208 1989 Stamatis (2009)

Urban roadside  Soil coring (GF-AAS) HNQ 0.2 240.3 48.1 - 77.4 571.3 175.0

soil

Residential Soil coring (GF-AAS) HNQ 0.1 167.7 28.1 - 31.0 105.2 79.1

roadside soll
Lodi (New  Paved residential  Dry street sweeping HNO - 43 80 - - 2110 460 Wilber and Hunter
Zealand) . . : (1979)

Paved industrial Dry street sweeping HNO - 1450 3170 - - 2520 2580

Road junction Dry street sweeping HNO - 69 500 - - 8300 1100
Gold coast Paved residential  Dry vacuuming (ICP-MS)  HNO 0.002 0.012 0.50 11.38 - 0.03 1.27 Herngren €2806)
(Australia) b aved industrial  Dry vacuuming ICP-MS) ~ HNO nd 0044 070 3210 - 070 170
London Road surface Dry vacuuming (FAAS) HKJO 3.5 - 155 - - 1030 680 Schwar et al. (1988)
(UK)
London Road Dry vacuuming (FAAS) HNO 0.1 - 50 - - 570 220 Beckwith et al. (1984)
(UK) As above Dry vacuuming (FAAS) HNO 0.9 - 50 - - 290 280
Birmingham Road Dry street sweeping H,SOy, HNO;, 1.62 - 467 - 41 48 534 Charlesworth et al.
(UK) (Varian 1475 AAS) HCI (2003)
Coventry Pelican crossing Dry street sweeping As above 0.9 - 226.4 - 129.7 47.1 385.7
(UK) (Varian 1475 AAS)
Manchester Road surface Dry street sweeping HNO; - - 113 10125 - 265 653 Robertson et al. (2003)
(UK) (FAAS)
Lancaster Roundabout Dry vacuuming (FAAS) HNCHCI, 8.6 56 76 - 76 1450 388 Harrison (1979)
(UK) HCIO,
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Hawaii Road side soil Soil coring (ICP-AES) HNG®ICI 0.5 436 162 - 260 313 439 Sutherland & Tolosa
(USA) (2000)

Marie Road Dry vacuuming (ICP-AES) HCI - - 81 - - 141 393 Stone & Marsalek (1996)
(Canada)

Glasgow Road Dry street sweeping HCI - - 32 - - 327 200 Gibson & Farmer (1984)
(UK) (FAAS)

Bratislava Urban road Dry street sweeping (ICP-HNO; 0.4 21.3 170.7 12000 7.4 56.7 170.9 <¢ikova et al. (2009)
(Slovakia) AES)

Madrid Paved urban road Dry street sweeping (ICPHNO;, HF, - - 188 - 44 1927 476 De Minguel et al. (1997)
(Spain) MS) HCIO,

Aviles Paved industrial Dry street sweeping (ICP-HNOs, HF, 22.3 42 183 - - 514 4829 Ordonez et al. (2003)
(Spain) AES) HCIO,

Baoji Road Dry street sweeping (X-rayna - - 123 - 49 408 715 Lu et al. (2009)

(China) FS)

Amman Urban road Dry street sweeping (ICP-HNOs, HCI 1.7 - 177 - 88 236 358 Al-Khashman (2007)
(Jordan) AES)

Xian Urban road Dry vacuuming (FAAS) HNCHCI, - 167 95 - - 231 421 Youngming et al. (2006)
(China) HCIO,

Shanghai Urban road Dry street sweeping HNO;, HF, 0.97 264 257 - 66.5 236 753 Shi et al. (2010)
(China) (FASS) HCIO,

Istanbul Urban road Dry street sweeping HNO; 1-6.7 - 47-407 - 10-66 61-383 226- Sezginetal. (2003)
(Turkey) (FASS) 1852

Diff. sites Road surface Dry street sweeping HNO; 72 144 - - 126 697 152 Akhter & Madany (1993)
(Bahrain) (FAAS)

Kuala Urban road Dry street sweeping HNOs;, HCI 3.0 - - - 2466 344 Ramlan & Badri (1989)
Lumpur (FAAS)

(Malaysia)

Note: FAAs=Flame Atomic Absorption SpectrometryPHBES=Inductively Coupled Plasma Atomic Emissiore@pmetry; ICP-MS= Inductively Coupled Plasma Mass
Spectrometry, FS= Fluorescent Spectrometry; GF-ABiSphite Furnace Atomic Absorption Spectrometry.
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Table 2.5: Ranges of event mean concentrations of pollutantsad runoff from rainfall (columns 2 — 10) amdsnow-melt runoff (columns

11-12) around the world

Rainfall runoff

Snow-melt runoff

Constituent Driscoll et Barrettet Wuetal. Drapperet Shinyaet DMRB WRc Crabtree et Others | Westerlund Helmreich et
al. (1990) al. (1998) (1998) al. (2000)  al. (2000) (1998) (2002) al. (2008) et al. (2003) al. (2010)
USA USA USA Australia Japan UK UK UK Sweden Germany
AADT (vehicles/d)  >30,000 33,465 17,300 <30,000 &75,000 >30,000 >30,000 5,000- 7400 57,000
>30,000 200,000
Total Suspended 12-135 19-129 14-215 60-1350 41-87 12-135 53-318 -64D 46,9 | 228-551 10-1050
Solids, TSS (mg/l)
Total Dissolved 70-107
Solids, TDS (mg/l)
Volatile Suspended 6-25 9-36 6-25
Solids, VSS (mg/l)
pH 7.1-7.2
COD (mg/l) 28-85 37-130 24-48 28-85 70-138 48-411 8Q°
BOD (mg/l) 4-12 6.59
TOC (mg/l) 4-17 46 11-55 3-17 5-195
Oil and grease (mg/l) 2.7-27 1.1-3.3
Metals (Total), pg/l
Zn 35-185 24-222 150-1850 427-1191  35-185 53-322 @9 83-1680 42-2500
Cd 25 1-3 0.47 0.1-1.90
Ni 2.5-9 29 5.81 6.3-177
Cu 10-50 12-37 2.5-150 30-340 39-100 10-50 24-64 13-24 29-465 20-610
Fe 249-2824 2.31-5.17
Pb 24-272 3-53 6-15 80-620 17-39 24-272 4-45 0.46-114 8.5-168
Cr 2.5-6.5 2-10
Al 1394-
2727

Note:? Conventional pavement; Pagotto et al. (2000, AADZ,000);” Porous pavement highway; Pagotto et al. (2000, RAT2,000)
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2.4.3 Polycyclic Aromatic Hydrocarbons (PAHS)

It has now been established that storm water rufiofh roads is a key source of
hydrocarbon load to the environment (Gray and Bec@02). Van Metre et al. (2000)
showed that the combustion process drives the todrdAHs in stormwater runoff.
They observed that PAHs concentration increasds avitincrease in automobile use.
However, Ngabe et al. (2000) demonstrated a claseelation of the chemical
composition of PAHs in runoff with fuel, suggestif®AHs are products of the

incomplete combustion of fuels.

PAHs enter either directly from the air with dustdaprecipitation, or particles are
washed from road surfaces by runoff. PAHs are dlowlegrade in the environment,
and sediment, in particular, are sinks where tlebsanicals tend to concentrate. The
following 15 PAHs are considered as a group andrgperted in road runoff studies:
Acenaphthene, Acenaphthylene, Anthracene Benzdlapamene, Benzo(a)pyrene,
Benzo(b)fluoranthene, Benzo(k)fluoranthene, ChrgserFluoranthene, Fluorene,
Indeno(1,2,3-cd) pyrene, 2-Methylnaphthalene, Naglehe, Phenanthrene and Pyrene
(Latimer et al. (1990) cited in Maltby et al. (199BAHs are of major concern because
of their toxic nature, which is a potential thréatfresh water organisms. For example,
Maltby et al. (1995) identified PAHs as the majoxitants in sediment contaminated
with road runoff. Similar results were obtained Dgtry et al. (2003) in France who
found all 15 types of PAHs in sediment collecteadnir stormwater detention basins,
draining road runoff from major roads without amyrh of treatment. Moreover they
also revealed that most of the hydrocarbons wesecéated with the particulate phase
and were very rarely found in the dissolved phtdssan be concluded that targeting the
removal of sediment from storm water runoff woulavé a direct impact on reducing
environmental pollution from PAHs. A similar sugtjes was also reported by Heal et
al. (2006) and Napier et al. (2009) in their stadrethe UK.

2.4.4 Conventional Pollutants

Road runoff contains significant loads of otherlgiaints such as suspended solids,
dissolved solids, organic compounds and nutrieimés tan affect the quality of the
aquatic environment. The total solid (TS) is ddfirees the material residue left in a

vessel after evaporation of a sample and its sulesgqirying in an oven at a defined
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temperature (108-105C). Total solids includes total suspended solidSS) the
fraction of total solids that is retained on a€iilbf pore size 45 um, and total dissolved
solids, the portion that passes through the fielatile suspended solids (VSS) consist
of the organic fraction of TSS. Highway runoff sesltypically report values for both
TSS and VSS (APHA, 1998 and Irish et al., 1998). geen for heavy metals
concentrations of these pollutants show a wideabdiiy between studies, see Table

2.5. A few of these are discussed briefly in tl@st®n.

2.4.4.1 Suspended Solids

In an urban environment, the pollutants availabiepaved surfaces such as roads are
mostly in particulate form. These particulate palihis are commonly referred to as
suspended solids. Rainfall is found to be the kiyedto transport particulate matter to
the nearby receiving waters. Suspended solids foaus, a part of total road sediment,
serve as a sink or carrier for toxins, such as yeagtals and hydrocarbons. Solids
therefore can affect aquatic life. For exampleadidlition to toxicity, water with higher
concentration of solids retards photosynthesis tuéoss of transparency (APHA,
1998).

The wash-off of solids by rainwater depends onfadlivolume and intensity, and also
depends on the size of the particulate matter thees from very fine to large. For
example, finer particles remain in suspension fewrger time than coarser ones and,
hence, are more likely to reach receiving waterds@ong et al., 1983). Andral et al.
(1999) also note that satisfactory treatment far fimer particles that have a high
potential to reach receiving waters would requireolhds removal efficiency of 90%.
Moreover, finer particles are not only actively gafale in water for a long time but also
they are preferentially associated with pollutastsimonly harmful for aquatic life, for

example heavy metals and hydrocarbons.

Relationships between pollutants and suspendedssalie well understood from the
literature. For example, Sartor et al. (1974) foansignificantly higher percentage of
nutrients and organic matter in the finer fract{tess than 43um) which only counted

for 5.9% of the total mass of solids. The explarabf this is linked to finer particles

having larger surface areas than larger ones amgrigsence of electrostatic charges.
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Due to their importance fine particles get moresrgtion from researchers on road
runoff than coarse ones and play a significant ioledesigning best management
practice in the field. Since the correlation of gersded solids to other pollutants is
strong (Herngren et al., 2005), the use of suspksadids as a surrogate parameter to
estimate other pollutants is common practice. Hetlee selection of suspended solids
concentration as an indicator of stormwater qudtis been advocated (Akan and
Houghtalen, 2003).

2.4.4.2 Organic Carbon & Others

Organic carbon is very common in road runoff wated, if present in excessive
amount, causes problems for aquatic life by sigaiftly depleting dissolved oxygen
(Warren et al., 2003). The organic content of naatff is expressed by its biochemical
oxygen demand (BOD), chemical oxygen demand (COm) ttal organic carbon
(TOC). BOD is the measure of the amount of oxygemsamed by microorganisms in
decomposing organic matter in a water sample owsgreaified period of time, usually
five days. BOD also measures the bio-chemical d@xidaof inorganic matter taking
place in the sample. Higher BOD values mean treaetimay be insufficient oxygen left
for higher forms of aquatic life to survive. COD aseres the oxygen required to
completely oxidise all organic materials in a saanphder thorough, hot and aggressive
acid digestion. TOC is the measure of organic gaibca sample. In many cases it is
possible to correlate any two or three of BOD, C&id TOC (APHA, 1998).

Gromarie-Mertz et al. (1999) found that urban readaces are an important source of
large amounts of organic carbon, with levels dependn the number of antecedent dry
days, occurrence of street cleaning or rainfalihév@nd surrounding land uses. This is
supported by a previous study by Sartor et al. 419ho observed that organic matter
accumulates on road surfaces much faster thananargnatter. In addition Roger et al.
(1998) found a high association of organic mattéh whe finer size fraction of road

sediment, in particular for particle sizes lessitB@um.

Other parameters such as temperature, pH, dissatxgden content, and faecal

coliform bacteria are reported in road runoff sasd{Maltby et al., 1995; Barrett et al.,
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1998). These and the other parameters discussed ab®also good indicators of likely

water quality changes in receiving waters (Baeetil., 1998).

2.5 Factors Affecting Road Runoff Quality

It can be speculated that the increased impensousces, such as roads, driveways,
car parks and building yards, will aid the accurhata of contaminants or potential
pollutants on these surfaces by anthropogenicities(e.g. traffic) along with human
activities. Mostly these pollutants may be discledrdirectly to receiving water bodies,
for example, lakes, streams or rivers etc. As dised before, the levels of
contamination are highly variable and site spec#icd depend upon several factors,
such as volume of traffic, design of road drainagerounding land use, and climate
and local hydrology. Among a list of factors, traffzolume would seem to be an
important factor for predicting runoff quality, assearch studies found major roads
carrying 30,000 vehicles daily produce runoff witho to five times the pollutant
concentration levels compared to rural roads cagr{iO00 vehicles daily, for example
(CIRIA, 1994; Sansalone & Buchberger, 1997; Wulet98; Shinya et al., 2000).
Fluxes of pollutants in highway runoff can be igficed by traffic conditions, traffic
movement patterns, road condition, surrounding lasel and weather (Folkeson, 1994;
Barrett et al., 1995). Important precipitation atthospheric characteristics that affect
the quality of runoff include seasonal rainfall teats, dry periods between rainfall
events, rainfall intensity, rainfall duration andlwme of runoff. A few of the above

mentioned factors are discussed below.

25.1 TrafficVolume

Traffic volume is seen as the primary traffic rethrisk factor affecting contamination
in road runoff. Usually traffic volume is measurasl the annual average daily traffic
(AADT) and several research studies in the pase ldassified roads according to the
level of traffic, where commonly an AADT value mdiean 30,000 is classified as an
urban road or highway and lower than this valuersural or residential roads (CIRIA,

1994; Sansalone & Buchberger, 1997; Wu et al.,, 1®8nya et al., 2000). The

philosophy and attraction of such an approach asg & understand. If pollutants, for

example metals in stormwater, come from vehiclbes, ilea is that the more cars
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travelling over the road, the greater the metakeotrations should be. For example, as
presented in Table 2.6, event mean concentratmme variety of pollutants at different
traffic volumes demonstrated that highways withaaerage daily traffic (ADT) value
more than 30,000 have 3-5 times higher pollutamicentration than highways with
ADT value less than 30,000 (Driscoll et al., 199Mis is found consistent with first 4
studies presented in Table 2.5. However, runoffupert data from around the world is
rather inconsistent with the traffic volume and &aevealed that the ADT or AADT-
pollutant concentration/load relationship is coesadbly more complicated than

originally envisioned.

Table 2.6: Typical event mean Concentration (EMC) for polhugain highway runoff

showing relationship with traffic volume [adaptedrh Driscoll et al. (1990)]

Pollutant EMC for Highways with fewer EMC for Highways with more than
than 30,000 vehicles/day (mg/1)30,000 vehicles/day (mg/l)
Total Suspended Solids 41 142
Volatile Suspended Solids 12 39
Total Organic Carbon 8 25
Chemical Oxygen Demand 49 114
Nitrite and Nitrate 0.46 0.76
Total Kjeldahl Nitrogen 0.87 1.83
Phosphate phosphorous 0.16 0.400
Copper 0.022 0.054
Lead 0.080 0.400
Zinc 0.080 0.329
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Figure 2.2: Correlation of TSS concentration to traffic volusnf@ote single outlier,

ignored in regression equation (adapted from Drappal. (2000)]
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Figure 2.3: Correlation of acid-extractable zinc concentratian traffic volumes
[adapted from Drapper et al. (2000)]

Moreover, McKenzie and Irwin (1983) found that Zoncentrations were higher at a
medium traffic flow site (50,000 AADT) than fromtleer a low traffic flow site (4,000
AADT) or a high traffic flow site (70,000 AADT) im study of runoff from an urban
highway in Florida, USA. They also noted that Caa@ntrations at all three sites were
comparable. Again these findings cast doubt onmplsi relationship between ADT or
AADT and pollutant loadings. A few more pieces vidence to support this statement
are also available. For example, Drapper et aD@2@ocumented that in many of their
study sites with AADT well below 30,000, the poHlnt concentrations were as much as
those from sites with higher AADT. Moreover, theuhd a poor correlation between
chemical concentrations in road runoff and traffidume (R = 0.377 for TSS, 0.243
for Zinc), as seen in Figure 2.2 and 2.3. Althougdt presented, the strength of

correlations for other pollutants and AADT are egemaller than 0.200.

Somewhat similar findings were found from Calif@ribepartment of Transportation
studies (Caltrans) (Kayhanian et al., 2003; Ca#tra2003). Here no direct linear
correlations between road runoff pollutants and AAanging from 1,800 to 259,000)
were identified. However, they found that AADT alpwith site specific attributes
(such as, catchment characteristics, surroundind leses) together can better explain

most road runoff pollutants concentrations.
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Similar evidence was given by Miller (2005) who clhuded that pollutant
concentrations in road runoff were not dependenAABDT alone though it was one of
the key factors. He noted an overall increase llufamt concentrations with an increase
of AADT; however, no direct relationship could beade between two. Additionally
Miller found an inverse relationship between mehcentrations and the age of the

road surface.

In addition, traffic congestion likely has a stranfluence on the quality of road runoff.
Congestion is a function of traffic movement andda@apacity, and is influenced by
road type, road lay out and traffic type. Companith free flow conditions, a heavily
congested section of road may generate a highéutgal load because braking and
acceleration are known to release greater levgiwlitants compared to steady motion
(Hjortenkrans et al., 2006; Napier et al., 2008 eBwet al., 2009).

25.2 Sediment Particle Size and Water Quality

As mentioned earlier, not all the sediment avadaipbm road surfaces is transported
during wash-off events (Egodawatta et al., 2007heWas finer particles are easily
carried by runoff, coarse ones are retained omaad surfaces and since not all particle
size fractions are equally polluted, sediment plrtsize has a significant influence on
runoff water quality. Briefly, smaller particlesldg and silt) contain high surface areas
and negative charges in chemical composition, wigigk them a greater opportunity
for absorbing more metals into their surface comgpao larger particles (sand, grit)
(Ellis and Hvitved-Jacobsen, 1996). Although selv@article sizes (diameter) have
been defined as a borderline to separate coarsknensediment, commonly a sediment
diameter of 63 um has been identified (Roger et1#98; Charlesworth and Lees,
1999; Ellis, 2000; Sutherland, 2003; Zhu et al.p200pher and Friedler, 2010).
However, other classifications to separate fine enarse particulates have also been
recommended, e.g. Furumai et al. (2001) and Murakaral. (2004) used 45 um as a
boundary, while Kim and Sansalone (2008) used 75inukeeping with conventions
separating fine and coarse particulates specifiedSTM (2002). Furthermore, a few
researchers divided sediment < 63 pm into sevares sip to as small as for example <

2 um, and found that the smallest sizes contain bigher metal concentration than the
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63 um sediment size (Greb and Bannerman, 1997tiDaled Orr, 2005; Sansalone and
Buchberger, 1997).

Contrary to the above findings, a few other studies example, Stone and Marsalek
(1996) and Heal et al. (2006) found that a greateount of heavy metals and PAHs
loads was associated with coarser sediment. Funtrer Marsalek (1996) found that
pollutant concentrations between coarse and firmsnt size fractions were very
similar. The consequences of high pollutant loa@nd associated with coarser
sediment imply that road drainage systems shouldelsggned not only to capture finer

sediment but also to retain coarser sediment.

2.5.3 Storm Characteristics

Storms are the key driver of pollutant wash-offnfr@oad surfaces and are strongly
associated with the potential impact or consequenSeorms can be described using
several characteristics such as intensity of rijrdaration of total storm and number of
dry days preceding the event. Correlations betwamitentrations of pollutants in

runoff induced by rainfall and these factors hawerb reported in various studies
elsewhere (e.g. Brezonik and Stadelmann, 2002; kaghet. al., 2002). Storm

intensity has been revealed as the most importarihese as many pollutants are
attached to particulates. As mentioned previoublky,more intense the storm (the more
the kinetic energy), the greater the movement ofiqudate matter and so pollutants
(Patel and Atkins, 2005; Kayhanian et al., 2007n @& al., 2008; Zhu et al., 2008;

Soonthornnonda and Christensen, 2008).

2.5.4 Road Typeand Surrounding land use

The effect of road paving material (e.g. converdglampervious type such as concrete
and tarmac versus pervious type such as porousalaspid paving blocks) on the
quality of highway runoff has not been studied incim detail. Rob et al. (1999) and
Pagotto et al. (2000) demonstrated that porousrpents improved the water quality
slightly for the main pollutants in runoff wateru¢h as Cu, Pb, Zn, solids and
hydrocarbons) from Dutch and French motorways. Meee, it is generally believed

that road surface type is relatively unimportantnpared to such factors such as
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whether the road is in a rural or urban locatio®l{é et al., 2007). It has also been
reported that the type of collection and drainagsesn, type of curbs and age of the
road has a greater effect on runoff quality thaadrsurface type (Wu et al., 1998). Road
terrain (hills and bends) has a marked effect omtazninant loading. For example,
Kennedy et al. (2002) quote tyre wear rates that fram 100% on straight and level
roads (representing full tyre life) to 76% on stighilly and curvy roads, and to 50%
on hilly and curvy roads. Thus, compared with leshight sections, roads in more
hilly terrain with a larger number of tight bendsult in greater tyre wear, which causes
increased zinc emission. Also the greater amourtraking required causes increased
copper emission. Similar ideas were also reportgdEtven et al. (2009). On the
contrary, Hjortenkrans et al. (2006) found no digant influence on elevated metal
concentrations at road intersections, where magunt braking is likely to occur in
their study in Sweden. Therefore, it can be sunsedrihat the effect of road type or
traffic movement patterns (conditioned by road day} on pollutant emission patterns
are not well understood, though such informationuldobe important in order to
evaluate best management practice options for lm@al drainage: Clearly this needs

further research.

However, land used nearby roads seems have aigmaatt on the characteristics of the
stormwater runoff (Goonetilleke et al., 2005). Rerimore, specialised land uses such
as commercial and industrial areas, agriculturaperty, marine environment and
airports may contribute additional pollutant loagliiGoonetilleke et al., 2009). Gobel et

al (2007) also suggested that in-depth studiethfese special land uses are needed.

2.5.5 Road Drainage Structures

The type of road drainage infrastructure (curb,ncled gutters, and catch pit) plays a
key role in controlling the contaminant load in offleaving the road, and therefore in
controlling the risk to downstream receiving endimeents (Sansalone et al, 1998).
Evaluating the source strength in terms of contamtinoad needs to take account of
road drainage systems, in order to determine tlheabhtoad entering the receiving
environment. For example, curb and channel draisggeems collect high volumes of
runoff and finally discharge via point sources,réiy having potentially intense but

local impacts on the receiving environment (Li @&walrett, 2008). On the other hand,
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although a significant proportion of rural roadvdao storm water collection system,
with the result that runoff is more spatially dgfi and because the pollutant load is
distributed over a large area, the impact on nearder bodies is unlikely higher than
urban roads with conventional drainage systemstefbee, road drainage systems have
significant impacts on runoff water quality and dee be considered in studies on road
runoff (Li and Barrett, 2008).

2.6  Assessing Road Sediment Contamination

Adverse effects of road runoff polluted by heavytateeand PAHs (Wilson et al., 2005)
contamination on receiving waters (particularly @eshwater macroinvertebrates,
aquatic species and fish species) are well docwedeglements et al., 2000; Beasley
and Kneale, 2004). All of these studies reported streambed sediments accumulated
toxic pollutants among which heavy metals and PAksvery common when runoff is
associated with vehicle traffic, pavements, roafsittering and industry. These
pollutants are believed to be persistent and oftegrt a wide-reaching stress on the
freshwater ecosystem leading to the impairmentvlefant species and disappearance of

sensitive macroinvertebrates.

To deal with potential contamination associatechwitban runoff, numerous guideline
values for priority pollutants (e.g. toxic metaledaPAHs) have been set to improve and
maintain a better quality of effluent prior to discge to nearby water environments
(Wilson et al., 2005; Gasperi et al., 2009). Thandard values are set to protect
freshwater ecosystems and are available for diedolgollutants and particulate
pollutants (Wilson et al., 2005). Note that at preasin the UK only environmental
quality standards (EQS) for dissolved metals araila@ve from the Environment
Agency (EA, 2003), and no such standard is adofate@article bound heavy metals.
However, sediment quality guidelines (SQG) suggeste the Canadian Council of
Ministers of the Environment (CCME, 2007), and REmSQG (de Deckere et al.,
2011) are relatively newly available and can beduse monitor hazard assessment
relating to sediment quality. However, it has bé&amd that two sets of trigger values
from those guidelines are rather inconsistent. Atpto be noted is that all these
guideline values were derived for fluvial sedimevith the aim of protecting fresh

water ecosystems, as stated earlier. However giralblsence of particular guidelines for
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road sediment, these alternatives can be usedirioagampression of how hazardous
the road sediment could be in relation to ecoldgaspects, as evident from previous
use in literature (e.g. Heal et al., 2006; Shilet2®10).

Transforming heavy metal concentration levels iatsingle pollution index value is
often preferred (rather than using several triggercentration values) to derive better
understanding and decision making tools in enviremta pollution research. A variety
of pollution indices for sediment associated heawgtals have been proposed to
quantify the level of pollution and associated itgaon aquatic life (e.g. Yu et al.,
2003; Huang et al.,, 2009). However, the degree mitamination and potential
ecological risk indices proposed by Hakanson (1980)e been found to be the best
tools for assessing metal pollution in more hdalistay. These indices were derived for
natural sediment in fresh and/or marine/estuarirsgers rather than road runoff.
However, their robustness makes them suitabledad sediment (even in the absence
of ecological data) to obtain an impression of ¢éeelogical risk, as evident from the
previous studies in the literature elsewhere (Ewgang et al., 2009; Shi et al., 2010;
Duong and Lee, 2011). However, a point to be natdtiat the results obtained using
these methods may not be sufficient enough to gyaadtual ecological risk posed by
road sediment without other relevant data and métion, such as the type of aquatic
species considered, exposure time with contaminaéstiment, appropriate dilution
factors, metal releasing mechanisms from sedimepending upon sediment-water

chemistry, etc. (e.g. Kayhanian et al., 2008; dekieee et al., 2011).

2.7 Road Drainage - Water Quality Perspective

Based on the literature, it is clear that althotmgds account for only a small portion of
urban land use, they generate a considerable anodunhoff during rainfall, as road
surfaces are commonly impervious in nature (Ba#llet1998). It has also been revealed
that road runoff transports a wide range of pofitdéahat are potentially harmful to the
aquatic environment if discharged to nearby watétsout any form of treatment. As
seen in Figure 2.3, before 1975, traditionally urldeainage was focused on controlling
the quantity of water with the aim of avoiding fthng while overlooking water quality
aspects. This was done by routing surface runoffudgh underground pipe systems to

either a treatment plant or to a discharge site aonvater body. However, the
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consequences of urban stormwater discharges farwatlies, in particular for aquatic
life, came under consideration in the early 198Water quality became an increasing
issue in the management of stormwater drainagédynid 1990s. The aim now was to
control flooding and to ensure that surface rumdf not degrade the water quality of

receiving waters.

However, in last two or three decades rapid urlziois sees a range of infrastructures
to develop and a figure is set to increase ind€exhsequently, the urban environment
is becoming heavily modified and stressed with eveme pollution with a wide range
of pollutants (some are new, for example, in thedrvaffic environment after the recent
innovations in both car industry and the compositb fuel), as reported by Legret and
Pagotto (1999), Hjortenkrans et al. (2006) andnkova et al. (2009). Following on the
EU WFD (2000/60/EC) formulated a guideline whicljuiges EU countries including
the UK to control diffuse sources of priority pdtints with the goal of protecting water
bodies including groundwater (Legret and Pagot®®9] Napier et al., 2008). The EU
WFD documents added the urban amenity value alathgguantity and quality.

Within this context, various sustainable urban mige systems (SUDS) have been
proposed and developed over the last 15 years.eTinesrporate three key issues of
urban drainage in the so-called SUDS triangle, mangiantity, quality and amenity
(Figure 2.4). Recently, using SUDS to deal withface water discharges to water
bodies has been enforced in law in Scotland urtefWater environment (controlled
activities) (Scotland) Regulation 2011’ for all nedevelopment (Scotland Northern

Ireland Forum for Environmental Research (SNIFFER]S).

Briefly, SUDS are drainage systems designed tolé¢aakater quantity (control flood
risk), to address water quality (to protect ecatagistatus), and to restore urban amenity
and biodiversity. To deal with water quality and eamty issues, several generic
treatment options have also been identified, as sed-igure 2.5. The concept of a
treatment train starts with source control, theéa sontrol and finally regional control
with the aim of capturing stormwater and associgietlutants at sources or sites,
leaving moderately clean water to flow to a reglaz@ntrol where amenity and bio-
diversity issues are catered for. The treatmenn tiw a useful concept to attenuate

flows, improve water quality and manage runoff ela® its source (Ellis, 2000;
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SNIFFER, 2008; Heal et al., 2009). Treatment in SUbDols has focused primarily to
retain water sediment and then allow sediment ttetgo natural bio-chemical activity

over the residence time in improving water andrsedit quality.

Sustainable

Traditional .
urban drainage urban drainage

Quantity Qua I|ty "

- 1975 1975 - 1995 1995 -

Figure 2.4: Changing concept of road drainage design ovelriie frame in the UK

Runoff and Pollution
Management .k ot

Nource
Control
Discharge to Control
watercourse or Discharge to lgeg;lnnlal
groundwater watercourse or ontro PiGliEEgEE
g;ruundwater Wwatercourse or
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Figure 2.5: Conceptual diagram of sustainable urban drainaggesys (SUDS)
treatment train showing source, site and regiooatrol (adapted from SUDS for Roads

Manual)

Within the context of SUDS for roads, a number iffedent SUDS tools are available,

for replacing or modifying conventional road dragjeado address water quantity, quality
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and urban amenity issues, as a long-term robugirofur urban pollution management.
For example, filter drains, swales and permeablngaas source and site control
measures, together with retention and detentiomon wetlands as regional controls.
However, source or site controls are often beirdggored (SNIFFER, 2008).

A few studies are available in the UK on the parfance of an individual SUDS tool or
use various tools as a unit called SUDS treatmraims. For example, Heal et al. (2009)
reported that SUDS treatment trains performed békten a single SUDS tool for
pollutant removal efficiency based on the monitgraf four SUDS treatment trains at
the Hopwood Park Motorway Service Area in Centnadjland. Napier (2009) reported
the importance of soil-based SUDS, for example,lesvar infiltration, for controlling
traffic-related pollutants. A few other studies dooted elsewhere have focused on
treating contaminated road runoff at their sourées.example, Zhu et al. (2003) found
that incorporation of a peat filtration layer irr@ad gully decreased Zn concentration
significantly in their study in Tennessee, USA, Whiau et al. (2000) showed that
insertion of a bio-filter in road drains removedeoB5% of dissolved Pb and Zn from
road runoff waters. However, for source or sitetas, it is necessary to identify the
priority locations (with data for pollutants) alotfte road network. It is therefore useful
to have such information on pollutant concentraidrandy that may inform road
drainage designs and maintenance in the contet)8fS for roads.

2.8 Conclusions

Based on the current state of knowledge of urb&uosai pollution with respect to the

road-traffic environment in the literature, theléaVing conclusions can be drawn.

The focus on water quality issues associated widid runoff from the road network in

a suburban area is relatively new, but a substaatimount of research has been
undertaken to understand the fundamentals of therwgaality issues. It is understood
that urban pollution control and mitigation now dedo be more focused on diffuse
source rather than point source pollution. It i€ognised that a wide range of
anthropogenic activities in urban areas generateda variety of pollutants and act as
diffuse sources. Moreover, an increased area oiimgus surfaces due to urbanisation

generates a greater flux of pollutants to receiviagers.
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Significant research has been carried out on @oitubuild-up and wash-off processes,
which are regarded as key mechanisms in urban \@asdity research. However, due to
variability of pollutant build-up and wash-off pregses, outcomes for most of this
research are rather site-specific and often faifitdnto a general urban pollution

framework. Moreover, significant variability is fod between pollutant build-up and
wash-off data between studies in different geogcgbhregions and even between
studies in the same region. Consequently, numepradictive models have been
developed so far for characterisation of urban nsteater quantity and quality.

Although models for runoff volumes and flows arellvekeveloped, models for water

guality are not reliable. For example, using ddfgalrameters embedded in available
modelling tools may not always produce satisfactesults. Therefore, the information
on the pollutant build-up and wash-off processedlable in the literature may not be

applicable for all cases, and thus needs for ldatd are emphasised.

The primary pollutants identified in stormwater acemmonly referred to as

conventional pollutants (TSS, TDS, VSS, OC, nutsegtc.), heavy metals and PAHSs.
Among which heavy metals are most ubiquitous arel ragarded as hazardous to
human and aquatic life. In addition, heavy metaésaften adsorbed to the particulate
matter derived from the anthropogenic activitieg.(&affic) on road surfaces, and their
concentration are found to vary with different seeint particle sizes, which is an

important issue for the transport and fate of pgahits associated with road deposited

sediment by natural wash-off events (rain or snow).

The sources and pathways of pollutants commonipdoan urban catchment surfaces
have been well documented in the literature. Amibrggvarious pollutant sources, the
road traffic environment has been identified asl#rgest contributor to the pollutant
load, although roads account for only a small paege of urban land uses. The
pollutant loading from the road traffic environmestighly variable, being influenced
by several factors, among which different road day- type of traffic movement
patterns, traffic load, road surface condition,sprece of road paints, surrounding land
uses and atmospheric deposition are likely as Keythermore, the pollutant
concentrations are also found to be influenced iffgrdnt environmental conditions

and are varied with road sediment derived during ard wet weather (runoff and
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snow) periods. On the other hand, other urban pesviand impervious surfaces
together with specialised areas (industrial and roengial sites) are found to be

dominant sources of pollutants under certain camust

The knowledge of site-specific factors regardingdlytant emissions patterns (and
associated contamination levels) from the roaditrafnvironment is identified as a
relatively new field of research. However, suclomiation is deemed important for the
design of road drainage in the context of sustdéatihan drainage systems for roads in
order to comply with the objectives of the EU WHAlthough a few of these studies
exist in the literature, these are not particulddgused, and is difficult to transfer the
results to other sites and to some extent theidataw out of date because it may not
reflect recent changes to legislation (e.g. unldddel use) and developments in vehicle

design (e.g. catalytic convertors).
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Chapter 3 — Materials and Methods

3.1 Introduction

The necessity for an in-depth investigation of y@lht processes, such as pollution
build-up pattern, transformation and transportationstormwater quality research has
been identified in Chapter 2. It has also beenalke¢kthat the techniques used to collect
data in different studies, as reported in theditgre, are highly variable. For example, a
wide range of methods from street sweeping to vaxiog has been used to collect dry
sediment from a catchment. The simplest street gwganethod is well documented in
Kim et al. (1998), Charlesworth et al. (2003) andb&tson and Taylor (2007).
However, street sweeping methods, although easysép may be biased against the
collection of finer particles, as noted by Vaze &fdew (2002) and Deletic and Orr
(2005). As a result, Vaze and Chiew (2002) usedvdopuuming methods, while Deletic
and Orr (2005) introduced a wet vacuuming technigite the aim of collecting dry
sediment efficiently. Similarly, studies of pollatawash-off during rainfall and snow
precipitation also exhibit variability in conceptscale, purposes of the study and
apparatus used. For example, Sartor et al. (193dd simulated rainfall for wash-off
studies from roads, Vaze and Chiew (2002) sampteliheent before and after runoff
during natural rainfall events and Crabtree e{2008) used automated water samplers
at catchment outlets during rainfall.

It is therefore clear that a wide range of techagis available to conduct investigations
into stormwater quality research. Each investigatechnique has its advantages and
disadvantages, and the most appropriate methodbearselected by rating them
according to preferences, suitability and scopethaf study at specific locations.
Although the techniques differ, they are all sdiesdlly recognised and verified for use
in specific research environments. In this regathis study developed field
investigation methods to obtain local data fromribed network in the study area over
a period of 12 months. Sites were selected on tia&l metwork with the aim of
capturing emission patterns of heavy metals andcaged pollution that in turn
enabled further information to be derived (Vaze @iiew, 2002). Due to the absence
of any previous water quality data from the roadfic environment in the study area, it

was intended to use simple approaches for the tigeg¢i®ns, so that future work could
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be undertaken in a consistent manner. The appdittise field investigations of road
sediment during dry, wet weather and snow periodsewselected based on the
resources available and the ease of their usedmmsy health and safety requirements

for work on roads. In addition, it was made suwd the selected methods and apparatus
were reliable for their designated use.

3.2 Study Area and Sampling Sites

Edinburgh, a city in the southeast of Scotlands lmm the east coast of Scotland’s
central belt, alongside the Firth of Forth, as sedfigure 3.1.
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Figure 3.1: Location of the study area on Google map (UK mapashg Edinburgh,

Edinburgh City map showing Riccarton Campus roadwoek at Heriot Watt
University).
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It has a temperate maritime climate (moderate sumand mild winter), the annual
average temperature range is about 0.9 — 42.21971-2000) and the annual average
precipitation is about 668 mm (1971-2000) distrdalievenly throughout the year (see
Figures A4 and A5 in appendix). Heriot Watt Univsrs Riccarton Campus (latitude:
55.9° N and longitude: -3.31E) is located southwest of Edinburgh city (Fig8té)
and has been developed during the last 40 yeark witod ecological and
environmental perspectives. Continuing its succggsbgress as a provider of quality
education, it is expanding with many infrastructdexelopments. Because it has been
observed that road runoff goes directly or indiseatto the Murray Burn (see Figure
3.2 and 3.3), which is a small stream running actbe campus, there is a risk of it
being contaminated by traffic related pollutams. previous research has been carried
out on the pollution potential of the campus roads.
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Figure 3.2 Additional flow to the Murray Burn stream througbampus drainage
systems during rainfall events.
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Sufrace over flow from car
sl park to Mwrray Burn

Figure 3.3: Surface overflow from Car Park A to Murray Burn idigy rainfall events.

12 different sites were selected on the Riccartamg@us road network to represent
typical road lay-outs, as seen in Figure 3.4. Tites £omprise straight sections of road,
roundabouts, a road bend, a road with speed comealsures (speed bumps), a road
intersection, bus stops and a car park. The sigge selected after careful consideration
of the aims of the field investigations, the headtid safety of personnel involved in
field sampling and other road users, and the qoadlection and transportation samples
from the field to the laboratory. Road sediment wallected from these sampling
locations during dry periods between 1 to 20 dayg)lbetween a rainfall and any
mechanical cleansing events. However, 4 of theah2péing sites were further selected,
based on the study objectives, for long term moimi¢p(over the year) of road sediment
during dry and wet weather (rainfall and snow pueation). These four sites were a
road bend (Site 3: RB), a section of road withwecgspeed control measures (Site 6:
RSC), a road intersection (Site 8: RI) and a sttaigad section (Site 9: SR). The road
surface condition of these four sites can be ddfiag good except for the Site 6 at
which increased degradation of road surface m#deand paints was observed. In

addition, four other sites were selected on roaldehvcarry no traffic, for measuring
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local background values for heavy metals. Thesss sitere located no less than 200 m

north-west of Site 3 to avoid any significant irghce from other sampling sites.
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Figure 3.4: Sampling locations on Riccarton Campus road netvairideriot Watt
University, Scotland (adapted from Google map).

Double yellow lines are painted along the edgenefrbad for most of the 12 sites and
additional white markings are found at a pedestaassing area at Site 6 and for the
stop lines at Sites 5, 8 and 11 (see Appendixt/ghduld also be noted that Sites 8 and
9 are very close to an entry and exit point ofdAmpus. Based on the traffic movement
pattern at the sites during the sampling periodnanily two types of ‘stop-start’
activities are found. Firstly, at a few sites, Si® 5, 6 and 11, almost all traffic was
observed to undergo braking as it passed througtorilly, at a few other sites, Sites 1,
8 and 10, the traffic movement pattern was founietonore controlled in terms of ‘stop
and start’ activities and therefore, a lesser degk braking occurred than at the
previous type. At all other sites except Site 1 traffic movement pattern was

consistent with a steady speed.

The roads are used by a variety of personal anar&oial vehicles and some are parts
of bus routes. Each of the sampling sites has @slaf traffic with an asphalt road
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surface, with low traffic densities ranging fromQ€@ 650 vehicles per hour during

working days mainly, as measured during the sampberiod. The surrounding land

area is devoted to campus buildings, some farm, [éoot paths and pavements.

Mechanical street-sweeping and gully cleaning odgpically twice a year on the

campus by the local council.

Table 3.1: Site details on Riccarton Campus road network,daNatt University,

Edinburgh
Site Site Painted lines Road Road furniture  Traffic flow  Traffic  Surrounding
No. description condition near sampling type passing load areas near
points sampling (vph) sampling points
points

1 Roundabout White/Red Good Lamp post/ Stop-start 200 AA, CP, OB, FP
(G-4) signs/ gully

2 Straight Yellow Good None Steady speed 200 AA, FPS
Road
(G-4)

3 Road Bend Yellow Good Gully/lamp post  Braking 200 AA, FPS
(RB)

4 Straight Yellow Good Lamp post/signs Steady speed 200 OB, FP
Road (RAN)

5 Bus Stop Red/ Good Bus shelters/  Stop-start 230 OB, CP, FP
(RAN) blue/yellow sign post

6 Road with  White/ Poor Lamp post/ Braking 250 OB, CP, FPS
speed yellow signs/ pedestrian
controls crossing with
(RSC) barriers

7 Straight Yellow Good Sign post Steady speed 265 OB, CP, FPS
Road (RP)

8 Road White/ Fair Traffic lights/ Stop-start 285 OB, MR. FP
Intersection  yellow gully
(R)

9 Straight Yellow Good Sign Steady speed 650 CP, MR, FP
Road posts/barriers
(Avenue)
(SR)

10 Roundabout White Good Road barriers/ Stop-start 650 OB, FPS
(Avenue) sign post

11 Bus stop Red/ Good Sign post Stop-start 550 SH, OB, FP
(Avenue) blue/yellow

12 Car Park White Fair Lamp post Stop-start -- --

G = Gait No., RAN= Research Avenue North, RP = Rede Park, vph = vehicle per hour, AA =
Agricultural area, CP = Car park, OB = Office binlgs, FP = Foot path, FPS= Foot path separated by

grass strips, MR = nearby main roads linked witimgas roads, SH =Student halls.

The approximate roadway width is 6 m with 2 lankgaffic and, the speed limit is 20

mph. The age of the campus road varied between 5lQoyears (personal
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communication with Estate Office, Heriot Watt Unisy, Edinburgh). The typical
road drainage pattern for campus road is found wathventional gutter and gully pot
along the curb with 10 m spacing between them dh lames. Therefore, it is assumed
that 10 m x 3 m area of road draining to a roadygtiowever, from monitoring the
sites, at no time during the study period was tlaene evidence of significant removal
of road sediments by this process. The detailb@ftites are presented in Table 3.1. In

addition, a photograph of each site is presentéppendix A.
3.3 Field Sampling
3.3.1 Sampling Road Deposited Sediment (RDS)

A number of different methodologies have been usesample road deposited sediment
in earlier studies on sediment build-up with eaethhique having its own individual
advantages and disadvantages. The most commonty teskniques are dry street
sweeping using a brush and dustpan (see Kim et98i8; Charlesworth et al. 2003;
Robertson and Taylor, 2007) and road dust collealising a portable vacuum cleaner
with a view scope (see Grottker, 1987; Ball et E98; Deletic and Orr, 2005;
Goonnetilleke et al. 2009). For ease of use, anwhgahe characteristics of the
sediment to be sampled, the dry street sweepingadaising a brush and dustpan was
used in this study, although it may be biased agdire collection of the finer particle
size fractions due to disturbance and mobilisabbriine sediment induced by road
sweeping instrument. Previously published work a¢éve¢hat a primary variable of any
investigation of pollutant build-up is the number amtecedent dry days. Although
several studies looking into this aspect existefample Sartor et al. (1974) and Ball et
al. (1998), it is not clear what the optimum dwatis of undertaking a pollutant build-
up investigation. Based on these previous studidskaowledge of weather patterns in
Edinburgh, it was decided to carry out the RDSdujp investigation over 14 days in
April 2010 for this present study. The antecedewptdhys considered were 1, 2, 3, 5, 7,
9 and 14 days.

Site inspection suggested that RDS particles atgiprimarily from vehicles, the road
surface, atmospheric deposition and the surrounidimg. Sampling plots comprising a

1 nf road surface area, near the curb and 1 m awaytfrernurb, were initially cleaned

a7



by repeated sweeping using brushes. However, R@8 & second position (1 m away
from the curb) was collected at Sites 3, 6, 8 armhl§ to characterise the transverse
variability of pollutant emissions on roads, asns&eerse gradient of pollutant

concentration was found to occur across the roathwdiscussed in section 2.3.1. For
RDS build-up investigation study (results preserite@hapter 4) there were 7 x m

plots for both sampling positions all within thev@ 10 m x 3 m area of road draining
to a road gully, as mentioned earlier. The RDS sesnpere collected at the end of
each antecedent dry period by sweeping the platsgyus clean plastic dustpan and
brush as outlined by Kim et al. (1998), Charlestvaat al. (2003) and Robertson and
Taylor (2007). Several identical dustpan and plabtushes were used in order to
minimise cross contamination between the sites.siWeeping technique was also kept
consistent to avoid sample variability. During séingy care was also taken to

minimize sweeping pressure so that (artificial)agdatment of road particles could be
avoided. Each plot was swept 3 times to maximisepsa collection efficiency, and for

which approximate time spent was 10 to 15 minuBssnples were then transported

back to the laboratory using self-sealing plastigdbto avoid contamination.
3.3.2 Sampling Wet Weather Sediment

Road runoff during storm events was collected ffoor monitoring sites, Sites 3, 6, 8
and 9. Runoff samples were collected from 12 dfierrainfall events between May
2010 and April 2011.

3.3.2.1 Storm event characteristics

The focus was one of capturing data to explorethigprand seasonal variations and to
cover a wide range of hydrological aspects, suc¢hoasintensity long duration rainfall

and vice versa. A range of antecedent dry periooi® f15 hours to 20 days was also
encountered. The details of the hydrological evemisitored are summarised in Table
3.2. Data for the rain events were collected usirtipping bucket gauge which was
installed on a building roof (for another reseaprbject) and located approximately
1000 m from the runoff sampling sites. The tippmgket measures the time required
to produce a single tip (0.254 mm of rainfall) asmiresponding data were stored in an

attached data logger, which was connected teleraélyriwith an office computer.
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Although data collection took place without goimgthe rain gauge, the rain gauge site

was visited regularly, and more often after anyniigant rain event, to ensure its

efficient operation. Recorded data were then callaib determine rainfall duration,

total precipitation and the number of antecedentdatys since the last event. Average

rainfall intensity was calculated as total pre@pdn divided by the total duration of the

storm event, while the number of antecedent drys degs based on the days since the

last event with a minimum of 2.5 mm of precipitatigBrezonik and Stadelmann,

2002).

Table 3.2: Summary of the rain events monitored at the stiis.

Event date Storm Precipitation ~ Average Peak Antecedent  Runoff
duration (h)  (mm) intensity intensity dry days volume
(mm/h) (mm/h) (days} collected ()
26/5/ 2010 1.70 19.30 11.35 37 2 3.75
01/7/ 2010 6.25 8.20 1.31 25 20 >4
04/7/2010 1.83 26.60 14.50 43 2 3.95
14/7/2010 10.87 74.00 6.81 30 3 >4
01/8/2010 1.23 13.52 10.96 33 10 3.80
12/8/2010 1.06 431 4.05 19 2 3.00
21/8/2010 1.42 14.42 10.18 41 1 3.50
07/9/2010 2.88 10.52 3.65 12 13 >4
11/9/2010 2.23 17.44 7.64 40 1 >4
20/11/2010 8.75 23.63 2.70 14 7.5 >4
12/3/2011 5.75 37.49 6.52 24 2.5 >4
23/4/2011 1.55 15.27 9.85 32 6 >4
Satistics for the rainfall events
Mean 3.79 22.05 7.46 27.4 5.73
Median 2.03 16.35 7.23 31.00 2.75
SO 3.31 18.60 4.02 12.57 5.99
cv? 0.87 0.84 0.54 0.46 1.04

ldays since last event with precipitatior2.5mm (Brezonik and Stadelmann, 2002)

23D, standard deviation of all 12 rainfall event
3 ¢V, coefficient of variance

3.3.2.2 Road-runoff collection

Each sampling site has road gullies to collect naawff from the road surface during

rainfall periods. Preliminary investigation sug@ektthat each gully drains an

approximately 30 froad surface area, as noted before. The gulligseatxperimental

sites were modified to intercept stormwater inflduring runoff events. A trapezoidal

shape plastic catch tray was designed to guideote runoff as it left the road surface,

to be collected in a Bbucket hanging inside the existing gully pot aansi& Figure 3.5.

A hole at the 4 mark was made to avoid flooding of the road swfaaused by

overflow during extreme rainfall events.
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Gully pot

Runoff collection system

Figure 3.5: Schematic diagram and photographs of the experahset-up used for
runoff collection at sites with road gullies.

As seen in Table 3.2, runoff volume more thah was experienced in 7 of the 12
rainfall events. Collection of Brunoff was limited by the experimental set-up addp
for this study. In such cases metal concentratfonslissolved and particulate phases,
particularly for the finer sediment, may be und#@neated due to loss of runoff sample
as overflow. However, it may not be inappropriate explain the pollutant loads
associated with runoff samples based on the stydyteénstrom and Kayhnian (2005).
They found that collection and treatment of thdyephase of runoff (e.g. 1/3 of total
runoff volume) is adequate for pollution controlterms of time, cost and practicality
compared to monitoring entire rainfall-runoff evgniwvhich can be expensive and

impractical.

Subsequently, a few field trials of the experimérs@t-up using manually induced
runoff were conducted prior to the collection ofural runoff events and tested. Results
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of sediment particle size distributions from theésal experiments confirmed that a
reasonable amount of sediment size fraction beldwu® would be captured even in
excessive storm events, which would well serve ghesent aims of the study. In
addition, different set-ups were evaluated to ojsmthe runoff collection while
avoiding leakage, and designs were modified acnghgi The gap between bucket and
gully pot grid (see Figure 3.5) was sealed usingewd#ight teflon tape. However,

complete control of leakage could not be met inesaimcumstances.

Nonetheless, this simple approach was found toffieetere for runoff collection from
the road surface with little modification of theiging road drainage systems. Runoff
water stored in the bucket was collected after eagimt as soon as was practicable and
was transported back to the laboratory for furthealysis. Particles attached to the
catch tray were washed into the bucket by usingllds water to minimise cross
contamination. The volume of distilled water requdirto wash—off the catch tray
deposits was recorded and added to the runoff welootiected into the buckets to get
total sample volume, which was then used to measomneentrations in runoff. The
collection bucket was pre-washed using distilledewarior putting into experimental
set-up at sites. The buckets were deployed foptred between rainfall events. The
buckets were monitored regularly to remove any umec deposition. However,
background contamination from atmospheric depositannot be ruled out entirely.
The details of the runoff monitoring and collectiprocedures followed for this study
can be found in the Caltrans Guidance Manual: Sik@ter Monitoring Protocols
(Caltrans, 2003).

3.3.3 Snow Sediment Sampling

Snow samples from five snow events between Noverahdr December 2010 were
collected from four sites, Sites 3, 6, 8 and 9plagtic scoops. The samples were taken
from the whole vertical profile including dust dejition as outlined by Hricko et al.
(1993) and K&mova et al. (2009). Sampling was undertaken atetiae of the snow
event and a total sample of about 2 kg of snow femnh site was transferred into
plastic bags and transported back to the laboratory
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3.4  Laboratory Analyses

Preservation and analysis of dry, runoff and snaxived sediment samples were
carried out in the analytical chemistry laboratamythe School of Life Sciences of
Heriot Watt University. Standard laboratory proceguwere followed for all testing
and in order to ensure the accuracy of the test staindard quality control and quality

assurance measures were also carried out.

3.4.1 Sample Preparation

The RDS samples were dried upon collection at reamperature for 24 hours and then
weighed prior to particle size distribution (PSD)daheavy metal analysis. Runoff
samples were sub-sampled after rigorous shakingt@n 100 ml (out of up to Ufrom
buckets plus added volume of water required to wasbh tray deposit, as mentioned
earlier) of a representative sample, and 50 mlwgasl for determining total suspended
solids (TSS) and another 50 ml was for total heastal concentrations (unfiltered
runoff). The filtered water from TSS analysis wased for dissolved metal
concentrations analysis. The rest of each sampsewed sieved for PSD analysis and
sediment retained on sieves was analysed for pkatéc heavy metal concentrations.
Snow samples were allowed to melt at room tempexditst and then similar steps

were followed as for the runoff samples.

3.4.2 Laboratory Testing

Laboratory testing for the present study was pripdocused on the mass of dry,
runoff and snow derived sediment on the roads bedjtiantification of heavy metals in
it. The influence and importance of the particleesilistribution on sediment associated
metal concentrations are well documented from previstudies, which reveal that
greater metal concentrations are found with deaorgaparticle size fractions (e.g.
Robertson and Taylor, 2007; Sansalone et al., 20H@)ce, particle size distribution
was given priority for particle bound metal anadydn addition TSS for runoff samples
and dissolved metal concentrations for runoff anows samples were measured. The
complete set of parameters tested during the latmgranalysis was as follows: particle

size distribution (PSD), total suspended solids)r'tdr runoff samples, dissolved and
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particle bound metal concentrations, as appropnate different categories of road

sediment.
3.4.2.1 Particle size distribution

Several techniques are available to measure pmarsce distributions of solids
(Egodawatta, 2007). Among these methods, dry or simting is most often used.
Different ranges of standard sieves are used dapgod study aims and purposes. The
sieves used for this study included: BS 625 (20, B%) 350 (45 um), BS 240 (63 pum),
BS 120 (125 pm), BS 60 (250 um) and BS 30 (500 pm)obtain the PSDs, road
sediments were passed through a range of standseksas mentioned above to get a
representative sample mass retained on each seveSediment samples were wet-
sieved to separate them into fine and coarse dretiWet sieving has an advantage
over dry sieving of better accuracy. More detaids e found in Deletic and Orr
(2005), Huang et al. (2009) and Karlsson et al1(20The aim was to evaluate the
distribution pattern of heavy metal concentrati@ssociated with fine (<63 pm),
medium (250-63 pum) and coarse (500-250 um) sedifnactions. The author believes
that using 63 um for differentiating fine sedimé&am medium and coarse sediment is
reasonabléecause the particle sizes below 63 pm (repregeal@ty and silt) all have a
large surface area and contain negatively chargetcles which have a high affinity
for metals. This idea is also supported by otheeaechers, e.g. Roger et al. (1998),
Sutherland (2003), Zhu et al. (2008), Opher ancedfer (2010). However, other
classifications to separate fine particles have been found, e.g. Furumai et al. (2001)
and Murakami et al. (2004) used 45 pum as a boungi@ye size, while Kim and
Sansalone (2008) used 75 pum in keeping with corntseparating fine particles
specified in ASTM (2002).

The mass retained on each sieve was then cleamegldistilled water, placed in a pan
and left to dry for 24 hours prior to being overiedrat 103-10%C for 24 hours to
obtain a dried sample for further analysis. Howewnersediment of the largest fraction
(500-250 um) was found in any of the runoff andvemwents sampled, and hence the
250-63 pm size fraction was classified as coarsiérsnt, while the < 63 pm size

fraction was treated as fine sediment.

53



3.4.2.2 Total suspended solids (TSS)

TSS concentration was analysed for runoff and ssamwples. After rigorous shaking to
suspend all particulate matter, a 50 ml sample desanted from the 100 ml sub
samples, which was from collection bucket to a wwtric flask. The sample was then
filtered immediately through a 0.50 um teflon filteand TSS was analysed using a
gravimetric method by weighing the oven-dried rasidn the filter with a detection
limit of 0.1 mg/l. The filter papers and petri deshused for this test were pre-washed
and oven dried in the laboratory for 24 hours puse. The oven temperature was kept
at 103°C to 105°C. The details of the TSS analysis method followvethis study can
be found in APHA (1998). Briefly TSS is measured following the steps shown
below:
» Before sampling, prepare teflon filters by firsakimg them in distilled water,
drying them at 1083C, and weighing and recording their weights (A).
* Place the dried, weighed teflon filter onto a filg flask. Shake the bottle first,
and then pour the sample volume of 50 ml (C).
 Dry the filter at 103 to 108C, let it cool to room temperature and then wetgh i
Dry it, cool it, and weigh it again. Continue urtie filter reaches a constant
weight. Record the end weight (B).
* The increase in weight represents TSS. Calculat® By using the equation

below.
TSS (mg/L) = ([A-B]*1000)/C (Egoat3.1)

Where A = End weight of the filter; B = Initial wght of the filter; C = Volume of water
filtered

3.4.2.3 Particle bound metal concentration

Figure 3.6 shows the flow chart of the analyticatinod followed for the determination
of heavy metal concentrations. Particle bound neztatentrations for the elements Cd,
Cr, Cu, Zn, Pb, Ni were determined by strong nia@d digestion (Anala R 70%)
followed by flame atomic absorption spectrometny/AG) using a Perkin Elmer 200

AAS analyser.
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Dry sarmple at 105°C overnight

v
Accurately weigh approximately 1.0 g

v

Add 10ml of conc. Anala B {70%0 HH O3

v

Heat in water bath at $5"C for 1 hour until white
furmes given off and sediment got a colour

Allow  =zolution to cool, then pass through
Whatman Mo 42 filter and add de-icnized water
to make up to 50 ml in a wvolumetric flask

4
TTze a Perkin Flmer 200 A5 instnunent to
analyee for Zn, Cu, Cd, Cr, Hi, Phb

Figure 3.6: Analytical protocol for RDS metal determination.

There are numerous and varied methods of sedinoemidometal extraction procedures
reported in the literature. For example, Charlestwet al. (2003) used a mix oL80,,
HNO3z; and HCI, Sutherland and Tolosa (2000) used BHNGI, and Ordonez et al.
(2003) used a mix of HN§ HF and HCIQ as metal extractants in their studies. In
contrast, Akhter and Madany (1993), Deletic and @6005), Robertson and Taylor
(2007) used HNg) and Gibson and Farmer (1984), Stone and Marqal@86) used
HCI for metal extraction. A rigorous analysis oétimpact of using different strength of
reagents (0.05 M EDTA, 0.5 M HCI, concentrated HN€@r metal extraction from
road sediment can be found in Sutherland et al0lR0They suggest that in some
circumstances use of weak reagents (particularlyah@ EDTA) could better quantify
metal contamination compared to using a strongemafHNG). They also reported
that extracting metals using strong reagents ustierated the metal contamination

compared to the weaker reagents (e.g. Cu, Zn, Pb).

Within this context, selected samples for this gtugtre initially tested using HN$
aqua regia (a mix of HCI-HNin a ratio of 3:1 by volume) and HCI-HN@®ICIO,,
The results obtained did not exhibit significantfetiences (Kruskal-Wallis testp
>0.05) due to the different extractants used (ggeerdix B). However, using aqua

regia (a mix of HCI-HNQ@ in a ratio of 3:1 by volume) was found to perfdoetter for
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Cr, Ni and Pb compared to HN@lone. However, popular use of concentrated EINO
as a metal extractant was already evident in pusviesearch even though it is not a
best alternative (Sutherland et al., 2001). To k#ep metal extraction procedure
consistent and logistically efficient, concentrakldO; was used as the metal extractant
from sediment for this study. Furthermore, two elifnt types of acid digestion
procedures are found to be followed for particulatetals. These were open and
microwave digestion, with microwave digestion bepngferred if available (Sutherland
et al., 2001). However, in the absence of a micv@andigestion facility in the laboratory
used for the present study, open digestion was arag! Briefly, 0.50 to 1.0 g of
sample was digested in 10 ml of concentrated Eild@d left for 24 hours prior to
heating in a water bath at ®5for 1 hour. Following this, samples were cooled a
filtered to a volumetric flask made up to 50 mingsdeionised water.

A Perkin ElImer 200 AAS was calibrated for the ramgé-2.5 ppm for all the metals
analysed for this study using standard solutionschviwere made up from stock
solution of 1,000 ppm. Calibration curves for metalutions were maintained with high
precision (R = 0.99). The mean of triplicate analyses was @abras the metal
concentration for all samples, for data quality gmses. Blank samples were tested
repeatedly to avoid cross contamination betweenpksm Any sample that gave a
reading beyond the calibrated ranges was dilutetil ansatisfactory reading was
obtained. De-ionised water was used throughoutcfeaning apparatus, preparing
standard solutions and other related purposesofddory work in order to avoid cross
contamination. The analytical procedure followed tfus study was kept similar with
Deletic and Orr (2005) and Robertson and TaylorOf20 However, necessary
modifications were carried out when required in thaealytical procedure. The
modifications were checked with published methaidayailable, otherwise they were

validated in the laboratory.

The calculation of heavy metal content in sedinfemin mass of dried sediment and

metal concentration measured from a 50 ml of sasrpye=AAS is as follows:
Metal concentration in mg Kg(dry weight) = D x E/F (Equation 3.2)

Where, F is the weight of sediment mass used fik digestion (g), E is the sample

volume (ml) and D is the metal concentration regdihtained from the FAAS (mg/l).
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3.4.2.4 Total and Dissolved metal concentration

Total metal concentration was determined usingltenéid sub samples of runoff, as
discussed in 3.4.1. The filtered water from the B88lysis, as described in 3.4.2.2, was
collected for dissolved metal concentration analydihe filtered water was then
preserved by adding 2.5 ml of concentrated nitcid §HNGs) to a pH level less than
2.0 for metal quantification (USEPA, 1986). Metahcentrations were determined by
flame atomic absorption spectrometry (FAAS) usirfigeakin ElImer 200 AAS analyser,

as discussed in 3.4.2.3.

3.5  Quality Assurance

Standard laboratory quality control/quality asseeprocedures were followed, which
are illustrated in Caltrans (2003). The detaildh@fse procedures are discussed below
under a few sub-headings.

3.5.1 Analysis of Blanks

The data for blanks presented for this study islieid water which was tested for heavy
metal concentration repeatedly to avoid cross com@tion between samples. A few
times (n = 10) heavy metal concentrations of Cd, @r, Ni, Pb and Zn in distilled

water were recorded. Average metal concentrationad in the distilled water were
0.1, 8.7, 1.3, 0.7, 1.1 and 12.2 ug/l for Cd, Qu, ®i, Pb and Zn, respectively (see
appendix B). The results suggested that there wasignificant metal contamination

associated with distilled water use in the labasatmalyses.
3.5.2 Precision
Good precision of the laboratory tests were maneiiand checked by analyses of

replicated samples on a routine basis. Relativegmerdifference (RPD) between
original and duplicate concentrations was estimagefbllows:

RPD = |COC;CD| X 100 (Equation. 3.3)
(0]
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Where, @ and G are the metal concentrations in the original andlidate samples
respectively. RPD of 10% or less for a given palhif are considered reasonable
(APHA, 1998). However, average RPDs for the presamdy were found to be 5% to
10% for the samples checked on a routine basiset@r, good precision of the whole

procedure (less than 5% relative standard devigtias achieved.

3.5.3 Accuracy

The mean of triplicate analyses was recorded am#tal concentration for all samples,
for data quality purposes. Moreover, the accurddy® test results was determined by
analysing reference material using the standandisak prepared for metal analysis. A
portion of certified reference material MESS-3 (NRCanada Certified Marine
Sediment Reference Material) was tested three tfore®tal metal analysis of Cd, Cr,
Cu, Ni, Pb and Zn by using the Perkin Elmer 200 Agk@lyser. The mean of the metal
concentrations from three tests was then compargdreference values, as presented
in Table 3.3. As seen in the table, the mean vBlu@ach metal was very similar to
their respective reference values and hence, thmdetory analysis was deemed to be

accurate.

Table 3.3:Heavy metal concentrations for standard referenogpte MESS-3 from the

laboratory testing compared with certified values.

Concentration of metals in MESS-3 (mg/l)

Metal Laboratory test (n =3) MESS-3 certified v&lu % difference
Cd 0.24 +0.02 0.24+0.01 +0.55
Cr 106 £ 2.84 105 +4.00 +1.37
Cu 34+2.18 33.9+1.60 +0.45
Ni 479 + 3.28 46.9 + 2.20 +2.07
Pb 21.8+£0.40 21.1+0.70 +3.28
Zn 158.4 £9.60 159 + 8.00 -0.40
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3.5.4 Detection Limit

The detection limits of Perkin Elmer 200 AAS foade metals analysis are presented in
Table 3.4. The detection limits were determinedabglysing the results of standard
deviation of triplicate concentrations of analytitdank (distilled water) using a low
range concentration of calibration solution (0 500mg/l) prepared from standard stock
solution (as discussed in section 3.4.2.3) for easicthe six metals. The 3 times of
standard deviation obtained was used as the ladetsction limit. The lower detection
limit of the Perkin Elmer 200 AAS analyser alloweglantifying trace metal
concentrations with sufficient accuracy. For mosttlee laboratory testing, metal
concentrations in road sediments were found to &k above the analytical reporting
limit. However, very rarely Cd (in particular digged Cd in runoff and snow samples)
showed values below the detection limit and wernded as ‘Not Detected’. The
values recorded as ‘Not Detected’ were substitwméti the lowest detection limit

concentrations for further analyses (Kayhaniar.ef@02).

Table 3.4:The detection limit for trace metals analyses usiegkin ElImer 200 AAS

Metal Detection limit (mg/l)
Cd 0.01
Cr 0.03
Cu 0.03
Ni 0.05
Pb 0.15
Zn 0.02
Fe 0.05

3.6  Heavy metals Pollution Assessment

With increasing urbanisation, the impact of heawtahpollution on the nearby water
environment has become a more serious issue, ahdssoeceived much attention in
environmental research studies. A variety of pahtindices for sediment associated

heavy metals have been proposed to quantify thel le¥ pollution and associated
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impacts on aquatic life (e.g. Yu et al., 2003; Hyaet al., 2009). The degree of
contamination (CD) and the potential ecologicak rindex (PERI) suggested by
Hakanson (1980) were applied for this study witineanecessary modifications. The
methods proposed by Hakanson (1980) were derivechdtural sediment in fresh
and/or marine/estuarine waters rather than roadffudowever, their robustness makes
them suitable for road sediment (even in the alesefiecological data) to obtain an
impression of the ecological risk, as evident fribra previous studies in the literature
elsewhere (e.g. Huang et al., 2009; Shi et al.020Long and Lee, 2011). A point to
be noted is that the results obtained using thetbods may not be sufficient enough to
quantify actual ecological risk posed by road sedlitrwithout other relevant data and
information, such as, the type of aquatic speciessidered, exposure time with
contaminated sediment, appropriate dilution fagtorstal releasing mechanisms from
sediment depending upon sediment-water chemistity,(e.g. Kayhanian et al., 2008;
de Deckere et al., 2011). Within this context, tlee present study these indices were

adopted to demonstrate the level of potential lthpased by road sediment.

The CD and PERI are defined by the equations sHihow:

Y .
Cr = o (Equation 3.4)
where:C} is the (single metal) pollution index of metalCt is the concentration of

metali in the samplec}, is the reference value for metaFor this study(} was taken

to be the local background value from road siteglwbarry no traffic.

CD =¥}, Cf (Equation 3.5)

wheren is the total number of metals (n=6 for this study}ategories ofCD were
adjusted and classified with modifications afterobg and Lee (2011), as seen in Table
3.5.

Ef =T} x C} (Equation 3.6)
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Where,E. is the monomial potential ecological risk factandT;! is the metal toxicity
factor. According to Hakanson (1980), the toxiasesl for each metal are in the order of
Zn(=1)<Cr(=2)<Cu=Ni=Pb (=5) <As (=19)Xd (= 30) < Hg (= 40).

PERI = Y1, E! (Equation 3.7)

Where,PERI is the potential ecological risk index caused hy dverall contamination
signifying the sensitivity of the biological commtynto the toxic substances. As the
number of pollutants considered in this study affer@nt to Hakanson’s study (As and
Hg are not being used here), an adjustment ofnithees was made and categories were

also classified accordingly, as seen in Table Briefly, assumingC} is 1 for all the

metals analysed here will giRERI value 48 as a low level of ecological risk. Tomdu
off the indices value, the value of 50 was takethadowesiPERI instead of calculated
value of 48. Furthermore, in order to minimise #@m variability associated with
measurement errors, the lowest leveP&RI value (=50) was revised multiplied by 1.5
(usually used to indicate considerable enrichmegat background value), which in turn
indicate a low level of ecological risk WitRERI < 75. A similar approach of
adjustment of the indices was also made by Haka(s@80) in his study followed by
others, for example, Zhu et al. (2008) and Duond &ame (2011) in their studies

elsewhere.

Table 3.5:Categorization of standards f@f, CD, E} and PERI

C; CD Degree of E, PERI Levels of potential ecological
pollution risk of the aquatic environment

Ci<3 CD<6 Low/Unpolluted  £<30 PERI<75 Low

3<Ci<6 6<CD<12 Moderate 30E,<60  7%PERI<150 Moderate

6< Ci<9 1XCD<24 Considerable B0E,<120 15@PERI<300 Considerable

C'>9 CD>24 High 120 E, <240 PERI>300 High

Cs s the single metal pollution index; CD is the degof contaminationg,. is the monomial potential

ecological risk factor; PERI is the potential egptal risk index

3.7  Statistical Analyses

The present study generated a database of heawa} ametlyses. In order to reveal a

reliable outcome the resulting database neededet@ralysed properly. The data
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analysis techniques were selected carefully by ideriag the type of data to be
analysed, the capabilities of different data analiechniques and the type of analysis to
be performed based on the study objectives. Thesbkniques were selected to
understand the nature of the variability in theadatd to assess the relationship between
variables for predictive purposes. Microsoft Exaetl SPSS 16.0 were used to compute
descriptive statistics, normality tests and boxsplaf the results. Normality tests for all
the variables in the dataset were performed poduither analyses. As the data did not
follow Gaussian distribution, the Spearman rankeoraorrelation coefficient (a
nonparametric correlation) was used to determitagioaships between variables. Only
statistically significant correlations are presenie the results. The Kruskal — Wallis
test, which represents a nonparametric analogynefveay ANOVA, was used to
determine whether a significant difference existed metal concentrations between
sampling sites and between size fractions. A loescription of the statistical analyses

follows is given in the following sub-sections.

3.7.1 Descriptive Statistics

Range, mean, standard deviation (SD) and coefficiErnariation (CV) are often used
to describe the characteristics of a single dataT$e range defines the array of data
between the minimum and maximum values. The meaimiply the arithmetic average
of the data set, while the SD represents the digpeof the data around the mean. The
higher the SD value the more scattered is thetdaf@e mean and vice versa. Similarly
the CV explains the dispersion of the data setiveldo the mean and can be obtained

by expressing the standard deviation as a percewtatpe mean.

3.7.2 Correlation Analysis

Correlation refers to a statistical relationshipalving dependence. Correlations are

useful because they can indicate a predictive ioglship based on the degree of

relationship between variables. The degree of &ssmt is expressed by the correlation

coefficient, often denoted by r @ror t. The most common of these is the Pearson
correlation coefficient (r), which is most relevamhen there is a linear relationship

between two variables. The Pearson correlation ficeit is more suitable for

parametric data (when data is normally distributed)
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To deal with non parametric data and non-lineaati@hships, other correlation
coefficients have been developed that are morestothan the Pearson correlation
coefficient. Rank correlation coefficients, such &pearman's rank correlation
coefficient p) and Kendall's rank correlation coefficiem} (fneasure the extent to which
variables are associated overlooking any relatipnsbtween the variables. In general,
these rank correlation coefficients are used eitheeduce the amount of calculations

or to make the coefficient less sensitive to nommadity in the data distributions.

The rule of thumb to interpret the statistical st/ between variables using the value
of the correlation coefficient is as: £ 1.0 (petjee: 0.90 to + 0.99 (very high), + 0.70 to
+ 0.90 (high), £ 0.50 to £ 0.70 (moderate), + 0t8& 0.50 (low), + 0.10 to £ 0.30 (very
low) and +0.0 to + 0.10 (markedly low or negligiplélere the ‘+’ and ‘-’ signs denote
positive or negative correlation, respectively wen variables. The significance of the
correlation coefficients were tested each timeata was analysed. However, it should
be noted that a high correlation coefficient doesnecessarily define a cause and effect
relationship (there may be other factors not carsd in the analysis), rather it reflects
a quantitative relationship that has been logicadifablished.

3.7.3 ANOVA

Analysis of variance (ANOVA) is commonly used festing the statistical significance
of differences in means (for variables). This isamplished by analyzing the variance,
that is, by partitioning the total variance int@ tbtomponent that is due to true random
error and the component that are due to differermssveen means. These latter
variance components are then tested for statigigaificance, and, if significant, one
can then reject the null hypothesis of no diffeenbetween means and accept the
alternative hypothesis that the means (for vargblegroups) are different from each
other. The Kruskal-Wallis test, which representsoaparametric analogy of one-way
ANOVA, was used to determine whether a significdifference existed for metal
concentrations between sampling sites and betweeriractions. A confidence level of
95% ( < 0.05) was set for the statistical significanoe &ll analyses. The greater
robustness of the Kruskal-Wallis test over otherGABA tests makes it even more
useful, for example, (1) the distributions of ddtanot have to be normal, (2) variances

for data sets do not have to be equal, (3) it isdada intensive (as few as 6 data in a
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data set may be sufficient) and (4) equal samplessare preferred but small differences

in the sample sizes in the data sets are alsoallg@order and Foreman, 2009).

3.8 Conclusions

This study adopted a simple method to collect figdanples during dry, runoff and
snow events followed by laboratory analyses. Thkecton of dry sediment was
undertaken at two transverse sampling positions faopre-cleaned 1 Tarea on roads
for different numbers of antecedent dry days. Theoff samples for 12 different
rainfall events were collected at four primary stsdes using a simplified experimental
set-up. Similarly, fresh snow rather than snow-matioff samples were collected for 5

snow events.

A part of the dry and runoff sediment data wereduwestudy pollutant build-up and
wash-off processes at the primary study sites toveldocal build-up and wash-off
parameters, while the remaining data were useddldation of the local parameters.
The primary variable considered for the pollutantidsup was the number of
antecedent dry days, while the rainfall intendity rainfall duration and the number of

dry days between the rainfall events were usethipollutant wash-off study.

Samples collected in the field investigation wessted for six heavy metals, namely
Cd, Cr, Cu, Ni, Pb and Zn, which are found abundarbad-traffic environments as
reported in the literature and are toxic to aqustiecies and persistent in nature. Heavy
metals in sediment were determined by strong nigid digestion and atomic
absorption spectrometry. In addition, dissolved vigeanetal concentrations were
measured for the runoff and snow samples. Totgleuded solids concentration was
measured for runoff sediment only. Particle sizstriiutions were analysed for all
categories of the road sediment.
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Chapter — 4 Analysis of Dry Weather Pollutant Buildup

4.1 Introduction

The aim of this chapter is to report the resultbedvy metal concentrations in dry road
sediment collected from different sampling siteshwihe aim of examining spatial
variability between sites and identifying pollutahbt spots for further in-depth
investigations. Then pollutant build-up is studiedmore detail for the selected (hot
spot) sites (a road bend, a road with speed contealsures, a road intersection and a
straight road section), such as, road depositednsetl (RDS) mass build-up over
antecedent dry days (ADD), and associated heavglrmeild-up pattern with ADD,
local build-up parameters for the relationship @3Rbuild-up during ADD and grain-
size characteristics of RDS with respect to twosverse sampling positions, near curb
and 1 m from the curb. The results presented i thapter are based on the RDS

samples collected in April 2010 over 1 to 14 ADD.

4.2 RDS Heavy Metal Concentrations

The mean concentrations of the six metals (Zn,@ly,Cr, Ni and Pb) in RDS from 12
sampling sites are presented in Table 4.1. Thedvaakd concentrations of the metals
from Riccarton Campus are also shown along withoreg background values for
Scotland (Appleton, 1995). The local backgroundigalfor all the metals except Pb are
similar to the regional background values. The audation index (Al), which is the
ratio of the mean to the local background mearals® presented in the table. The
degree of contamination (CD) and the potential @gichl risk index (PERI) are also
shown on the bottom rows of the table for each, siteich indicate the heavy metal

contamination.

As seen in Table 4.1, considering all the siteshilgaest mean concentration of metals

are found in the order of 247, 140, 92, 16, 16 amdg kg* for Zn, Pb, Cu, Cr, Ni and

Cd, respectively. The mean concentrations repohere are very similar to the

concentrations reported previously for residertatchments in the UK (Charlesworth

et al., 2003; Deletic and Orr, 2005; Robertson &agor, 2007) and other parts of the

world (Kim et al., 1998; Sutherland, 2003). Sinmjarthe highest accumulation index
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(Al > 1.5) of metals Cd, Pb, Zn and Cu were apprately 7, 5, 2.2 and 2, respectively,
for all sites. These ratios are also found to besistent with other studies (e.qg.
Hjortenkrans et al., 2006; Zhu et al., 2008). Nbtd the accumulation index for Ni was

either significantly less than 1 or only marginadhgater than 1 for all sites.

Table 4.1: Mean and standard deviation of heavy metal conagots (mg kd) in
RDS on road network in study area

Site 1 2 3 4 5 6 7 8 9 10 11 12  Local Regional

“4) 4) n @@ 6 O @ O O @@ @ () back  back-
ground ground

TV 200 200 200 200 230 250 265 285 650 650 550 --mean® mean®

Cd 1.3 07 15 07 7 17 13 20 18 04 1 1 14

SD 0.8 04 05 04 4 1 09 1 08 0.3 0.7 0.3

Al 13 07 15 07 7 17 13 20 18 04 6 1

Cr 6 12 10 13 16 12 11 11 10 12 10 4 8 n.a.

SD 3 4 5 4 10 3 4 5 4 8 7 2 2

Al 0.8 15 12 15 20 15 12 12 12 15 13 05

Cu 67 40 75 41 74 92 59 83 74 31 69 59 44 46

SD 21 19 17 22 29 23 31 25 19 11 20 30 10

Al 15 09 17 09 17 20 13 18 16 07 15 13

Ni 6 5 14 6 5 16 9 11 20 22 24 4 20 n.a.

SD 3 3 8 3 2 11 4 6 13 12 14 2 3

Al 0.3 03 07 03 03 08 05 06 10 11 12 02

Pb 35 77 101 112 66 140 68 62 60 35 23 43 28 115

SD 10 25 41 53 29 21 30 19 26 18 11 20 12

Al 13 28 36 40 24 50 24 22 21 13 08 15

Zn 225 160 212 133 205 239 213 160 247 110 167 209107 120

SD 84 72 80 66 79 87 71 75 76 43 77 88 23

Al 2.1 15 20 12 19 22 20 15 23 10 16 19

CD 7 8 14 12 17 16 11 10 12 6 12 7

PERI 56 46 90 60 241 98 68 95 91 32 202 51

Value in brackets under site represents numbeasirapte analysed

#metal concentrations were measured in RDS from sitad which carry no traffic

® Appleton, 1995

°TV: Traffic volume in vehicles per hour; SD: Stardlaeviation

Al: Accumulation index - number 1.5 in bold to identify sites where metal fromfawpogenic sources
may likely be key

CD: Degree of contamination — numbet 2 in bold suggests considerable degree of conttion
PERI: Potential ecological risk index — number5 suggests moderate level of ecological risk

As discussed in the literature, all of the metatespnted in the table above are
somewhat related to the road-traffic environmentefB/, Zn is primarily linked with

tyre wear, Cr and Cu are linked with brake wead &d and Pb are linked to exhaust
emissions (Charlesworth et al., 2003; Ward et 2004; Zanders, 2005), while the

relatively low concentrations of Ni may be linkeitmwthe geological background of the
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study site (De Minguel et al., 1997). However, figant Pb concentrations at a few
sampling sites (e.g. Sites 3 and 6) are surprigieghe previous use of Pb in fuel was
phased out more than a decade ago, but may beneapected elsewhere, as Pb is
linked to road paint materials (particularly douptdlow lines), as seen in Table 4.2. Pb
is relied upon to provide the persistent brightniesgellow road markers exposed to
any weather types before degradation. A similagsatjon was also reported by Deletic
and Orr (2005) in their study in Aberdeen, UK. bmtrast, elevated concentrations of
Pb at some other sites (in absence of yellow lengsSite 9), suggests that other traffic
related inputs, such as wheel bearings, vehiclawsthand car paints etc are likely

sources of Pb in the study area (Napier et al.32BWen et al., 2009).

Table 4.2: Pb concentration (mg kg-1) in yellow paint chipdlexted from road

surfaces on studied road network

Sample Pb (mg k)
1 1683
2 1710
3 1190
4 1360
5
M

933
ean xstandard deviation 1375 + 330

Furthermore, in relation to the above sources daleat the study sites, it although the
traffic volume varied between sites from 200 to 65®H, the mean metal

concentrations were not found to vary accordintilyvas also observed that at some of
the sites (see Table 3.1), traffic experiencesukat] acceleration and deceleration,
which may have an influence on larger metal emnssi@s suggested by Ewen et al.
(2009) for traffic undergoing ‘stop-start’ actia8. As mentioned in Chapter 3, the
traffic movement pattern at the sites exhibits twmes of ‘stop-start’ activities, such as,
at a few sites (Sites 3, 5, 6 and 11) almost affitrwas observed to undergo braking as
it passed through, while at a few other sites §Site8 and 10) the traffic movement
pattern was found to be more controlled in termsstdp and start’ activities, and

therefore, a lesser degree of braking was requiedll other sites, except Site 12,

traffic movement was at a steady speed. Hencespéeific attributes may be the key
drivers in the difference of the heavy metal cotigdions across the sites rather than
traffic volume alone. A similar suggestion was meed by Irish et al. (1995), Li and

Barrett (1998) and Charlesworth et al. (2003).
67



4.3  Spatial Variability of RDS Heavy Metal Concentations and Associated

Contamination between Sites

Table 4.1 reveals that metal concentrations shtasgiecific variability across the road
network. Among the 12 different sites, Sites 5,nd 8 show Al> 1.5 for all metals
except Ni, suggesting that RDS for these sitehmtely contaminated by heavy metals
related to road-traffic in addition to atmospheteposition. Based on the average value
of Al for all metals (except Ni) the order of thentamination is found as: Site 5 (Al =
2.5) > Site 6 (Al = 2.2) > Site 3 (Al = 1.8) > SBgAl = 1.7) > Site 8 (Al = 1.5).

The degree of contamination (CD) caused by heawgls)eganges from 6 to 17 across
the sites as seen in Table 4.1. The CD value inddo be generally consistent with
previous studies of RDS elsewhere (e.g. Zhu et28l08; Duong and Lee, 2011).
However, the maximum values of CD here are occaflipnexceeded in the
aforementioned studies. As seen in Table 4.1 >CI2, suggesting considerable degree
of contamination, was found at Sites 3, 5, 6, 9 A&hdRDS from both Sites 5 and 11
demonstrated very high contamination by Cd, comalidle contamination by Cr, and
moderate contamination by Zn and Cu (Table 4.1yil&rly, Sites 3 and 6 are found
contaminated mainly with Pb followed by Cr, Zn abd (Table 4.1).

The potential ecological risk (PERI) caused by lyemetals at different sites in the
study area shows a large spatial variability, ragdrom 32 to 241 across the sites. The
values are consistent with previous studies cawigidby Zhu et al. (2008) and Duong
and Lee (2011). The assessment of ecologicafarsietals in RDS for all sites (Table
4.1) reveals that both bus stop sites (Site 5: PER41 and Site 11: PERI = 202) have
heavy metal emissions that may have a considetdabkd of ecological impact if
transported to the nearby water courses. Both aitesighly dominated by Cd (toxic
factor =30) as mentioned earlier. Moreover, fronbl€a4.1, Sites 3, 6, 8 and 9 may
pose a moderate level of risk (PERI = 90-100), dpginmarily contaminated by Pb and
Cu (toxic factor, Pb = Cu = 5) along with an infhee from Cd and Zn (toxic factor =
1). Metal contaminations for Sites 1, 2, 4, 7, hd &2, fall well below the low level of
ecological risk. However, as the number of sampleslysed across the sites are very

small, the pollution assessment levels should kd usth caution.
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Considering Sites 3, 6, 8 and 9, it is interestmgote that except Site 9, all other sites
experience acceleration and deceleration activityesaffic, which is likely to enhance
metal emissions (Charlesworth et al., 2003; Eweal.e2009). Apart from these four
and both bus stops sites, all other sites shonageeAl< 1.5, CD< 12 and PERK 75,
suggesting that RDS in these sites is less contednby heavy metals and is very
unlikely to pose any threats to the nearby watgirenment at this stage. However, it is
clear that traffic volume alone is not sufficieot éxplain the data unless site specific
attributes (e.g. road lay-out, traffic movementi@ais, road surface condition, presence
of road paints etc) are taken into consideratiomil&r suggestions were also noted by
Irish et al. (1995) and Barrett et al. (1993).

In accordance to the study objectives, 4 of thetshot sites (Site 3: a road bend, Site
6: a road with speed control, Site 8: a road ieidien and Site 9: a straight road
section), representing different road lay-outs wiiifierent traffic loads and road surface
conditions were used for in-depth studies. Thesée$ are the primary study sites for
which long term monitoring data were collectedeSit(bus stop) was not used because

of health and safety reasons for long term momitpri

4.4 Pollutant Build-up at Primary Study Sites

Based on the previous research on stormwater guatitl road-traffic pollution, as
discussed in the literature review, it is appatkat the pollutant build-up and wash-off
processes on roads are very complex and a lot research is needed for these to be
well understood (Sutherland and Jelen, 1996; ZogP01; Egodawatta, 2007). This
section presents the outcomes from an in-deptd fielestigation of RDS and RDS
associated heavy metals build-up over antecedgntddys (ADD). Sampling was
carried out at two transverse positions, near thib ¢A) and 1 m from the curb (B), for
primary study sites, a road bend (RB), a road veiieed control (RSC), a road
intersection (RI) and a straight road section ($iRiprder to provide an insight into the
influence of sampling position, typical road laytoand road condition on metal

emissions over ADD.
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4.4.1 RDS Build-up

The RDS loading obtained from the primary studegssiat both sampling positions A
and B over 14 ADD are plotted in Figure 4.1. TheSRbBuild-up patterns reveal site-
specific rates with significant variability accondito road lay-out as with an influence
from road surface condition, traffic volume andreunding land for both sampling
positions, as discussed below. It was also notatfdn sampling position A, at all the
sites the rate of build-up was initially high anden decreased as the number of
antecedent dry days increased. The asymptotic -opilghattern is consistent with

current understanding of RDS build-up over ADD.

Near Curb (A) 1 m from the curb (B)
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straight road section (SR)

Figure 4.1: RDS build-up pattern at four different sites fothbbeampling positions.

In contrast, at sampling position B, RDS build-uptterns were more erratic, in

particular, at the RSC and RI sites, the sedimead lincreased steadily for about 5
ADD and then decreased at a reducing rate over. titoerever, RDS build-up pattern

at the RB and SR sites was similar to that forsdwapling position A. The inconsistent

patterns of RDS build-up at sampling position B Imige due to the turbulence caused
by the traffic flow (directly over this point) inddition to wind induced movement. The

inconsistent patterns of RDS build-up may not beexpected because similar

inconsistent RDS build-up further away from thelbcuras also evident from the study
by Deletic and Orr (2005).
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Considering the individual sites, the sediment labdity per square meter at sampling
position A was in the ranges of 25 to 50 g at tlBesRe followed by 45 to 125 g at the
SR site, 150 to 241 g at the RSC site and 49 to @42 the SR site over the 14
antecedent dry days. At sampling position B, theyenb to 25 g at the SR site followed
by 8 to 35 g at the RB site, 10 to 45 g at the iRl and 15 to 48 g at the RSC site
(Figure 4.1). The lower sediment loads at samgbogjtion B to A are expected and are
thought to reflect the input from a single sourtraffic), while one or more sources
(road surface itself, traffic, foot path, surroumgliland) may contribute to sediment

deposition at sampling position A.

Sediment build-up at sampling position A after ¥ dance the road surface was initially
cleaned (Figure 4.1), was found in the range of®250 g/nf for the RB, Rl and SR
sites, while for the RSC site the initial build-wpas much higher (150 gfn In
contrast, at sampling position B, the highest fifay build-up was found as 15 dfiat
the RSC site followed by 10 gfmat the RI site, 8 g/fmat the RB site and 5 gfmat the
SR site (Figure 4.1). The primary reasons behiedsthnificantly higher initial build-up
rate at the RSC site for sampling position A cobéddue to its rougher road texture
(aiding the retention of RDS on the surface) angbar road condition (providing a

larger supply of non-vehicular particles) compaiedll other sites.

Based on the build-up trend over 14 days for samgptiosition A, it appears that the
rate of build-up was highest at the RI site (sepifé 4.1). This site is close to an entry
and exit point of the Campus, nearby office builgirand car parks, which may have
some influence on sediment deposition when comptarétde lowest overall build-up
rate at the RB site which has nearby open spade fawtn land. Build-up patterns at
sampling position A for the other sites were fouondfollow similar trends but with
different magnitudes. For example, at the SR sitgounding trees on both sides of the
road may have reduced the effect of wind turbuletiaes in turn increasing the

retention of sediment on the road.

Based on all sites, the sediment availability ot®@242 g/m at sampling position A for
the present study compares well with earlier stydes Sartor and Boyd (1972)
observed around 4 to 113 ¢frin USA, Ball et al. (1998) found 4 to 15 ¢/rin

Australia, Vaze and Chew (2002) noted 8 to 40 °gitm Melbourne, Australia and
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Deletic and Orr (2005) observed 150 to 225 gim Aberdeen, Scotland. Similarly,
sediment availability of 5 to 70 gfmat sampling position B for the present study
compared well with 20 to 115 gfnat 0.75 m from the curb (data for summer months)
in Deletic and Orr (2005). The variation in obsehg=diment loading between studies
is certainly understandable, and may be due tovdéini@bility in the sample collection
procedure, regional climate, road condition anddra@intenance, surrounding land
uses, different ADD etc. Based on the results fthis study it has been revealed that
the site-specific attributes (e.g. road lay-ougdsurface condition, surrounding land
use) have had a significant influence on RDS bupd-Also the RDS build-up varies

with transverse positions.
4.4.2 Mathematical Replication of RDS Build-up

Modelling the impact of road runoff pollution oncesving waters requires various
processes to be simulated. These include the potliuild-up on road surfaces during
dry periods and subsequent wash-off during rairgall snow events, followed by the

transport into and through the drainage systerngaend point of discharge.

A wide variety of mathematical approaches and egusifare used in commercial urban
drainage models, such as MIKE URBAN, SWMM etc. ndey to describe the RDS
build-up on roads. For example, Sartor et al. (}9@dnd an exponential function to be
suitable to replicate RDS build-up with reasonaleuracy and their concept was then
modified and widely used in stormwater quality mibdg software including SWMM
(Huber and Dickinson, 1988). However, Ball et 4998) reported that RDS build-up

could be better replicated using power law or sdioin functions.

Within this context, three forms of mathematicdhtienship for RDS build-up were
investigated in depth. Moreover, due to inconsisgeim the data found at sampling
position B (as seen in Figure 4.1), it was decitbedse RDS data collected at sampling
position A for mathematical replication of the lolaip process. RDS data collected
over 1 to 14 ADD in April 2010 was used to develbye model, while the model
parameters were then validated by using RDS daiiected during May 2010 to March
2011 from the same study sites. The three matheahatelationships used are as

follows:
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(@) Power function: Sediment load increases wittradases in the number of ADD
towards a maximum value (Ball et al., 1998; Chaeaenand Barrett, 1998; Rossman,

2004). The mathematical expression can be defiged a
Ci=Ct" (Equation 4.1)

where, Gis the sediment load (mass per unit area)s@he build-up rate constant, n is
the time exponent and t is the number of antecetlgrdays (ADD)

(b) Exponential function: Sediment load increagea taximum value asymptotically.
The mathematical expression for exponential fumcttoshown in equation 4.2. Sartor
and Boyd (1972) introduced this function for roadlimment build-up over dry days in
their study, which thereafter was used by otherg. (€rottker, 1987; Deletic et al.,
2000; Egodawatta et al., 2007; Liu et al., 2010).

Ci = Crax (1 - €9 (Equation 4.2)

where, Gis the sediment load (mass per unit areg)x G the maximum sediment load
(mass per unit area), k is the build-up rate caorisfd/day) and t is the number of

antecedent dry days

(c) Saturation function: sediment load starts bogelip at a linear or nonlinear rate to a
maximum value recognising a saturation value. Balal. (1998) found this function

useful for their study in Australia.

Ct = (Crax Xt)/(p + 1) (Equation 4.3)

where, Gis the sediment load (mass per unit areg)x G the maximum sediment load
(mass per unit areg),is the half saturation constant (days to reachdiadhe maximum

build-up load) and t is the number of antecedeynddiys.

The equations presented above were tested by gavgldest fit curves for each
equation to the observed RDS data collected at lgagnposition A in April 2010, as
seen in Figures 4.2 to 4.4.
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To start with the power law function, the calibdifgarameters are;@nd n as seen in
Equation 4.1. The values ofi @nd n were derived from the equation of the triamal

derived using MS Excel. The plots are shown in Fagu2.
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Figure 4.2: Road deposited sediment build-up parameters dstimaising power

function.

The exponential function calibration parameters@g and k (build-up rate constant).
The largest value of the 7 RDS loads for each stsity was taken as then&
(maximum sediment load per square meter area)slimate the k value, equation 4.2
was re-arranged as shown below. The final fornhefdquation generates a straight line

and the slope of this line gives k directly. Thamrs were plotted accordingly, as seen

in Figure 4.3.
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Figure 4.3: Road deposited sediment build-up parameters estimasingexponential

function.

Using the saturation function for pollutant build-the only calibration parameterps
(half saturation constant). To estimatequation 4.3 was modified as shown below and
a graph was plotted, as seen in Figure 4.4. Thed form of the equation, as shown
below, indicates a linear relationship, from whiglcan be calculated by taking the

reciprocal of the slope of the trend line (Figuré)4

Cmax Xt
Ct=———
pt+t
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Figure 4.4: Road deposited sediment build-up parameters dsimasingsaturation

function.

The build-up parameters derived from the aboveetimedels are presented in Table
4.3. As seen in the table, there is a marked viditiabetween sites for all the derived
build-up parameters. The highest RDS build-up (& of 167 g/nf was at the RSC
site followed by 52, 50 and 26 ¢fnat the SR, Rl and RB sites, respectively. The
parameter, n (time exponent of build-up) was highethe RI site (0.630) and lowest at
the RSC site (0.127). The maximum sediment buildeapl (G,a) of 242 g/nf was at
the RI site, which was very close to 241 ganthe RSC site, but was 2-times as high as
125 g/nf at the SR site and 5-times that of 47 ganthe RB site. With the exception of
the RSC site (0.423), the k (build-up rate consfafday)) at other sites did not exhibit
significant variation (0.219 — 0.250). Similarly,(half saturation constant (day)) was
very close to 1 day at the Rl and SR sites, whieas as low as 0.15 day (4 hours) and
0.43 day (10 hours) at the RSC and RB sites, résphc These findings reconfirm that

site specific attributes, such as road lay-out evatl surface condition are the key
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drivers to explain the variability between calietparameters. As mentioned earlier
(Table 3.1), the road surface condition was vergrpat the RSC site (especially for
sampling position A), where a larger supply of leosad particles was observed during
sample collection compared to the other sites. r§ledhis is consistent with the
magnitude of the build-up parameters at this stmmared to the other sites in this
study, as seen in Table 4.3. The significant infaee of road texture and traffic flow
condition on pollutant build-up on roads was aleparted by Mahbub et al. (2010) in
their study in Gold Coast region of Australia.

Table 4.3: Local build-up parameters estimation for near ¢ sampling positions

from field monitoring data

Site G(g/m n Cmax (9/mf)  k(1/day) p (day)
Road bend (RB) 26 0.228 47 0.238 0.43
Road with speed controls (RSC) 167 0.127 241 0.423 0.15
Road intersection (RI) 50 0.630 242 0.250 0.95
Straight road (SR) 52 0.362 125 0.219 0.98

C,: build-up rate constant for Power law functiontime exponent for build-up, . maximum

sediment build-up load, k: build-up rate constamtExponential functiorp: half saturation constant

The RDS build-up parameters are now compared todefault values found in

commercial urban drainage software and publishesiltse from previous studies
elsewhere, as presented in Table 4.4. It appearshé build-up parameters derived for
this study vary significantly with the default vakiused in MOUSE and SWMM5
commercial software, and with other studies listadthe table. All the derived

parameters except k are found to be significaniijhdr than their default values in
MOUSE and SWMMS5. The variability of the build-uprpeneters from other studies
elsewhere is also evident, as presented in Table 4.
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Table 4.4: Comparison of estimated local build-up parametdts the default values
from MOUSE and SWMMS5 and other studies

Parameters Description Default values This Other studies
study
MOUSE SWMM5 Liu et al. Hossain et Deletic et
(2010)  al. (2010) al. (2000)
Maximum The threshold 50 5 47 - 37.50 2.75 - 10-100
build-up of RDS build- 242 5.30
(g/n) up
Build-up rate  Accumulation 5 - 7.5-19 3.20 - -
(g/nf/d) rate (MIKE
URBAN)

Build-up rate  Exponential - 0.4 0.219 - - 0.210 - 0.045 -
constant, k rate (SWMM) 0.423 0.382 0.100
(1/d)

RDS: Road deposited sediment, * irrespective ofdisrg positions

Based on the discussion above, it can be infernatl the large variations of these
derived parameters are primarily due to the diffestte specific charcteristics with an
influence from RDS sampling procedures betweendhuyil studies elsewhere (e.g.
Deletic et al., 2000; Liu et al., 2010; Mahbub ket 2010). In addition, as RDS build-up
patterns are rather different at the two transveesapling positions, as discussed in
section 4.4.1, the transferability of the derivedlgmeters must be questioned.

4.4.3 Validation of Build-up Equations

In order to check the accuracy of the build-up équa, which were derived from the
site investigation data collected in April 2010nalated values from the equations were
compared with observed values from RDS at sampiogjtion A, undertaken during
May 2010 to March 2011. Exponential and power lamctions were chosen for
validation purposes because these methods wered feanbe used frequently in
pollutant build-up studies in the literature (eBall et al., 1998; Deletic et al., 2000; Liu
et al., 2010). Figures 4.5 and 4.6 show the obsleane the predicted sediment build-up
values. As seen in the figures (left hand side), fwst of the cases, the ratio of
observed and simulated solid loads fluctuates withie ratio of 0.5 to 1.5, which
suggests that the simulated sediment loads aréos®e @greement with the observed
data.
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Figure 4.5: Comparison of simulated RDS load using goaver law function with
observed RDS load at primary study siteB: road bend; RSC: road with speed control; RI:
road intersection; SR: straight road section)
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In contrast three specific cases were found foctviie ratio of observed and simulated
build-up loads are greater than 2. These occurdéda collected during the winter
season (typically, November to January) when ndgmrabd grit and salt were spread
over the road surfaces, hence increasing the satioed (by mass) significantly. This
observation is a reminder that seasonal variaiiomead maintenance and degradation

operations may have an influence on the water tyuafiroad runoff.

Removing outliers (ratio above 2.0) from the dakee simulated sediment loads are
plotted against the observed data using the poaverahd the exponential function for
all the primary study sites in Figures 4.5 and (fight hand side). The Rvalues range
from 0.77 to 0.91 using the power law function, they are between 0.62 and 0.82
using the exponential function, suggesting thatutaed sediment build-up loads
obtained from either model are reasonable. Comgdhia two models, the power law is
found to perform a little better than the exporaniiinction for the present study. It is
therefore clear that the derived parameters camigeoguidance in the application of
commercial software packages for urban drainaga particular location instead of
using the default values. Indeed, appropriate esiom of the local build-up parameters
is crucial to ensuring the accuracy of water quatitbdelling, as noted by Egodawatta
et al. (2007) and Liu et al (2010).

4.4.4 Particle Size Distribution of RDS

Table 4.5 displays particle size distributions foad deposited sediment (RDS) by
averaging over all four primary study sites for tbeampling positions A and B. As
before, data is shown over a time span of 14 ADDgdneral particle sizes of 250-63
um (medium to fine sand) are dominant at both semgppositions. At sampling
position A weight percentage of the RDS varied duae from approximately 36% to
41% (with an average value of approximately 38%)th@ 500 - 250 pm size fraction,
followed by approximately 56% to 60% (with an aygraf 58%) for the 250 - 63 um
size fraction and approximately 3% to 4.5% (withaarerage value of 3.75%) for the <
63 um size fraction. At sampling position B, the RBomprised approximately 21% to
26% (with an average value of 23.5%) for the siz&ction of 500 - 250 pm,
approximately 71% to 75% (with an average valué38f) for the size fraction of 250 -

63 um and approximately 3% to 4% (with an averagkies of 3.5%) for the size
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fraction of < 63 um. Therefore, sediment colle@édampling position B contained, on
average, approximately 15% more mass for the 258 4m size fraction compared to
sampling position A, while the reverse trend wasnfib for the size fraction 500 - 250
pm (course to medium sand). There was no signifiddference between the sampling

positions for the < 63 um size fraction.

Table 4.5: Grain size distribution of RDS at both samplingiions averaged over all

four primary study sites.

Near Curb (A) 1 m from the Curb (B)

Antecedent Percentage by weight at size Percentage by weight at size fraction
dry days fraction (um) (um)

500-250 250-63 <63 500-250 250-63 <63
1 36.6 58.9 4.5 26.4 70.9 2.7
2 36.3 59.1 4.3 25.0 71.9 3.1
3 36.5 59.3 4.1 24.2 72.4 3.4
5 37.3 58.9 3.6 23.0 73.4 3.6
7 38.1 58.9 3.5 22.6 73.5 3.9
9 38.7 58.1 3.1 21.5 74.4 4.1
14 40.5 56.5 2.9 21.0 75.1 3.9

The patrticle size distributions suggest that fifractions (particularly 250-63 pm size
fraction) are more dominant (by mass) at sampliogjton B, while larger particles are
predominant (by mass) at sampling position A. Timding is consistent with previous
studies elsewhere, for example, Shaheen (1975 BHd Revitt (1982), Grottker
(1987), Viklander (1998), Deletic and Orr (2005)ahbub et al. (2010). In particular,
sampling near the curb, Sartor et al. (1974) repoapproximately 6% particles were
smaller than 45 pm and 43% were below 250 pumaeir gtudy in the USA, while Ball
et al. (1998) found 10 to 30% of particles weressléghan 200 pm on suburban road
surfaces in Sydney. In contrast, sampling furthveayafrom the road, Deletic and Orr
(2005) noted approximately 50% of the RDS were En#han the 250 um size in their
study in Aberdeen, Scotland. The amount of sedinmetite < 63 um size compared to
the total load (by mass) for both sampling posgiovas a little lower than reported in
the studies by Ball et al. (1998), Deletic and (®05) and Vaze and Chew (2002).
This variation may likely be caused by local comdis found at the sites and the
methods of sediment collection. As noted by Delatid Orr (2005) common methods
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used to collect road sediment, such as dry vacuginbnushing and sweeping the

surface may not be very reliable for the collectdivery small particles.

Furthermore from Table 4.5, the grain size distrdoudid not show a marked temporal
variation over the antecedent dry periods. Howavappears that some small degree of
particle redistribution did occur. At sampling pasi B, as dry days progress the
sediment becomes finer (4% and 1.4% increase ighvéor 250-63 pm and < 63 pm
sizes, respectively over 1 to 14 ADD). Howevergegerse picture of redistribution for
RDS at position A was observed. As discussed eabigsed on the general driving
pattern on roads, sediment deposited along the sigés is unlikely to undergo

agglomeration of particles, as noted by Mahbuh.€2810) in their studies.

Particle size distribution curves for both samplpasgitions for each site are shown in
Figure 4.7. The values used for the curves areagesrof the data collected over the 14-
dry day period. The distribution patterns are samib those published in earlier studies
(e.g. Deletic and Orr, 2005; Egodawatta, 2007).s€hgraphs were then used to
calculate the @ and do particle sizes, for which 10% and 50% of all pHes are

smaller, respectively. The values qf dnd @, are presented in Table 4.6.

Figure 4.7 shows that particle size distributiores different at both sampling positions
for all primary study sites. Across the sites, tbgand do values in RDS at sampling
position A were found to be approximately 20 to 508gher than their values at
sampling position B. Variability between samplintes were found to exist for these
parameters. As displayed in Table 4.6, the smaflesand &, (average over 14 dry
days) were found at the SR site, whilst the largaies were at the RSC site. The d
and do at the RB and RI sites fall in between the smaliewl largest values. This
difference in @y and do across the sites may be linked to the site speatfributes, as
discussed in section 4.4.1, with an influence @rde of disturbance on RDS due to the
traffic load, as noted by Mahbub et al. (2010).

The median diametersgglof RDS reported here fall within published rangesthe

literature noted as anything between 150 to 4000 Sartor and Boyd, 1972; Pitt, 1979;

Butler and Clark, 1995, Ball et al., 1998; Deletitd Orr, 2005). Based on the results, it

can be speculated that sediment at the SR andtd?l siay likely be more available
83



during runoff events compared to the slightly cearzrticles at the RB and RSC sites.

This finding may have site specific implications fine pollution potential of road

drainage in the study area.
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Figure 4.7: Patrticle size distributions (average over 14 adent dry days) for both

sampling positions at the primary study sites.

Table 4.6: Values of dy and dofor both sampling positions (A: near curb & B: 1 m

from curb)

Particle diameter Sampling Study sites
. Road bend  Road with speed Road Straight
(k) position (RB) control (RSC) intersection (RI) road (SR)
dio A 75 78 75 72
B 45 65 60 28
deo A 225 255 185 160
B 170 170 155 120
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4.45 Heavy Metals Build-up

In this section the relationship between heavy metamcentrations in RDS and

antecedent dry days for both sampling positiorissussed. Out of six metals, Cd, Cu,
Pb and Zn were considered for this investigatiommarily based on their accumulation
index, Al > 1.5, (see Table 4.1), as discussedegairt section 4.2. Initially, metal

concentrations (irrespective of sediment size iwagt were averaged over all the
primary study sites. These data are presentedgur&i.8, where trend lines using the
power law function (found most suitable for besfiheavy metal concentration data),
are also shown. Note that the concentration seateslifferent for each metal in Figure
4.8. The R values, ranging from 0.002 to 0.655, vary accagdim individual metals

and sampling positions. It should also be notetl ¢ékaept for Cu at sampling position

B, the statistical strength of the relationshipsiargeneral weak to moderate® €R.5).

Based on the metal build-up results from Figure #@&h increasing and decreasing
trends with increasing ADD were found. In genesdl,sampling position B, all the
metal concentrations showed an increasing trendh witreasing ADD, which is
consistent with current thinking in literature opasitive linear, or non linear, pollutant
build-up with ADD. In contrast, at sampling positié,, all metal concentrations were
found to decrease with increasing ADD (although @ concentration did not vary
significantly over the ADD). The decreasing trerfdheavy metal concentration with
increasing ADD is surprising and differs from cuntrehinking. A similar downward
trend of pollutant constituents is also reportedUbyand Barrett (2008) at College
Station site in Texas, USA. They further noted thé#hough this relationship is

unexpected, it should not be overlooked.

An increasing trend with increasing ADD for all ralst further from the curb towards
middle of the road could be explained by a contirsumput of smaller particles from
traffic, while near curb sides RDS may likely adtérits chemical composition through
volatilization, biodegradation and chemical decawcpss and reduce pollutants
attached to the road deposited sediments, as speduby Li and Barrett (2008).
Moreover, as discussed earlier in section 4.414, diiference in metal concentration
may be linked to the particle size distributionRIDS, for which the mass of finer size

fractions (< 63 pm) increased with increased ADDsampling position B, whilst
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reverse scenarios was found at sampling positioifh&refore, the point is being re-
affirmed from the results of this study that pdloit build-up varies with transverse

sampling positions.
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Figure 4.8: Relationship between heavy metal concentrationsADD (squares and
diamonds represent data for near the curb [A] amd from the curb [B] sampling

positions, respectively).

Furthermore, considering the data in a differeny,waetal concentrations in RDS are
now averaged over sampling positions for each iddal primary site and are studied
to gain supplementary insight into these relatiggshFigure 4.9 shows RDS metal

build-up over dry days in the same format as Figu&for all four primary study sites.
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Figure 4.9: Heavy metal concentration in road deposited sediroeer the antecedent
dry days at the primary study sites (average oasrpiing positions and different size

fractions).

As seen in Figure 4.9, based on the statisticangth (R), the pollutant build-up
relationships varied between study sites. Howelverstrength of the relationships?R
were found to be improved in Figure 4.9 comparethtovalues in Figure 4.8. Aprat
from Pb (at the RB and RSC sites), all other mesalsw an increasing trend with
increasing ADD for all the sites. The build-up pattwas generally more consistent for
Cu (except at the RI site) and Zn (except at the s8R, while they were rather
inconsistent for Cd between the sites. For exan@debuild-up patterns at the RB and
RI sites were not significantly different over tABD based on the trend lines, while in
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contrast Cd at the SR site showed a high rate itd-np over the entire build-up period.
The nature of the diverse data found for Cd ataheve site may not likely be well
described by the trend lines using the power lanction. However, the build-up
pattern of Cd at the RSC site can still be repiidateasonably using this function, as

seen in the figure.

In contrast to other metals, Pb concentrations slowoth positive and negative
relationship with the ADD. While Pb concentratiaatsthe Rl and SR sites were found
to increase with increasing ADD, they were foundlézrease with increasing ADD at
the RB and RSC sites, which is inconsistent withrant understanding of the pollutant
build-up pattern. However, this may not be surpgsias discussed earlier. The primary
source of the Pb at the RB and RSC sites is lik@lye the road paint (double yellow
lines) rather than traffic, from which a continuanput of metals may better explain the

pollutant build-up at the other sites (see Tablef@ detailed site description).

Moreover, as discussed earlier, road lay-out, sedirparticle sizes, presence of road
paints and traffic movement pattern can influenite specific heavy metals emission
(see Tables 4.1, 4.2), which may also explain thability of heavy metal build-up

over ADD between sites.

4.5 Conclusions

This chapter reveals that dry road deposited sedin@DS) contains significant
amounts of heavy metals compared to their backgrdewels. A spatial variability of
heavy metal concentrations were found on the studiad network according to site-
specific attributes rather than due to traffic vokialone. A road bend, bus stops, a road
with speed control measures, a road intersectiohaastraight road were all found as
pollutant hot-spot sites. RDS and RDS associatedyhenetal build-up patterns were
found to be site-specific. Hence, local build-upgmaeters were derived and compared
with default values in commonly used commercialanrirainage software, suggesting
that the default values are (significantly) inagprate for a road network, such as
Riccarton Campus. Furthermore, the analysis ofrd¢letionship between heavy metal

build-up and antecedent dry days revealed that BAd$pling position was an important
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factor. Although the pattern of pollutant build-wjas common, a transverse distribution

of sediment build-up was also observed.
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Chapter — 5 Analyses of Heavy Metals in Dry Weather

Derived Sediment

51 Introduction

In contrast to the previous chapter which concetthedanalysis of information from a
intensive data collection exercise, this chaptesoiscerned with the analysis of heavy
metals in dry road deposited sediment (RDS) catkdtom the primary study sites at
approximately monthly intervals over a year. Theadeom the short duration exercise
(April 2010), as discussed in Chapter 4, also festypart of the second month of the
longer exercise (March 2010 to February 2011). @& set and all the analysis are
based on the primary study sites, namely, the beadl (RB), road with speed control
(RSC), road intersection (RI) and straight roadiseSR). The data is analysed with
the aim of quantifying heavy metals Cd, Cr, Cu, Rlp, and Zn in RDS and exploring
the influence of sampling position and differentlisgent size fractions on heavy metal
concentrations. The temporal (monthly) and seasaarétions of heavy metals in RDS
are analysed and presented. Furthermore, evaluatibleavy metal contamination is

also discussed.

5.2  Grain Size and Sampling Position Specific Heawetals in RDS

Table 5.1 presents the grain size specific heavtalntencentrations in RDS for both
sampling positions (A: near the curb and B: 1 mmfrthe curb) determined by
averaging metal concentrations over the 4 primawgyssites. The local background
values of the metals from Riccarton Campus are stieavn. The accumulation index,
which is the ratio of the mean to the local backg mean, is also presented in the
table. The ranges, mean and median for heavy roetalentrations in all size fractions
of RDS at both the sampling positions were founthwwithe ranges of values reported
by previous studies for residential catchmenthienWK, such as Deletic and Orr (2005)
and Robertson and Taylor (2007), and in other partke world (e.g. Kim et al., 1998;
Sutherland, 2003).
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Table 5.1: Descriptive statistics of grain size specific nhetancentrations (average
over sites) in mg kg-1 for both sampling positigAsnear curb & B: 1 m from curb) as
measured between March, 2010 and February 2011120

Metals Sampling Size Range Median Mean % Background Accumulation
position  fraction Standard meart indexX
(um) deviation
500-250 .0.16-1.6 0.80 0.77 £0.38 0.77
A 250-63 0.13-2.2 1.24 1.20 £ 0.47 1.20
<63 0.56-4.1 2.16 2.06 + 0.65 2.06
Cd 1
500-250 .0.20-2.0 0.80 0.82+0.38 0.82
B 250-63 .0.15-3.1 1.25 1.32 +0.46 1.32
<63 0.7-16.7 2.30 2.76+2.14 2.76
500-250 .2-25 8 106 1.25
A 250-63 2-73 14 14+8 1.75
<63 6-47 23 23+9 2.87
Cr 8
500-250 .1-20 5 8+5 1.00
B 250-63 2—32 11 12+6 1.25
<63 0-54 20 199 2.37
500-250 .10-82 35 38+14 0.86
A 250-63 16— 154 72 75 + 30 1.70
<63 52— 289 196 183 £ 53 4.16
Cu 44
500-250 .14-89 41 45 £ 17 1.02
B 250-63 28— 185 87 94 + 34 2.14
<63 44— 330 189 193 + 56 4.39
500-250 1-24 8 9+5 0.40
A 250-63 2—37 14 157 0.75
<63 9-64 26 28 +13 1.40
Ni 20
500-250 .2-20 7 85 0.40
B 250-63 2-35 11 147 0.70
<63 .0-54 22 24 +13 1.20
500-250 .12- 275 69 93+ 65 3.32
A 250-63 13- 669 102 132 + 105 471
<63 26— 345 142 147 + 60 5.25
Pb 28
500-250 .4-90 24 32+20 1.14
B 250-63 .10- 180 53 58 + 32 2.07
<63 14— 215 111 113 £ 37 4.04
500-250 .63-224 115 122 + 38 1.14
A 250-63 .79- 400 218 225 +82 2.10
<63 .190- 907 523 501 £ 133 4.68
Zn 107
500-250 .38- 220 107 110+41 1.03
B 250-63 .86— 487 210 220+ 82 2.06
<63 .89- 893 499 483 + 134 451

The background concentrations were measured infRiDSroads which carry no traffic

? Ratio of the mean to the local background mean

91



As seen in Table 5.1, the mean concentrations aseck as sediment size fraction
decreased for both sampling positions suggestimgerosize fractions have greater
attachment of heavy metals. In general, the mead aredian heavy metal
concentrations for the < 63 pum size fraction weppraximately 2 to 5 times larger
compared to the mean and median values for 250¥6and 500-25@um size fractions,
respectively, for both sampling positions. A sigraht difference for heavy metal
concentrations always exists between the sedimeatfimactions (Kruskall-Wallis test;
p < 0.05).

Based on the sampling positions, it has been fahatl Cd and Cu showed higher
concentrations in RDS at sampling position B thamgling position A, while Cr, Ni,

Pb and Zn displayed the opposite trend (Table Fh¢. differences between sampling
positions varied between the heavy metals with Nil &n showing the smallest
differences, and Cu and Pb showing the largestthEéunore, Table 5.1 reveals an
average 16% increase of Cd and Cu concentrations,aa average 25% and 50%
decrease of Cr and Pb concentrations, respectiketyeen sampling positions A and
B, while in contrast, Ni and Zn exhibit little orondifferences between the two
transverse sampling positions (particularly forib@60-63um and 500-250 um size

fractions).

The accumulation indices for most of the metaléex Pb near the curb) in the 500-
250 um size fraction were near 1.0, suggestingttietarger RDS are unlikely to be
contaminated by heavy metals from road traffic\disti In contrast, all heavy metals
except Ni showed elevated concentrations compardzh¢kground concentrations for
250-63um and < 63um size fractions, indicating that there are indsedhe local
anthropogenic inputs (e.g. from the road-traffizimmment) on top of atmospheric
deposition. For the latter two size fractions, @mgral, at sampling position A, the order
of accumulation coefficient is found as Pb > Zn # € Cr > Cd, and at sampling
position B, the order of increase is found as Zbu>> Pb > Cd > Cr.

As discussed earlier in section 4.2, these heawalmare somewhat related to road

traffic and are found at elevated levels in urb@edrtraffic environments. However, an

unusually high level of Pb in the study area ipa8ng because a major source of Pb

was phased out more than a decade ago as it hachtlded to fuel as an anti-knocking
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additive. Additionally, any residual effect fromettprevious use of Pb is unlikely as
road sediment is characterized by short resideincestwith recent accumulation on
road surfaces (Harrison et al., 1985; Allott ef 4690; Xiangdong et al., 2001). The
only other likely source of Pb in RDS near curbesids from particles of degrading
road paint of the double yellow lines (see Tab®.4The input of Pb from yellow road

paint was first reported by Deletic and Orr (200%9wever, elevated concentrations of
Pb in particularly at sampling position B (espdgidbr the size fraction < 63 um),

suggests that other traffic related inputs, suchwheel bearings, oil drips, vehicle
exhaust, may still deliver Pb to the road trafitwieonment, as reported by Napier et al.
(2008) and Ewen et al. (2009).

The reason behind higher concentrations for Zna@uCd at sampling position B than
sampling position A may be linked with vehicularission, as it was observed that
usually vehicles passed directly over position Bd ahence any deposition of
particulates, from e.g. tyres and brakes, contgiriravy metals would most likely
occur at this position (Deletic and Orr, 2005). Erer, prevalence of transverse
gradient of heavy metal concentrations in road eest found to exist, as reported by
Johnston and Harrison (1984) and Deletic and O00%2, suggests that the rate of
redistribution (by vehicle induced turbulence otumal processes, such as wind) is
always less than the rate of deposition.

5.3  Variability of Heavy Metals across the Study $és

Following on section 5.2, this section describes \thriability of heavy metals across
the primary study sites. Figures 5.1 to 5.6 disfday plots of Cd, Cr, Cu, Ni, Pb and
Zn concentrations, respectively, at each site ffferént grain sizes and for both
sampling positions. The influence of grain size aampling position on metal

emissions was discussed in the previous sectioitjvdre also evident from the figures
plotted here. However, in this section site specariability of heavy metal

concentration is primarily discussed, which waseabsn Table 5.1. As seen in Figures
5.1 to 5.6, heavy metal concentration is found doy\between sites. In general, the
metal concentrations are found to increase witledesing particle size fractions except
Pb. However, with a few exceptions, the mean camnagons for most of the metals in

the largest size fraction of RDS (500-250 um) awe significantly different to their
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local background concentrations. The variationaafheheavy metal is discussed briefly
below.
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Figure 5.1: Box plots of grain size and site specific Cadmi@d) in RDS for both
sampling positions (dashed line represents loagtdraund value).
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As seen in Figure 5.1, generally the highest medrc@centrations were at the RSC
site, while they were lowest at the RI site. Excdiagt SR site, the mean concentrations
were found very similar (particularly for the < @8n size fraction) at sampling position
A between the sites, while at sampling positionhByt varied between the sites. The
mean Cd concentrations were similar between the RBLCSR sites~2.8 mg kg-1),
and between the RB and RI site®.(mg kg-1).

The variation of Cr across the sites was foundhédrder of the RSC > RB > RIl > SR
sites, as seen in Figure 5.2. For the sedimentfigizgon 250-63 pum, the highest mean
Cr of 18 mg kg-1 (A) was at the RSC site, while lihwest was 7 mg kg-1 (B) at the RI
site. Similarly for the smallest sediment size i@t (< 63 um), the highest mean
concentration of 28 mg kg-1 (A) was at the RSC aitd the lowest concentration of 8
mg kg-1 (B) was at the SR site.

The Cu concentrations were found to vary widelyveen sites. As seen in Figure 5.3,
generally Cu concentration was higher at the R&campared to the Rl and SR sites
in particular. However, Cu concentration at the §t® was only a little below that at
the RSC site. For the sediment size fraction 250468, the highest mean Cu
concentration of 120 mg kg-1 (B) was at the RSE fatlowed by 105 (B), 83 (B) and
67 (A) mg kg-1 at the RB, Rl and SR sites, respebti Similarly, for the smallest
sediment size (< 63 um), the highest Cu conceatraif 234 mg kg-1 (B) was also at
the RSC site, while the lowest concentration of i kg-1 (A) was at the RI site, as
seen in Figure 5.3.

A site specific variability of Ni concentration realed that the highest concentration
was for the RB site and the lowest was for the 8& see Figure 5.4. Based on the
mean value, the concentration of Ni at the RSCve#te a little smaller compared to the
RB site. Similarly, the RI site showed a little hey value than in the SR site. For the
sediment size fraction of 250-63 um, the highesanmaf 20 mg kg-1 (A) was at the RB

and RSC sites, while the lowest was 8 mg kg-1 (Bh@ Rl and SR sites. Similarly, for

the < 63 um size fraction, the highest mean Ni eatration was approximately 43 mg
kg-1 (A) at the RB site compared to the lowest eoiation of approximately 11 mg

kg-1 (B) at the SR site.
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The variation of Pb concentrations between the $Sampsites and between the
sampling positions is rather inconsistent, as seeffrigure 5.5, compared to the
variations found for other metals. Generally, Phasmtration was found higher in RDS
collected from the sampling position A than B asrtise sites. Based on sites, except
the RSC site, all others showed increased condemtraith decreased sediment sizes.
For the RSC site, the highest mean concentrati@®bfmg kg-1 was in the 250-63 pm
size fraction compared to the value of 177 mg kg-the < 63 pum size fraction. In
contrast, the highest mean Pb concentrations w6 32 and 33 mg kg-1 in the
sediment size fraction 250- 63 um at the RB, SRRinsites, respectively, while these
were 180, 110 and 105 mg kg-1 in the sedimentfeimtion < 63 um at the RB, RI and
SR sites, respectively. Subsequently, a relatiiedin Pb concentration (particularly, in
the < 63 um sediment size fraction) at samplingtiposB was also evident across the

sites showing concentrations range from 90 to 1§4«gal across the sites.

The Zn concentration across the sampling sitesdiddisplay much variation, as seen
in Figure 5.6. Moreover, Zn concentrations werentbwery similar at both sampling

positions at each site. Briefly, for both 250-63 pnal < 63 um sediment size fractions,
the highest Zn concentrations were found at theaR8 RSC sites, while the lowest
concentrations were at the RI site. The concenftratiat the SR site were either
marginally higher or lower compared to their valagthe RSC site.

Based on the discussion above, it has been revdaedRDS at the RSC site is more
contaminated for most of the metals followed by Ri site. Similarly, RDS at the RI
and SR sites have similar compositions with geher@wer metal concentration
compared to the aforementioned sites. As menti@selvhere, traffic volume for the
SR site (650 VPH) is significantly higher than RB (200 VPH) and RSC (250 VPH)
sites, however, the higher metal concentratiorotdaund in accordance with the traffic
volume. This corroborates the idea that site-spediftributes (road lay-out, traffic
movement patterns, road condition, and presenceoafl paints) are important

influences in addition to the traffic volume.
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5.4  Monthly Distribution of Heavy Metals

5.4.1 Temporal Variation of Heavy Metals in RDS

Recognizing the importance of the temporal varigbdf heavy metals to urban diffuse
pollution from roads (Robertson and Taylor, 20@/is study carried out monthly metal
analyses at the primary study sites. In the liteeatr few previous studies had focused
on the spatial variability of heavy metals on rcadfaces (Linton et al., 1980; Harrison
et al., 1985; Deletic and Orr, 2005), while a numdsiestudies also existed on the city
scale (Robertson et al., 2003; Charlesworth e@D3; Carraz et al., 2006). However,
only limited information was available on the mdgthmetal distribution pattern
(Robertson and Taylor, 2007), while some seasoaaélility of RDS heavy metals
had been published (e.g. Hamilton et al., 1984¢g#®son and Kim, 1991). Figure 5.7
shows the monthly mean metal distribution (averamest sampling positions and all 3
size fractions) at the primary study sites. A geeatriability was apparent between the
study sites for Cr, Ni and Pb compared to Cd, Cd Zm. Additionally, metal
concentrations throughout the year tended to bleehigt the RB and RSC sites than at
the Rl and SR sites. Overall higher metal concéotra were found during summer
months than in spring and autumn, and the lowese vieund in late winter/early
spring, as seen in Figure 5.7. A similar observatias reported by Robertson and
Taylor (2007) from their study in Manchester, UK.

In general for most of the sites, the highest metalcentrations were found to occur in
July (except Cd in June at the SR site and Pb inl Apthe RSC site) and the lowest
concentrations were in March. The peak concentraifidhe metals varied between the
sites. Considering the overall trend, the high inaacentrations, for example, in July
may be due to relatively long dry spells after rauents, while low concentrations, for
example, in March may likely be linked to frequeainfall for the study area (see the
climate data in Appendix A). A similar suggestioasMmade by Robertson and Taylor
(2007) in their study in Manchester, UK. Furthermddamilton (1984) and Fergusson
and Kim (1991) noted that weather patterns hadyaifgiant influence on RDS metal

compositions stating that metal concentrations déir heavy rain, while warmer and

drier periods promoted pollutant accumulation.
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The only significant anomaly in the data is that Ni particular at the RB and RSC
sites, showed an increasing trend during winter threnThis may indicate that Ni is

being released from the corrosion products of io&dstructures (crash barriers, lamp
post, road signs etc.) and vehicles during the exjinds suggested by Gdbel et al.
(2007).

5.4.2 Grain Size Specific Monthly Mean Metal Variaion

Figure 5.8 illustrates monthly mean metal concéiatna (now averaged over primary
sites) in different sediment size fractions fortbeampling positions (A and B). The
temporal variability of monthly mean metal concatitbns in all 3 size fractions is
consistent with each other. The highest concentiatoccur in the summer, while the
lowest concentrations are in late winter for mdsthe metals, with the exception of Ni

which shows an increasing trend in the winter msnth

As seen in Figure 5.8, the distributions of montiigan concentrations for any metal
are similar for all size fractions. As expected koar, metal concentrations increase
with decreased sediment particle size fractiondoth sampling positions, with the

exception of Pb, for which the largest values axentl in the 250-63 pum size fraction.
The concentration differences between the sedimsigst fractions varied between the
metals with Cu, Ni and Zn showing the largest défees and Cd, Cr and Pb showing

the smallest.

Considering the sampling positions, higher conegioins of Cd, Cr and Cu are found
in RDS at B than A, while Ni and Pb show the regepgcture. Zn concentration only

exhibits a small difference.

The mean monthly metal concentrations in 250-63gmeh < 63 um size fractions of
RDS from the present study fall within the rangevalues reported in previous studies
(Ellis and Revitt, 1982; Bris et al., 1999; Robertsand Taylor, 2007). However the
monthly mean metal concentrations in the 500-250 (gxeept Pb) size fraction fall

well below the reported values from the above nosetd studies, some of which

documented high metal concentrations associatdtomdrse grain-sizes.
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Based on the data presented in Figures 5.7 andit5s,likely that any significant
rainfall events during summer and autumn (precebolgdorolonged periods of dry
weather which allow pollutants to build-up) areelik to generate considerable metal
loads from road surfaces that potentially poseeatito nearby waters in the study area.
Moreover, significant differences in monthly meaatat concentrations suggest that the
potential control measures at study sites shouldonty be limited to summer and

autumn runoff events.

5.5  Correlation Analysis of RDS Heavy metals

To assess the influence of traffic—related sourtg®s, brakes, corrosion, exhaust
fumes and pavement wear), correlations betweemtbi@l concentrations (averaged
over all sites) were analysed for both samplingtmos using the entire metal data set
derived from the RDS collected over a year at lal primary study sites. Firstly,
correlation was tested between heavy metal coratémis for RDS (irrespective of
sediment size fractions) for both sampling positias seen in Table 5.2, showing
Spearman’s rank correlation coefficients, r, (thiesmg used because the experimental
data did not follow a Gaussian distribution). Tlugrelation coefficient, r, ranges from
0.324 to 0.675, indicating poor to moderate stiengt the relationships between
metals. Although the r values are not very highmfrthis study, they are still in the
ranges of values reported by previous publishedkwetsewhere (e.g. Deletic and Orr,
2005).

Table 5.2: Spearman rank correlation coefficient among meiatentrations in RDS

Cd Cr Cu Ni Pb Zn
Position A: near curb (120 samples)
Cd 1.000
Cr 1.000
Cu 0.544 1.000
Ni 1.000
Pb 0.585 1.000
Zn 0.617 0.528 0.534" 1.000
Position B: 1 m from curb (120 samples)
Cd 1.000
Cr 1.000
Cu 0.423 0.481 1.000
Ni 0.455 0.324 1.000
Pb 0.657 1.000
Zn 0.429 0.615 0.639" 0.675 1.000

*Significant to 0.05%; **Significant to 0.01%; bl&s indicate no significant correlation.
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As seen in Table 5.2, concentrations of certairateetid correlate well with each other,
and there were more statistically significant clatiens between metals in RDS at
sampling position B (9) than sampling position A. (Bhe most plausible explanation is
that metals accumulating on the road surface faftloen the curb may all be of the

same origin (road-traffic), while the sources oé timetals along the curb are more
diverse (e.g. traffic — passed through very clas¢thé curb side, redistribution of road
sediment — from middle to edge of the road, neadnyrces - foot path, surrounding
land etc.).

Furthermore, correlation analyses were carried@uboth sampling positions but now
separating samples into different particle sizetioms, as presented in Tables 5.3 and
5.4. It was found that the strength of the corretet was improved by separating metal
concentration into separate size fractions of RDSvas also found to increase with
decreasing particle size fraction (Tables 5.3 adjl bor example, all metals in the < 63
pm fraction size correlate with each other with 0.50 for both sampling positions,
while for the largest fraction size (500-250 um)lyoirb and Ni showed good
correlation (> 0.50) in particular for RDS collected at samplpasition A. With the
exception of a few weak correlation coefficientgnegrally correlations were good
between metal concentrations in the 250-63 umfsation of RDS at both sampling
positions.

Moreover, a greater number of statistically siguifit correlations between metal
concentrations were found taking size fractions iatcount (see Tables 5.3 and 5.4)
than were apparent in integrated samples (see TaB)e For example, at sampling
position A, Pb was only found to correlate with (Yiable 5.2), however, separating
RDS into different sediment sizes, Pb (particulanythe 250-63 and < 63 um size
fractions) was correlated with all other metals [€a5.3). Similarly, at sampling
position B, Ni showed correlation with Zn only (Tals.2) compared to Ni (in 250-63
and < 63 um size fractions of RDS), for which dfigaint correlations existed with all
other metals (Table 5.4).
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Table 5.3:Spearman rank correlation coefficient between nwtatentrations in different RDS size fractionsriroear curb sampling

Cd

Cd

Cd Cr

Cr

Cr

(500-250) (250-63) (<63) (500-250) (250-63) (<63)

Cu

Cu Cu

Ni

Ni

Ni

Pb

Pb

(500-250) (250-63) (< 63) (500-250) (250-63) (<63) (500-250) (250-63)

Pb

Zn Zn

Zn

(< 63) (500-250)(250-63) (< 63)

Cd in 500-250 pr
Cd in 250-63 pm
Cdin<63 um
Crin 500-250 pum
Crin 250-63 pm
Crin <63 um

Cu in 500-250 pr
Cu in 250-63 pm
Cuin <63 um

Ni in 500-250 um
Ni in 250-63 um
Niin <63 pm

Pb in 500-250 prr
Pb in 250-63 pm
Pbin <63 um

Zn in 500-250 pmr
Znin 250-63 um

Znin <63 um

1.000
0.555"
0.535"

0.255
0.457"

0.421
0.413

0.263"

0.349"
0.406"
0.318"

1.000
0.837

0.368
0.277
0.451"
0.580"
0.573
0.528"
0.199
0.448"
0.279

0.255
0.306
0.426"
0.446
0.523

1.000
0.422 1.000
0.358"  0.518
0.564°  0.467
0.671" 0.318
0.596" 0.333
0.598"  0.325
0.337 0.478
0.519°  0.537
0.390°  0.563
0.226  0.358
0.397°  0.409
0.478" 0477
0.503" 0.245
0.520°  0.320°
0.590°  0.549

1.000
0.690"
0.375
0.461"
0.497
0.257
0.446
0.507"
0.340
0.603"
0.474
0.213
0.405
0.550"

1.000
0.577"
0.631"
0.561"
0.423
0.607"
0.606"
0.502"
0.743
0.667"
0.366
0.474
0.688"

1.000
0.699"
0.589"

0.201
0.422
0.280"

0.229
0.506"
0.368"
0.479
0.542
0.513

1.000
0.780° 1.000
0.212 0.212
0.342" 0.355
0.285" 0.283"
0.209
0.536" 0.532"
0.381" 0.464
0.414" 0594
0.420" 0.608"

0.537" 0.595"

1.000
0.672
0.728
0.544
0.437
0.595
0.356
0.244
0.437

1.000

0.831"
0.576
0.495"
0.577
0.444
0.586"
0.650"

1.000
0.691"
0.597"
0.686"
0.296
0.347
0.481"

1.000
0.620"
0.689"

0.203
0.254"
0.375

1.000

0.795
0.306
0.392
0.599"

1.000
0.418"
0.420
0.598"

1.000
0.686" 1.000

0.571" 0.744

1.000

**_Significant to 0.01%; *. Significant to 0.05%
Correlation coefficients 0.500 between metals are in bold.
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Table 5.4:Spearman rank correlation coefficient between natatentrations for different RDS size fractiormtirl m from the curb

sampling.

Cd

Cd Cd

(500-250) (250-63) (<63)

Cr

Cr

Cr

Cu

Cu

Cu

Ni

Ni

Ni

Pb

Pb Pb Zn Zn

Zn

(500-250) (250-63) (<63) (500-250) (250-63) (< 63) (500-250) (250-63) (<63) (500-250) (250-63) (< 63) (500-250) (250-63) (< 63)

Cd in 500-250 pn
Cd in 250-63 um
Cdin<63 um
Crin 500-250 pm
Crin 250-63 pm
Crin <63 um

Cu in 500-250 pn
Cu in 250-63 um
Cuin<63 um

Ni in 500-250 pm
Ni in 250-63 pm
Niin <63 um

Pb in 500-250 pun
Pb in 250-63 um
Pbin <63 um
Zn in 500-250 pn
Znin 250-63 pm

Znin <63 um

1.000
0.572"
0.483"

0.296"

0.553"

0.347"

0.354"

0.183

0.197

0.264"

0.340
0.357"

1.000
0.738"  1.000
0.313" 0.425
0.447" 0.48%
0.435" 0.518
0.576" 0.694"
0.544" 0.649"
0.437" 0.529"
0.241 0.401
0.452" 0.531
0.379" 0.533
0.245 0.359"
0.186 0.311
0.202 0.349
0.391" 0.486"
0.366" 0.463"

0.488" 0.598

1.000
0.425
0.597
0.343
0.550"
0.423
0.612"
0.568"
0.597

0.365
0.312
0.398"
0.367"

0.225
0.493

1.000
0.754
0.512
0.519"
0.528"
0.445
0.487"
0.598"
0.420"
0.473
0.379
0.355
0.506"
0.654"

1.000
0.559"
0.735
0.697
0.643"
0.651"
0.672"
0.549"
0.520"
0.552"
0.427
0.489"
0.704

1.000
0.704
0.562"
0.411
0.557"
0.545
0.341"
0.228
0.235
0.497"
0.591"
0.662"

1.000
0.771
0.597
0.668"
0.566"
0.436
0.387
0.444
0.502"
0.490"
0.665"

1.000
0.620"
0.637"
0.624"
0.542
0.574
0.655
0.514
0.548"
0.668"

1.000
0.785
0.724
0.482
0.519"
0.581"
0.469"
0.415
0.612

1.000
0.805"
0.494
0.546
0.524"
0.505
0.550"
0.735

1.000

0.600"
0.599"
0.596
0.516
0.605"
0.774

1.000
0.516
0.552"
0.357"
0.396
0.518"

1.000
0.796"  1.000
0.411" 0.346 1.000
0.463° 0.360° 0.697° 1.000
0.507" 0523 0538 0.661

1.000

**_Significant to 0.01%; *. Significant to 0.05%;

Correlation coefficients 0.500 between metals are in bold.
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5.6 Heavy Metal Pollution Assessment

With increasing urbanisation, the impact of heawtahpollution on the nearby water
environment becomes a more serious issue, and saelgaived much attention in
environmental research studies. To control or @@guthe pollution, countries usually
specify up limits on levels of heavy metals in tevironment that should not be
exceeded. Monitoring trace metals has seen an gpsirinterest as a way to study
environmental consequences derived from road d¢rdifiadi, 2009). As a result, a
variety of pollution indices for sediment assoaiaheavy metals have been proposed to
quantify the level of pollution and associated ietgaon aquatic life (Yu et al., 2003;
Huang et al., 2009). This section discusses thenpiat heavy metal pollution derived
from the road traffic environment at the primanydst sites using the entire data set for

all the primary sites over a year.

5.6.1 Environmental Significance

For metals having an accumulation index > 1, thghdést mean (and maximum)
concentration obtained from all size fractions &oth sampling positions (taken from
Table 5.1) were compared with several trigger cotraions (used to monitor hazard
assessment relating to soil quality), see Table Ndie that the three sets of trigger
values shown in Table 5.5 are rather inconsistauttthe soil guideline value (SGV) is
used here because it is relevant to UK locationereds the other trigger values apply
to Canada. These indices, however, have previobhegn used to evaluate road
sediment quality for environmental pollution assesst (e.g. Heal et al., 2006). The
metals were arranged under two groups consistahtthe format described in ICRCL
(1983) based on their hazard potential. Brieflye thighest mean concentrations
(averaged over the primary sites) were associat#itl the size fraction <63 um at
sampling position B for Cd and Cu, but at posithofor Cr, Pb and Zn. These highest
mean concentrations for Zn, Cu and Cd were fourekteed their respective values in
the SGV, but those for Cr and Pb did not. Similamments are also true for the
maximum concentrations except for Pb (where theimax concentration was found
for the 250-63 pum size fraction). None of the mearmaximum concentrations of
metals for the largest size fraction 500-250 pmewkrund to exceed any of the

guideline values.
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Table 5.5: Comparison of observed metal concentrations withliphed guide line

values (A: near curb & B: 1m from the curb)

Group 1: Contaminants which may pose hazard to health

Contaminant

Metal concentration

Trigger concentrations (mg)kg

Size fraction 250-

Size fraction

63um < 63um SGV sQ@ SQGEH
Cd (B) Mean  1.30 3 3+ - -
Max. 3.10 17 15 - -
Cr (A) Mean 14 23 600* 250* 64
Max. 73 47 1000** 750%* 64"
Pb (A) Mean 132 147 500* 500* 140*
Max. 669 345 2000** 375%* 70

Group 2: Phytotoxic contaminants not normally hazardous to health

Contaminant

Metal concentration

Trigger conaatiuns (mg kg)

Size fraction 250-

Size fraction

63um < 63um SGV SQ@ SQGEH
Cu (B) Mean 94 193 130 100-150 63
Max. 185 330
Zn (A) Mean 225 501 300 500-600  200-600
Max. 400 907

Mean concentrations exceeding trigger values araslin bold

2Soil Guideline values (SGV) (Inter-Departmental Goittee on the Redevelopment of Contaminated
Land, ICRCL, 1983)° Sediment Quality Guidelines (SQG)‘&ediment Quality Guidelines for
Environmental Health (SQGEH) (CCME, 2007)
* Open space, park, Playing ground & ** any plaeg®re plants grow

Referring to Tables 5.1 and 5.5, it is interestimgee that the mean concentrations for

metals in road deposited sediment (RDS) at samosition A are generally lower

than the trigger concentrations; however they ayhdr than the trigger values for RDS

at sampling position B. Therefore, an assessmehiapard associated with metals in

dry sediment might be misleading if only samplingan the curb side is taken.

Furthermore, concentrations may be even highehdurthan position B towards the

centre of the road, due to the effect of transvgraeient as reported by Johnston and
Harrison (1984) and Deletic and Orr (2005), whicswot studied here, so the figures

presented here may be conservative also. Howewssidering the values outlined in

Table 5.5, it is clear that RDS contaminated bywkeaetals may have environmental
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consequences for all users of the campus roadseflsaw for nearby farm land

(Kalavrouziotis et al., 2007; Vissikirsky et alQ@B) and watercourses (Hjortenkrans et
al., 2006; Zhu et al., 2008).

5.6.2 RDS Heavy metal Contamination

In order to achieve a general overview of heavyainaintamination levels across the
primary study sites on the road network used fizr $hudy, the degree of contamination
(CD) and potential ecological risk index (PERI) wetalculated. As discussed in
Chapter 3, both of these indices indicate ove@itamination caused by the six heavy
metals studied (Cd, Cr, Cu, Ni, Pb and Zn) incoapeat in a single index value. To
estimate these indices, the metal concentratiorSdofCr, Cu, Ni, Pb and Zn in RDS

(averaged over sampling positions) from the entéa set for all the primary sites were

used.
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Figure 5.9: (a) Box plots showing the degree of contamination (CB)sed by heavy

metals in RD3Grey, dotted and solid lines represent upper $iroitlow, moderate and considerable

degree of contamination, respectivelyjp) Normalised CD index with respect to traffic
volume ratio (TVR)[TVR = traffic volume at individual site/maximumatific volume across the

primary sites]
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Figures 5.9 (a) and 5.10 (a) show the box plotSfand PERI, respectively across the
primary study sites for the road network in thedgtarea. Figures 5.9 (b) and 5.10 (b)
illustrate box plots of the normalised CD and PERh respect to traffic volume for
the above indices. This was done to reveal theienite of site-specific attributes on
metal emission patterns and so CD and PERI irréispeaf traffic load. The values of
CD and PERI for this study are found to be gengradnsistent with previous studies
of RDS elsewhere (e.g. Zhu et al., 2008; Shi et 2010; Duong and Lee, 2011).
However, the maximum values of CD and PERI hereoapasionally exceeded in the
aforementioned studies. Moreover, although the ema#tical formulation to estimate
the indices is similar between studies, there afferdnces between the number of
heavy metals used, the sources of background vdhretieavy metals and RDS
sampling techniques etc.

The site specific similarities and dissimilarities CD and PERI for the present study
are now discussed. As seen in Figure 5.9 (a),ahges of CD for all the primary sites
fall between moderate to considerable degree otacaination (6< CD < 24).
Considering the mean value for each site, X2, suggesting considerable degree of
contamination, was found for the RSC (CD =16) al(RD =15) sites. In contrast,
the mean CD values for the Rl and SR sites wereocappately 8 and 10, respectively,
indicating these sites are only moderately contatesh The variability between the
sites is certainly linked to the site-specific hgametal emission pattern, which was
found and discussed in section 5.3 (see Figure$o5516). Briefly, the RB and RSC
sites are contaminated mainly with Pb followed by Zn and Cu. The site specific
variability is even clearer from Figure 5.9 (b)pshng the CD normalised with respect
to traffic volume, CD/TVR, for which the normalisettex is significantly higher at the
RB, RSC and RI sites compared to the SR site. Agtioreed earlier, traffic passing the
above sites, except the SR site, experiences fnédstep and start’ activities, which
likely enhance metal emissions compared to theit@Rvith steady flow (Napier et al.,
2008; Zhu et al.,, 2008; Ewen et al., 2009; Duong &ee, 2011). This again
corroborated the fact that site specific attribué@s important influences on metal

emission patterns in addition to traffic volume.
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traffic volume ratio (TVR)TVR = traffic volume at individual site/maximumetific volume across

the primary sites]

Similarly, Figure 5.10 illustrates the potentiabkgical risk (PERI) caused by heavy
metals at different primary sites in the study afeBRI values show a large spatial
variability, ranging from approximately 35 to 16&rass the sites. The assessment of
ecological risk for metals in RDS for all sitesd&re 5.10 a) reveals that the RB and
RSC (based on mean values, PERIOO) sites consist of heavy metal emissions that
may have moderate levels of ecological impact (PERDB), if transported to nearby
water courses. As mentioned earlier, both thess site primarily contaminated by Pb
and Cu (toxic factor, Pb = Cu = 5) along with afluence from Cd (toxic factor = 30)
and Zn (toxic factor = 1). Similarly, the mean PE®Ithe RI site indicates a low level
of ecological risk (PERI < 75), while at the SResitis on the border between low and
moderate levels of ecological risk. Furthermoretha site, a few extreme values of
PERI are found (see outliers in Figure 5.10 a) abh between the moderate and
considerable levels of ecological risk, being pmilgadominated by the highly toxic Cd
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(toxic factor =30), as seen in Figure 5.1. Thealgitity between sampling sites is even
clearer for PERI normalised with respect to traffmlume, PERI/TVR, as shown in
Figure 5.10 (b). The pattern of normalised PERkamsistent with the pattern of
normalised CD across the primary study sites, as seFigure 5.9 (b).

5.7 Conclusions

This chapter noted that the distribution of heawtahconcentrations in road deposited
sediment (RDS) varied with the sediment size fomdiand the transverse sampling
position. The concentrations for all the metalsegtcPb decreased with increasing
sediment particle size fractions. A transverserithstion of metal concentrations in

RDS was observed with higher concentrations of @dand Zn in RDS collected at 1
m from the curb, and higher concentrations of Arahd Pb near the curb. Temporal
variability of heavy metal concentrations revealetly as the most polluted month, and
March as the least polluted. Correlation analysegealed a stronger correlation
between heavy metals (in particular in the smabesiment size fraction) at 1 m from
the curb than near the curb, indicating differeotirses for the metals at the two
sampling positions. Based on the pollution indiaeshe primary study sites, the road
with speed control site (RSC) is found to be theshmmntaminated followed by the

road bend (RB), straight road (SR), and road ietdisn (RI) sites. Site specific

attributes were found to be drivers of the diffe@imn heavy metal concentrations and
so also of the pollution levels: primarily road dayt with traffic movement patterns,

along with influences from road surface conditiord resence of road paint rather

than due to traffic volume alone.
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Chapter — 6 Analysis of Wet-weather Derived Sediméds

6.1 Introduction

In the context of urban road water quality relatedearch, two important aspects,
namely pollutant build-up during dry days and wa$hduring wet weather, need to be
understood in depth. As noted by several reseacpetlutant wash-off is a complex
process varying with rainfall duration, rainfaltemsity, runoff volume and catchment
surface characteristics (e.g. Vaize and Chiew, 280@zonik and Stadelmann, 2002).
Based on published research (Irish et al., 1996s&8ane et al., 1996; Crabtree et al.,
2006; Westerlund et al., 2003), it has been idiedtithat road runoff caused by rainfall
and snow precipitation on roads are often founatdntain significant quantities of
heavy metals in both dissolved and particulate ddonms along with other pollutants,
e.g. oil and grease, nutrients, suspended, collait volatile fractions of particulates,
hydrocarbons. Road surfaces, therefore, servaeraorary sink for pollutants that are
washed off during wet weather events to the sudmgnwater environment. Chapters 4
and 5 discussed an in-depth investigation of dadreediment and, in sequence, this
chapter investigates wet weather issues using ssnyullected at the four primary
study sites introduced earlier in section 4.4, rigragoad bend (RB), a road with speed
control (RSC), a road intersection (RI) and a gtraroad section (SR). Briefly, this
chapter presents pollutant wash-off during rainfallents, characterising rainfall
induced runoff and snow precipitate samples fosali'ed and particulate heavy metals.
In addition, particle size distribution (PSD), se@a variability and contamination
associated with runoff and snow samples are disdudhe samples were collected for
12 different rainfall-runoff and 5 different snowemts from the four primary study sites
mentioned above. It is important to note that fresbw samples rather than snow-melt

induced runoff samples during snow precipitatiomersollected from the sites.

6.2  Analysis of Wash-off Sediment

This section presents results of runoff sedimeratdIdrom rainfall events, some
mathematical modelling to derive local wash-offgraeters and information on particle

size distributions of runoff sediment. The 12 raiwrents sampled had rainfall duration

116



ranging from 1 to 11 hours, rainfall intensity ramggfrom 1.3 to 14 mm/h and occurred
between May 2010 and April 2011, as presented ibleT®.1. Details of sample
collection, preservation and testing were discugsasection 3.3.2.

6.2.1 Event Mass Load

Table 6.1: Event mass load of road sediment trateghan runoff events generated
from different sampling sites in Riccarton Campaogd network, Edinburgh

Rainfall Intensity Duration ADD Sediment load (g) Average Average
runoff (mm/h)  (h) sediment sediment
event RB RSC RI SR load (g) load
(g/n)
26/5/ 2010 11.35 1.7 2 251 841 442 610 536 18
01/7/ 2010 1.31 6.25 20 530 1547 876 1243 1049 35
04/7/2010 14.5 1.83 2 338 1026 487 710 640 21
14/7/2010 6.81 10.87 3 297 687 375 430 447 15
01/8/2010 10.96 1.23 10 765 1850 1050 1246 1228 41
12/8/2010 4.05 1.06 2 205 478 280 408 343 11
21/8/2010 10.18 1.42 1 142 352 187 253 233 8
07/9/2010 3.65 2.88 13 841 2320 1260 1742 1541 51
11/9/2010 7.64 2.23 1 110 269 167 188 183 6
20/11/2010 2.7 8.75 7.5 670 870 702 778 755 25
12/3/2011 6.52 5.75 25 330 574 363 420 422 14
23/4/2011 9.85 1.55 6 465 695 428 487 519 17

ADD: Antecedent dry days; RB: Road bend; RSC: redéth speed control; RI: road intersection; SR:

straight road section

Table 6.1 displays event mass loads of sedimefdgatell at the sites for all the rainfall
events monitored along average rainfall intensitgt avent duration. It should be noted
that the mass loads are total loads collected thenentire duration of the rainfall event.
As mentioned earlier in section 3.2.2, due to &mins of the field set-up no more than
4 | of runoff was collected for each event from eaith. Hence the wash-off loads
presented here may be biased against finer suspessdiment size fractions for the
larger rain fall events. However, due to the reklti coarse nature of the RDS in the
study area, it can be speculated that most of ddiment mass was captured even

though in cases where the collection bucket owedlb some fine sediment was
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probably lost. As seen in Table 6.1 there is aisterst trend in the data with the highest
load of sediment being found at the RSC followedS; RI and RB sites. It is likely
that local site specific attributes, such as readure, road surface condition and slope
of the road are responsible for this trend. Fom#pda, the road surface condition was
poor at the RSC site, which is possibly the redsorsignificantly higher loads during
wash-off events compared to the relatively smoo#drsurface at the RB and SR sites.
However, the relatively high load at the SR sites\abso likely to have been influenced
by the input of surrounding soil (observed duriragnfall events) [as the sampling
position at this site was at a lower elevation thaarby grass strip, foot paths and car

park].

Comparing rainfall variables, there is no singleialde found to be correlated with
observed wash-off loads, as seen in Table 6.1. fhlaig not be surprising, as sediment
transport is a complex hydrodynamic process (beybadcope for this study), and it is
also well understood that rainfall intensity andadion are not enough to explain the
relationship between wash-off loads and rainfallialdes (e.g. Deletic et al., 1997,
2000; Bouteligier et al., 2002; Shaw et al., 206&wever, it can be seen that generally
a high intensity, short duration rainfall event gexted more wash-off sediment than a
less intense, longer duration rainfall event (Tablg). In both cases, of course, the
number of antecedent dry days affects the massdiment available on the road
surfaces, as discussed in Chapter 4. As would pected for a small study area, wash-

off patterns could be very similar at all samplsitggs.

The wash-off loads for this study (110 to 2320 gravof the same order of magnitude
as those reported by Kim and Sansalone (2008holild be noted however that Kim
and Sansalone (2008) captured entire runoff evantsfound wash-off loads in the
range 544 to 10592 g. Although this study only exi#d a limited volume of runoff (4
), the differences in the loads can also be affebie the other factors, such as road

drainage pathways, rainfall patterns, road mainteaatc.

Table 6.1 also shows the average wash-off loathiafour primary study sites for each
rainfall - runoff event, which was used to derifrie average wash-off load per unit area
(final column). The average wash-off load per umiéa was calculated using total

sediment load collected into the buckets after eadoff event divided by a drainage
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area of 10 m x 3 m. These average wash-off loadsimiearea data were used in two
ways. Firstly, comparing results with the RDS buijd pattern data discussed in
Chapter 4 (Figure 4.1), it can be confirmed thatygpart of the sediment was
transported during rainfall events, and in paracukhe finer fractions (see PSDs in
Figure 6.4). The percentage of wash-off load pedfr anea was estimated as the ratio of
predicted built-up load using the parameterisealldnild-up models as discussed in
Table 4.3, for the different ADD between the runetfents. For example, on 01 July
2010 (low intensity, large duration rainfall pree€eidoy 20 dry days) the wash-off loads
were 34%, 21%, 12% and 38% of the available loaiupit area, while on 01 August
2010 (high intensity, short duration rainfall prded by 10 dry days) they were 37%,
27%, 24% and 60% for the RB, RSC, Rl and SR sie=pectively. A similar range of
values was also reported by Egodawatta (2007)am gtudy in Queensland, Australia.

The second use of the wash-off load per unit aat@a id described in the next section.

6.2.2 Mathematical Replication of RDS Wash-off

Pollutant wash-off from road surfaces is more camghan build-up and is influenced
by a wide range of hydrologic, flow hydraulic aretisnent transport variables (Deletic
et al., 2000; Shaw et al., 2006). Amongst diffenamfall variables, it is believed that
wash-off is primarily linked to rainfall intensityainfall duration and runoff volume, as
noted by Egodawatta et al. (2007). A few other issidhave looked into the relative
degree of influence exerted by the above thredalawvariables on wash-off loads (e.g.
Chui, 1997; Mackay, 1999). They found that thesgabées are highly correlated with
each other and did not exhibit any marked influebhetween them. In contrast,
Egodawatta et al. (2007) found that rainfall intgnand rainfall duration were more
dominant variables than runoff volume for replingtisediment wash-off in their study

in Queensland, Australia.

Based on the above discussion, this study’s wakHaih was plotted against rainfall
intensity, rainfall duration and dry days betweamfall events, as seen in Figure 6.1
for the study sites. Note that only 5 of the 12hravents monitored were used to
generate these plots, for which it is believed thatentire runoff volume was collected
in the bucket at the field experimental set-upaathesite (see Table 3.2 and Figure 3.5).
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Figure 6.1: Variation of wash-off load across the sites wiimfall intensity, rainfall

duration and dry days for rain events.

As seen in Figure 6.1, due to the highly scattelad, it is very difficult to identify any

relationships between the sediment wash-off loatithe rainfall variables (in particular

rainfall intensity and rainfall duration). Althougih general, a positive trend can be seen

between wash-off loads and the aforementioned athinfiriables. This reflects the

complexity of interrelating wash-off behaviour wilingle rainfall variables. On the

contrary, plotting the wash-off data against drysdbetween the rainfall events shows a

better correlation than for the rainfall variabl@sis finding suggests that there is an

influence of the initial sediment availability ooad surfaces on wash-off load prior to

rainfall events.
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An analysis of the combined effect of all threeiafales on wash-off loads was carried
out using multiple linear regressions (MLR) reveae stronger influence of dry days
between the rain events than rainfall intensity aodation. Note that the use of a
limited number of data for MLR may not be statialig appropriate and so its outcome
may be dubious. However, it is clear that althotighnumber of dry days between rain
events was not found to be a direct input variablany previously published pollutant
wash-off formulae, this parameter indeed is of intguace for the wash-off load (Gupta
and Saul, 1996). Nevertheless, in order to compfa@eaesults with published work, it
was decided to use rainfall intensity and durafiimn the same 5 rainfall events were
used in Figure 6.1) as input parameters for mauglisediment wash-off loads.
However, antecedent dry days between rainfall everas used to predict the initial
sediment load prior to wash-off events in Equaédh as seen below.

A wide variety of models have been proposed tocafd pollutant wash-off, each with
varying levels of complexity and accuracy. Althoutje models are different in their
formulation, they have the same target variabl®t# suspended solids (TSS) because
it is believed that TSS can be used as a surrdgateher water quality pollutants, such
as nutrients, heavy metals and hydrocarbons adsdobguspended solids (Sartor et al.,
1974; Akan and Houghtalen, 2003; Herngren et 8052 Among several mathematical
formulations that are available for wash-off in therature (e.g. Hossain et al., 2000),
an exponential function was selected. The seleetias based on two different reasons.
Firstly, only a few rainfall-runoff variables, naigeainfall intensity and duration, were
available for this study. Secondly to keep the mataitical formulation of pollutant
wash-off simple, so as to be consistent with otbieidies and stormwater quality
models, such as, SWMM and MOUSE. Moreover, usirgekponential function has
the added advantage of comparing the calibratioanpeters derived for this study with
published values in the literature and with defardtues used in the SWMM and
MOUSE models.

The usual form of the exponential representati@asifollows:

W=gG (1-¢e" (Equation 6.1)
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where, W is the wash-off sediment load (mass pérarea), Gis the initial sediment
load (mass per unit area) predicted from Equati@hdérived in Chapter 4, N is the
wash-off exponent, | is the average rainfall intgngnm/h) and T is the duration of the
storm. In predicting ¢ the antecedent dry days shown in Table 6.1 weed,uwhile k

values were from Table 4.2.

As seen in Equation 6.1, the only calibration patanis the wash-off exponent N,
which can be estimated by modifying the equationslaswn below. The modified
equation transforms into a linear form, the slop&bich gives the wash-off exponent

N, as seen in Figure 6.2.
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Figure 6.2: Road depositedediment wash-offarameters estimation usiegponential

function.
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The wash-off exponent, N derived from Figure 6.2aisulated in Table 6.2 for all the
four primary study sites. The wash-off exponentorggrd by Egodawatta et al. (2007)
and Hossain et al. (2010) from their studies in €qhséand, Australia is also shown in
the table for comparison. As seen in Table 6.2whash-off exponent estimated for this
study ranges from 0.0041 to 0.0233 across the sagnpites. The wash-off exponents
at the RB and SR sites are an order of magnitugleehithan their values at the Rl and
RSC sites. The significant differences betweerssi@y be linked with the RDS size
distributions across the sites, as discussed tioset.4.4 (see Table 4.5), for which the
RB and SR sites contain the smallgp dnd dp values than the RSC and RI sites.
Furthermore from the table, it is seen that thera significant variability for wash-off
exponents between the studies. This is particuldg when comparing the present
study with the values reported by Egodawatta e2807); however, they are in better
agreement with Hossain et al. (2010). Considetirgvwtash-off exponents presented in
Table 6.2, it is seen that the default value ofif.the MOUSE and SWMM5 models is
much higher when compared to the values foundhisrdtudy at specific site and to the
values reported by others. The difference betweashwoff exponents in published
studies and the models suggests that the washroffegs is more complex than
previously assumed (Millar, 1999; Egodawatta, 20@@F9pnsequently, based on the
results presented in Table 6.2, it is clear thatwlash-off exponent is site specific and
proper calibration is necessary to get better capbn of the wash-off loads at
particular sites. A similar suggestion was alsoortgal by Alley (1981), Huber and
Dickinson (1988), Gupta and Saul (1996), Millarg2pand Egodawatta et al. (2007).

Table 6.2: Comparison of wash-off exponent, N (Mmestimated from field

monitoring data with other published values

Site N Default value Hossain et al. Egodawatta et al.
MOUSE SWMM5 (2010) (2007)

Road bend (RB) 0.0233

Road with speed controls (RSC) 0.0082 )

Road intersection (RI) 0.0041 0.2 0.2 0.011 -0.028 )0.00056-0.00080

Straight road (SR) 0.0176

6.2.3 Validation of Pollutant Wash-off Equation

In order to check the accuracy of the pollutant wa§ equation derived from the 5

rainfall events, as discussed in the previous @ecthe site specific exponents (Table
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Ratio of observed and simulated

Ratio of observed and simulated

6.2) were now used in Equation 6.1 to calculatesihmulated wash-off load values for

the remaining 7 rainfall events. Simulated valuesencompared with observed values

for all the primary study sites as shown in Figau@
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Figure 6.3 Comparison of simulated and observed wash-offl loging exponential

function at primary study sites.

As seen in the figure, the overall performancehaf wash-off equations is not very

impressive and for all sites, the ratios of obsérie simulated wash-off loads are

widely scattered. In general, the model is undedjgats the wash-off loads for some of

the rainfall events for which ratios of observedsihmulated wash-off loads are greater
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than 1.5. This may likely be from the measuremembre unwanted inclusion of

sediment from surrounding land apart from road fiuno

Considering the sites, the results are a littleebedt the RB and SR sites than at the
other two sites. For the former sites, the ratioshserved and simulated wash-off loads
for 6 and 5 out of 7 rain events, respectively (Fgg6.3), fluctuate within the ratio of
0.5 to 1.5, which suggests that the performandbefvash-off equations are reasonable
although not satisfactory. In contrast, the perfamoe of the equations is rather poor for
the RSC and RI sites, for which predictions foryo8lout of 7 rain events showed

satisfactory agreement with the observed data.

6.2.4 Particle Size Distribution of Runoff Sediment

Figure 6.4 displays the particle size distributigRSDs) for runoff sediment (averaged
over the sampling sites) for four selected storranés. The selection was based on
identifying low intensity, large duration rainfalvents and vice versa. It was also found
that PSDs for the other 8 rainfall events fell witlthe range covered by the selected
events. The PSDs were found to be consistent wikiqus research elsewhere (e.g.
Egodawatta, 2007; Kim and Sansalone, 2008; Jattah, 2008).
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Figure 6.4: Particle size distributions for runoff sedimentsefected storm events
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As seen in Figure 6.4, a wide particle size rarigem very fine to medium coarse
sediment was entrained and transported during th@atared runoff events. Variability

between event PSDs was also found. For exampldp#aeof sediment finer than 63
pm ranged from 24% to 44% (by mass) between thatgwhown in Figure 6.4. The
data also reveal that a high intensity, short domatainfall event (July 04 2010) was
more able to transport coarse sediment comparea ltmv intensity, long duration

rainfall event (July 01, 2010). It is not clear,wever, how intensity and duration
combine to enable the transport of coarser sedinfeat example, the PSD for the
second largest intensity event (21 August 2010leser to the PSD for the lowest
intensity event than to the PSD for the highesengity event. The number of
antecedent dry days (ADD) between rainfall evemtbably plays a role (as seen in
Figure 6.1 for sediment wash-off load) also, pattédy since Chapter 4 highlighted a
re-distribution of particles over ADD. Furthermdrem analysing all the rain events, it
was apparent that none of the sites were likelgeiave a significant sediment load in

size fraction greater than 500 pm.

Table 6.3:Values of dy and d for rainfall-runoff PSDs

Rainfall — runoff ~ Average rain Rainfall Dry days between dyp (um)  do (LM)
event intensity (mm/h) duration (h) rain events

July 01, 2010 1.31 6.25 20 15 68
July 04, 2010 14.5 1.83 2 26 140
July 14, 2010 6.81 10.87 3 23 96
August 21, 2010  10.18 1.42 1 20 80
Mean 8.20 5.10 6.25 21 96

The characteristics of the PSDs for the selectedtsvare summarised in Table 6.3. The
mean @ for all four events was 96 pm (medium to fine gamith a range of 68 to 140
pm. Similarly the mean;gdwas 21 pm with a range of 15 to 26 um. The rarfg&p
and do for this study compare well with the range repdrby Jartun et al. (2008) in
their study in Norway. However, the meap @nhd d, values found here are lower than
in the aforementioned study. Compared to the valeperted for RDS (dry sediment)
in Chapter 4 (see Table 4.6), the megpahd do values for runoff sediment were
significantly lower. As mentioned earlier, only serof the road sediment available on

the road surfaces (from previous RDS build-up betwsinfall events) was transported

126



by the rain events. Since this was dominated bythaller particles, the smaller values

of dspand do for runoff sediment are expected.

6.3 Total Heavy Metal Concentrations in Runoff

To start with, mean total heavy metal concentrati¢g@veraged over the 12 rainfall
events monitored at all four primary sampling giteeasured for the unfiltered runoff
samples (as defined in section 3.4.1) are presaentéhble 6.4. This was done to
compare the results with published heavy metal eoinations elsewhere. Heavy metal
concentration data on road runoff studies are detumented in published literature
from different parts of the world. Despite someimdic variability between studies (e.g.
traffic volume, road drainage and maintenance, at@ncondition of road surfaces), a
few of these were identified with the aim of capigra global representation, and are
collated for compared with the outcomes of the gmestudy, as seen in Table 6.4. Note
that all of the data shown are for total metal @mi@tions (irrespective of different

phases).

Table 6.4: Comparison of mean heavy metals concentration)(jagtd TSS (mg/l) in

road runoff with previous published results

Sources h Cd Cr Cu Ni Pb Zn TSS
Crabtree et al. (2008) 340 0.60 7 91 10 37 353 244
Gan et al. (2008) 11 1.60 40 140 23 118 1760 416
Crabtree et al. (2006) 11 0.50 6 41 5 23 140 115
Preciado and Li (2006) 5 - - 62 - 45 364 197
Backstrom et al. ( (2003) 10 0.05 - 13 - 7 89
Kayhanian et al. (2002) 32 0.20 24 13 4 5 73 148
This study2 12 1.20 56 176 27 136 1364 243

+0.30 +18 +44 +7 +51 +196 +164
! Number of monitored storm evenfanean + standard deviation

As seen in Table 6.4, the mean TSS concentratidZ?#8fmg/l from the present study
was very similar to the 244 mg/l reported by Craétet al. (2008) in their study in the
UK, a little higher than the 197 mg/l found by Reelo and Li (2006), significantly
greater than the 115 and the 148 mg/l reportedraptfee et al. (2006) and Kayhanian
et al. (2002) and significantly lower than the 4§/l found by Gan et al. (2008).
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For metals in the current study, Zn showed thedsgimean concentration of 1364 g/l
followed by Cu (176 ug/l), Pb (136 pg/l), Cr (56/lgNi (27 pg/l) and Cd (1.20 pg/l).
The metal concentrations in this study are fougdiScantly higher than the previously
reported values with the exception of Zn and Cargl by Gan et al. (2008), as seen
in Table 6.4. This difference in metal concentnagios not surprising because of the
significant variability between the site and climatonditions under consideration.
However, it is also important to note that the ltot@an concentrations for Cd, Ni and
Pb in this study were lower than their lowest dibeclimits (LODs) (see Table 3.4).
Furthermore, Cd concentration was an order of ntadeilower than its LOD, while
mean total Ni and Pb concentrations were only maityi lower than their LODs.
Analysing raw data for unfiltered runoff sampleshas been identified that the 30 out
of 48 data for Cd (4 data for the 4 primary studgssfor each runoff events) were
below LOD, while for Ni and Pb they were 21 anddl2 of 48 lower than their LODs.
Therefore, mean concentrations of these three heeatgls for total runoff samples

(unfiltered) must be used with caution.

6.3.1 Descriptive Statistics of Site-specific Heawletals

Now summary statistics of heavy metal concentratidar both dissolved and
particulate phases are presented for all four pyirstudy sites, see Table 6.5. Standard
values for dissolved and particle bound heavy nmdatentrations associated with the
protection of aquatic species are also shown inahke. Note that at present in the UK
only environmental quality standards (EQS) for digsd metals are available from the
Environmental Agency (EA, 2003), and no such stesh@daadopted for particle bound
heavy metals; hence sediment quality guidelinesG@B5&uggested by the Canadian
Council of Ministers of the Environment (CCME, 200@nd Flemish SQG (de Deckere
et al., 2011) are used for this study. Note thate¢hare some differences between the
Canadian and Flemish standards (Table 6.5). Thentestudy by Zgheib et al. (2011)
also used these guidelines to evaluate their mesart stormwater quality in Paris,

France.

In general, the mean dissolved concentrations fora@d Zn at all sites exceeds
recommended values, while other metal concentratial significantly below their

respective EQS values. In contrast, the mean ctratiems of all the particle bound
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heavy metals for most of the sites were found tosigmificantly higher than the

recommended guideline values for the protectiomadfatic life, as seen in Table 6.5.
Overall, comparing metal concentrations in the @mésstudy to respective standard
values, it can be noted that levels of Cd, Cr andare unlikely to pose any acute
danger, while Cu and Pb levels may have a fatekefin sensitive aquatic species for

short and long term exposure, as was also four@léyents et al. (2000).

Table 6.5: Summary statistics of heavy metal concentrationsad runoff (a total of

12 rainfall monitored) at the sampling sites alontlp standard guideline values

Metal Dissolved concentration (ug/l) EOS Particle bound concentration (g ®g SQG  SQG
RB RSC Rl SR (ugl) RB RSC Rl SR (mgkg) (mglkg)

Cd 0.098 0.120 0.124 0.099 5 0.90 1.11 1.00 1.13 0.60 1
+0.06 +0.091 +0.092 +0.07 +0.21 +0.28 +0.23 +0.27

Cr 7.500 8.758 8.172 10.33 20 57.67 65.58 59.79 74.33 37.3 62
+2.541 £3.282 £2.250 4.91 +13.93 +18.89 £20.07 £22.71

Cu 17.174 19.834 21.255 22.25 5 110.67 145.79 137.29 142.63 35.7 20
+5.812 +6.356 +8.854 +£7.52 +21.98 +27.76 +29.32 131.26

Ni 1.654 2.187 1.984 1.82 30 28.75 34.29 31.79 36.92 - 16
+0.590 +0.792 +0.672 +0.63 +5.28 +8.11 16.24 +6.43

Pb 0.576 1.248 0.718 0.92 25 61.50 95.42 52.87 66.83 35 40
+0.593 +1.220 +0.801 +1.06 +10.98 +27.67 16.07 £16.73

Zn 41.425 55.084 56.504 73.08 40 193.42 206.62 204.17 214.79 123 147
+8.652 +8.792 +13.92 +17.05 +23.38 +27.17 +25.66 £30.38

Metal concentration is presented as: mean tstardkanation

Site ID: RB = Road bend, RSC = Road with speedrobmheasures, Rl = Road intersection, SR =
Straight road

1 EQS = Environmental Quality Standard (Annual agervalue) in the UK (EA, 2003)

2 SQG = Sediment Quality Guidelines for the pratecof aquatic life (CCME, 2007)

3 SQG = Final Flemish Sediment Quality Guidelinds Deckere et al., 2011)

The mean concentration of dissolved Cu ranges flbfnto 22 ug/l, which is

approximately 3.5 to 4.0 times higher than the nemended EQS values. Similarly Zn
concentrations (ranges from 41 - 73 ug/l) are ©.A.B times greater than the EQS
values. Conversely, dissolved concentrations cdr€rl/3 to ¥ of the EQS value, while
concentrations of Cd, Ni and Pb are an order ofmtade lower than their respective
EQS values. Concentration ranges for particle bauethls are found as 0.90 to 1.13,
58 to 74, 111 to 143, 61 to 67 and 193 to 214 m{§ foy Cd, Cr, Cu, Pb and Zn,

respectively, across the sampling sites, whichagmroximately 1.5 to 2.0, 1.6 to 2.0,
3.0to 4.0, 1.8 to 2.7, and 1.6 to 1.7, respectjveines greater than the Canadian

standard values for protecting aquatic speciesl€Tab).
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Apart from Pb, other metal concentrations did ndtilgit any statistically significant
difference between the sampling sitgs X 0.05 from the Kruskall - Wallis test).
However, as seen in Table 6.5, the SR site conthm$argest concentrations for most
of the metals in both phases with the exceptiondisbolved and particulate Pb,
dissolved Cd and Ni, and particulate Cu, for whickater concentrations were found at
RSC site. The concentrations of metals at the &l afe marginally lower than the
concentrations found at the RSC site, with the pttae of Pb in both phases for which
concentrations are significantly smaller, while sgised Cd, Cu and Zn show
marginally greater concentrations than those aRB€ site. The metal concentrations
in both phases at the RB site display the lowelstegafor all the metals, but they are not
significantly different to their values from thehet three sites (with the exception of
dissolved Zn).

The greater concentrations at the SR site are plplmhue to the high traffic volume

there. In addition, there is a greater availabiityfiner RDS at this site compared to the
other sites (believed to be more chemically adibreheavy metals), as seen in Chapter
4 (Table 4.5). However, considering the trafficawoks of 200, 250 and 285 VPH at the
RB, RSC and RI sites, respectively, which were axipnately one third to one half of

the SR site (650 VPH), heavy metal concentratioesrnat always found to vary in

accordance with increasing traffic volume, rathefiea metals were present at even
higher concentrations at lower traffic volume sities example, RSC), as noted earlier.
The higher metal concentrations at lower trafftesisuggest that site specific attributes
(road lay-out, road condition, traffic movementtpats, and presence of road paints)

are important influences on metal emission pattartise road traffic environment.

6.3.2 Influence of Particle Sizes on Particle-bounifletal Concentrations

The distributions of metals on different particiees of road runoff sediment are of
particular importance for urban diffuse pollutiontigation. The distributions of heavy
metal concentrations (from 12 runoff events) focreaf two particle size fractions for
all four primary study sites are presented as bimtspin Figure 6.5. Note that
concentration scales vary between the metals pexteMhe concentrations vary
significantly in magnitude between metals and ated in the order of Zn, Cu, Pb, Cr,
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Ni and Cd for the present study. This pattern isegally consistent with previous
studies elsewhere (e.g. Drapper et al., 2000; Eaglet al., 2007; Crabtree et al., 2008).
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As seen in Figure 6.5, usually the highest mearcewmation for all metals was
associated with the finer size fraction (<63um)dbrfour sites. It can be seen that the
variation of all the metals between all the sangpBites was similar with the exception
of Pb at the RSC site. The Kruskal-Wallis testsnsdwbthat there is always a significant
difference p <0.05) between the mean concentrations measuretheintwo size
fractions. In general, the <63 pum size fraction taored 2 to 4 times larger
concentrations of Cd, Cr, Cu and Zn than the 25@u83size fraction for all four sites,

indicating the metals’ affinities to the finer ftam.

For the smaller size fraction (<63 pum), the highmstin concentrations of Cr, Cu and
Pb were found at the RSC site, while Cd, Ni andwa&me highest at the SR site. The
mean metal concentrations of Cd, Cu, Ni and ZmetRI site were close to the values
at the RSC and SR sites, while at the RB they vievad to be lower than their

respective values at the RSC and SR sites. Meaan@Pb concentrations were more

variable across the sampling sites.

For the larger size fraction (250-63 um) the meamcentrations for all metals except
Pb showed only a very small variation across th€ RS and SR sites. However, all
the metal concentrations were marginally lowerhat RB site than at the other three
sites. In the case of Pb, an unusually high lewad ¥ound at the RSC site for both size

fractions compared to all other sites.

6.4  Seasonal Variability of Runoff Quality

Table 6.6 shows the seasonal variability of metahcentrations in runoff water
averaged over all four primary study sites. Fomparison, published studies are
available in the literature. In particular, seasongiuence has been found to be studied
extensively in Sweden (e.g. Backstrom et al., 2008sterlund and Viklander, 2006;
Hallberg et al., 2007). However, a few other stgdare also available from the USA
(Glenn and Sansalone, 2002; Lee et al., 2004), Chdlitree et al., 2006) and Germany
(Helmreich et al., 2010).

To start with, TSS concentrations were found tohlggest in summer and lowest in

autumn and winter. Note that the standard deviatioh TSS concentrations are
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relatively high which indicates that the TSS dataewvspread out over large ranges. The
high TSS during summer months is probably assatiatiéh the number of dry days
between rainfall events which allows sediment bujgdon road surfaces, as found for
dry sediment in Chapter 4. The TSS concentratiorthis study in winter, smaller than
the expected values reported elsewhere (e.g. Vilesdeet al., 2003), did not reflect a
significant influence of using de-icing salt andadogrits, which are typically greater
than 500 um in size. The possible explanation fis tould be linked to the low
intensity rain (2.7 mm/hr) of the single monitoredhter rainfall event, which was
unlikely to transport these particles during thieaff event. However, the seasonal TSS
profile for this study was found to be consistenthwother published studies by
Brezonik and Stadelmann (2002) from the USA andciBde and Li (2006) from

Canada.

Table 6.6: Seasonal variability of storm events and heavyamebncentrations

(averaged over sampling sites) in road runoff

Summer (SUMM)  Autumn (AUT) Winter (WINT)  Spring (SPR)

n 16 20 4 8

ADD (day) 2-20 0.2-13 7.5 2.5-6

PRE (mm) 8-74 4-17.5 24 15-38

DUR (hr) 1.7-10.87 1.06-2.88 8.75 1.55-5.75

INT (mm/hr) 1.3-11.35 3.65-10.96 2.7 6.52-9.85

TSS (mg/l) 302 + 240 203 + 100 209 £+ 112 242 +£107

Metal Dissolved concentration (ug/l) Particle bauconcentration (mg kb
SUMM AUT WINT SPR SUMM AUT WINT SPR

Cd 1.00 0.09 0.26 0.16 1.0 1.11 1.16 0.94
+1.00 +0.07 +0.03 10.05 +0.27 +0.33 +0.19 10.16

Cr 6.31 8.30 15.00 11.25 70.88 6850 49.37 43.62
+2.18 +2.13 +3.83 12.82 +20.09 +22.13 +7.74 %7.73

Cu 20.81 15.15 29.00 26.75 141.44 130.73 126.25 110.63
550 +5.77 258 15.36 +30.03 +36.44 +8.54 *16.13

Ni 1.57 1.70 2.90 2.59 32.18 34.75 3250 24.62
+0.56 +0.57 +0.26  10.25 +7.06 +8.23 +2.89 *4.40

Pb 1.00 0.14 2.32 1.65 79.84 60.25 66.25 55.75
+0.98 +0.15 +0.55 10.61 +27.36 +23.03 +14.36 111.98

Zn 59.75 50.85 67.75 57.87 218.94 197.75 192.50 182.87

+21.31 1257 +17.84 +10.88 +30.05 +24.25 +19.36 +18.07

* Only a single rain event was sampled during winte— Total number of runoff samples collected and
analysed; ADD- Antecedent dry days; PRE-Precigitatiepth; DUR-Duration of rainfall; INT- Average
rainfall intensity; TSS - Total suspended solids

TSS and metal concentrations are presented as: fist@mdard deviation of all events occurring inteac
period
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Considering heavy metal concentrations, all metelcept Cd showed higher
concentrations in the dissolved fraction during thimter followed by the spring,
summer and autumn. For example, dissolved Ni, Rb@Gmnwere 1.85, 2.32 and 2.40
times higher during the winter compared to thespeetive summer concentrations
(Table 6.6). In contrast dissolved Cd was 4 timighdr in the summer than in the
winter, which shows disparity with other previodusdies elsewhere (Westerlund et al.,
2003; Hallberg et al., 2007). Both dissolved Cu @ndshowed only a slight increase
during the winter.

On the other hand, the particulate Cr, Cu, Pb am@xhibited elevated concentrations
in the summer. For example, concentrations of apprately 219, 141 and 80 mg kg
in the summer compared to approximately 192, 12668nmg kg in the winter for Zn,
Cu and Pb, respectively (Table 6.6). In contrdm,Highest concentrations of Cd and Ni
occurred in autumn and winter, respectively. Siatifly significant differencesp&
0.05 the Kruskal-Wallis test) were found for botletal partitions between seasons for
all metals except Zn and Cu.

Comparing the variability of seasonal metal coneditns with published studies
elsewhere, the seasonal pattern of metal concemtrast basically consistent with that
reported by Lee et al. (2004), Crabtree et al. §20&nd Hallberg et al. (2007).
However, a marked variation, particularly for thent®r metal concentrations, is found
in Swedish (Westerlaund et al., 2003) and Germagiest (Helmreich et al., 2010). This
variation is not unexpected and is possibly linkedhe nature of the winter weather in
Sweden and Germany. It appears that the winterhgeatften stays as long as 4-6
months in Sweden, which requires extensive useoad rgrit and road salt for road
surfaces, and in addition, studded tyres are usezars (e.g. Westerlund and Viklander,
2006). Hence, increased corrosion of vehicles aad furniture (due to the longer wet
exposure to a hostile environment) along with gnedegradation of road surfaces may
increase the metal concentrations during the wimeBweden, compared to shorter
spans of snow and ice in regions like the UK. Aikimsuggestion was reported by

Helmreich et al. (2010) in their study in Germany.
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6.5  Correlation Analyses

6.5.1 Heavy metal Concentrations and TSS
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Figure 6.6: Correlation between metal and TSS measured onfreanfples.

It is very common practice in road runoff studieseiplore the relationship between

metal concentrations and TSS with the aim of qédng metal load by measuring
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TSS. In this regard, a linear correlation betwees mean metal concentrations and
TSS, measured from the total runoff sample (asudsed in beginning of section 6.3),
was explored (combining data from all four samplsnigs), as seen in Figure 6.6. The
results from a regression analysis for each me¢apeesented in the figure, showing the
intercept and slope. The coefficients range froB®@o 0.78, suggesting weak to strong
relationships between metal concentrations and V&8le Zn, Ni, Cu and Cr showed
moderate strength (R 0.50), Cd and Pb indicated little or no relasioip with TSS.

The strength of relationship found for this studysignificantly below what would be
expected from the literature. In general, most led earlier studies on road runoff
elsewhere reported a very strong relationship>R.90) between metal concentrations
and TSS (e.g. Sansalone and Buchberger, 1997; &ragpal., 2000; Shinya et al.,
2000; Hallberg et al., 2007). Although the findirfgem the present study differ (based
on the strength of the correlation) with aforememéid studies, they are not unique, as
they are in accordance with a few other previoudiss. For example, Han et al. (2006)
reported some weak to moderate relationships iir gtady in the USA. In even
greater contrast to much published work, Crabtrieal.e(2008) found none of the
analysed metals correlated well with TSS conside840 runoff events at 30 different
sites in the UK. Based on the discussion aboves dlear that using TSS as a sole
surrogate parameter in the modelling of road rupoffutants may not always generate
a satisfactory result for all stormwater pollutanisless other issues e.g. the dynamics
of metals’ affinity to attach to sediment is wetlderstood. However, in the context of

this study, all metals except Cd and Pb can be headeeasonably well with TSS.

6.5.2 Correlations between Metal Concentrations an&torm Variables

To evaluate the influence of rainfall variablestbe road runoff metal concentrations, a
correlation analysis was carried out. The explayatariables considered for rainfall

were precipitation depth (mm), rainfall duratior),(Average rain intensity (mm/h) and
days since last rain event. Initially, a correlatemalysis was performed between total
heavy metal concentrations found in unfiltered flisamples (without separating into

dissolved and particulate phases) and storm vasalblowever, not many statistically
significant correlations were found. Therefore,aafe correlations for dissolved and

particle phases (for different size fractions) watkplanatory variables were performed
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for heavy metal concentrations data (averaged allefour primary study sites), as

presented in Table 6.7. For the present study,ddma did not display Gaussian

distributions for most of the parameters; hencenthreparametric Spearmen rank-order
correlation was used. Only statistically signifitamorrelations at a 95% confidence
limit between heavy metal concentrations and exitay variables are presented in
Table 6.7.

As seen in the table, the correlation coefficiariges from 0.195 to 0.805, indicating
weak to strong statistical strength between meaiatentrations and rainfall variables.
This finding is consistent with other publisheddséis, for which similar variability and
ranges were also found for concentrations betwed#atants in road runoff and rainfall
variables (e.g. Brezonik and Stadelmann, 2002; Keyhet al., 2002).

Table 6.7: Spearmen rank-order correlation coefficients betweainoff pollutants and

storm variables (only statistically significant pelations are shown here)

Dissolved metals (n=48)

PRE DUR INT ADD
Cd
Cr
Cu 0.406 0.707 -0.384
Ni 0.328 -0.386
Pb 0.372 0.805 -0.534 0.374
Zn 0.396 0.434
Particle bound metals for size fractions 250-63 (4 8)

PRE DUR INT ADD
Cd 0.195 0.414
Cr 0.389
Cu 0.345 0.367
Ni 0.387
Pb 0.425
Zn 0.309 0.359 0.548
Particle bound metals for size fractions <63 um48¥

PRE DUR INT ADD
Cd 0.223 0.424
Cr 0.407
Cu 0.421 0.594
Ni 0.417
Pb 0.389 0.328 0.347
Zn 0.485 0.697

PRE=precipitation (mm); DUR=duration (h);
INT=average intensity (mm/h); ADD= antecedent daysisince last event

Furthermore from Table 6.7, the dissolved fractiball metals except Cd and Cr were

correlated with rainfall duration. The strongedatienships were for Pb (r = 0.805) and
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Cu (r = 0.707). Cu, Pb and Zn were correlated wipth of precipitation. All metals
except Zn were negatively correlated with rainfadtensity. Only Pb showed a
relationship with the number of antecedent dry ddyissolved Cd and Cr did not
display any significant correlation with any of tbeplanatory variables. Overall rainfall
duration was found to be the primary factor withmgoinfluence from precipitation
depth and intensity for most of the dissolved metaicentrations. Similar suggestions
were found from previous research. For examples&ane et al. (1996) found that less
intense rain with longer duration was capable afegating runoff containing higher

dissolved metal concentrations than shorter, nrasnse events.

For particle bound metal concentrations, depth recipitation and rainfall duration
have almost no correlation with metal concentratitor both particle size fractions, as
seen in Table 6.7. The strength of correlation watinfall intensity and the number of
dry days between rainfall events is found to béndigor the finer size fraction (< 63
pm) than the larger size fraction (250-63 pm), altdh none of the correlations are
strong. All metals except Pb in the 250-63 um $raetion were correlated with the
number of dry days, signifying the idea of a pafate metal build-up on roads, as
discussed in Chapter 4. The strongest relationskgre for Zn (r = 0.697) and Cu (r =
0.594) for the size fraction below 63 um. 4 oubahetals were correlated with rainfall
intensity for both size fractions, which possibliggests that intense rainfall is capable
of dislodging sediments deposited on road surfages the dry period, which are then
washed-off in the runoff (Irish et al., 1995; Sdaoea et al., 1998; Shaw et al., 2006).
These results highlight the different processeslired in generating metal pollution in
the dissolved and particulate phases of runofafainfall event.

6.5.3 Correlations between Metal Concentrations

Next, correlations between metal concentrationsevassessed to explore any inter-
relationships that could help to describe severatamdistributions from one other
metal, thus removing the need to monitor all thdlupents. Table 6.8 shows the
correlation coefficients between the metal con@iuns. It shows that dissolved Cu
shows a relatively good associatiorr(0.6) with all other metals except Cr (r = 0.418).

The results suggest that dissolved Cu can be usedsarrogate parameter for other
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dissolved metals, thus minimising time and coshonitoring road runoff water quality

pollutants.

All particulate bound metals exhibit statisticalfygnificant relationships with each
other with the exception of Pb and Cd in the 250463 size fraction. The correlation
coefficients range from 0.315 to 0.702 for the B30um size fraction. Relatively
strong correlations ¢ 0.7) were obtained for Cr with Cd and Ni, and @t with Ni (r
=0.697), while moderate relationships~r0.6) were found for Cu with Zn and Ni
(Table 6.8).

Table 6.8: Spearmen rank-order correlation coefficients betweunoff mean metal
concentrations (only statistically significant agations are shown here)

Dissolved metals (n=48)

Cd Cr Cu Ni Pb Zn
Cd 0.692 0.652 0.834 0.466
Cr 0.692 0.418 0.609
Cu 0.652 0.418 0.639 0.702 0.601
Ni 0.834 0.609 0.639 0.528 0.323
Pb 0.466 0.702 0.528 0.398
Zn 0.601 0.323 0.398
Particle bound metals for size fractions 250-63 (4 8)

Cd Cr Cu Ni Pb Zn
Cd 0.702 0.544 0.697 0.586
Cr 0.702 0.530 0.700 0.315 0.513
Cu 0.544 0.530 0.586 0.540 0.603
Ni 0.697 0.700 0.586 0.341 0.442
Pb 0.315 0.540 0.341 0.372
Zn 0.586 0.513 0.603 0.442 0.372
Particle bound metals for size fractions <63 pum 48F

Cd Cr Cu Ni Pb Zn
Cd 0.557 0.673 0.794 0.358 0.501
Cr 0.557 0.675 0.705 0.527 0.487
Cu 0.673 0.675 0.707 0.557 0.722
Ni 0.794 0.705 0.707 0.386 0.459
Pb 0.358 0.527 0.557 0.386 0.496
Zn 0.501 0.487 0.722 0.459 0.496

Although similar patterns of correlation were fouiod the size fraction below 63 pm
compared to 250-63 um size fraction, the strenfttoaelations for the finer fraction
were found to be a little higher. The correlatiaefficients range from 0.358 to 0.794
for size fraction below 63 um. The stronger relagitips were for Ni with Cd (r =
0.794) and Cr (r = 0.705) followed by Cu with Zn<r0.722) and Ni (r = 0.707). Cu
shows good association with Cd, Cr, Ni and Zn, mclv cases correlation coefficients
were above 0.60. Similar correlations between #réiqulate phase of many metals can
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be found elsewhere (Mosley and Peake, 2001; Hallberl., 2007; Helmreich et al.,
2010). Furthermore to note that, based on the gitnef relationship between
particulate metals (Table 6.8), it can be suggested similar to dissolved metals
particulate Cu can be used as a surrogate pararfatesther particulate metals

(particularly for the sediment size < 63 um).

The association of heavy metals with runoff sedinseiggests that the implementation
of infiltration trenches or retention basins, cdpaio retain finer sediment, could be a
viable source/site control option for the studyaar®o mitigating the potential pollution

exerted by runoff water on nearby receiving waters.
6.6 Pollution Assessment for Runoff Sediment
To better judge the potential environmental contetion, the degree of contamination

(CD) and potential ecological risk (PERI) were cédted for the runoff sediment

(irrespective of sediment size fractions), as showfigures 6.7 and 6.8.
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Figure 6.7: Bar chart of degree of contamination (CD) for metal runoff sediment.
(Grey, dotted and solid lines represent upper $roitlow, moderate and considerable

degree of contamination, respectiveigB-Road bend, RSC-Road with speed control, RI-Road

intersection, SR-Straight road]
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From the CD values, it appears that sediment aasacivith runoff events falls within
the considerable to high degree of contaminatiamdbdor all monitored events and
sampling sites. The RSC and SR sites for 3 ouaibnitored rain events had Cb
24 (suggesting high degree of contamination) ancevilee most contaminated sites.
However, none of the monitored rain events at tBeaRd RI sites displayed CB 24.
Furthermore, all 3 rainfall events with GbB24 occurred between the summer and early
autumn. The highest CD of 29 was at the SR sitei@d by 28, 24 and 22 at the RSC,
RI and RB sites, respectively, all for the 1 Aug2810 rain event. This 1 August 2010
rain event was a high intensity (10.96 mm/hr), skaration (1.23 h) event following a
relatively long dry period (10 days), which mayelik have transported more fine
sediment and associated pollutants. Similarlywia bther rain events on 14 July 2010
and 1 July 2010, the CD values were 25 and 24ea6fR and RSC sites, respectively.
The degrees of contamination for other rain eventsitored during late autumn,
winter and spring, were lower than 24, suggestiog o moderate degrees of

contamination.
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Figure 6.8: Bar chart of potential ecological risk index (PER)y metals in runoff
sediment. (Grey and dotted lines represent uppdtsliof low and moderate level of
ecological risk, respectivelyiRB-Road bend, RSC-Road with speed control, RI-Rogtsection,
SR-Straight road section]
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The potential ecological risk index, PERI, givesliuddual weights for the metals
depending upon their toxic effect on healthy aquéfe, as proposed by Hakanson
(1980). As seen in Figure 6.8 and as expected, BE®I/s peaks for similar rain events
as seen for CD. Based on the results, it has lmerdfthat in general the runoff water
posed low to moderate levels of ecological riskwideer, 1 July, 14 July, 1 August and
7 September 2010 rain events, where all the sampltes showed PERI 75, suggest
an occasional significantly higher moderate levetisk from the runoff sediment that
may in turn have a significant effect on sensiaigeiatic species (Clements et al., 2000).
The SR sampling site was most contaminated withERIP> 75 for 10 out of 12
monitored rain events, followed by the RSC sitehwitevents exceeding PERI’5, the

RI site with 6 events, and the RB site with 4 rawents. However, considering the
magnitudes of PERI from all 12 rain events, on ager the highest values are at the
RSC, while the lowest are at the RB. The SR sigeRtERI values very close to the RSC
site, while at the RI site they are marginally l@gthan the RB site.

6.7 Analysis of Snow Samples

Snow is another type of wet weather by which pahig could be transported to the
drainage system. This was studied at a limitedestalget an initial impression of
pollutant wash-off during snow events. Note thaskr snow samples were collected
rather than runoff induced by snow-melt on roadetails of sample collection,
preservation and testing methods were discussdiokrear Chapter 3. This section
presents particle size distributions, dissolved aineand particle bound metal
concentrations. Finally, pollution assessment feavy metals in snow samples is also

presented and discussed.

6.7.1 Particle Size Distribution

Figure 6.9 displays snow derived sediment sizeibigtons from 5 monitored events
sampled at the four primary study sites. As seerthm figure, the particle size
distributions for all the snow events monitored eveery similar, with few significant
differences between them. The meanwlas found as 38 um (with a range of 35 - 42

pum), indicating very fine sediment in comparisorthiat observed in dry sedimentdd
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120 — 255 um) and in runoff sedimentyd 68 — 140 um). The difference between the
rainfall and snowfall events may be linked to tliveekic energy required to transport the
available sediment, for which the snow-melt run@though not sampled here) likely

had the lowest.

It is also apparent from Figure 6.9 that approxehya?0% of the sediment had sizes
below 63 um. Dust particles in the atmosphere dusmow precipitation may likely
contribute to high percentage of fine particlesglaith particulate matter derived from
the road traffic environment. Dust particles, dedWrom atmospheric deposition and
from the car exhaust, often called particulate ema® My for which do < 10 um, are
more prone to be re-suspended due to wind and wahiturbulence from the road
surface. The proportion of this RiMin atmosphere may likely be trapped and deposited
on the road surfaces during snow and so be availabkhe road surfaces. However, in
the case of the dry sediment, it is very likelyttbame of the P sediment is lost prior

to collection due to the turbulence induced by wand traffic movement.
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Figure 6.9: Particle size distribution curve for snow derivegdisnent from road

surfaces (average over all sites)
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Considering the event mass loads from the snow lesmmass load ranged from 20 g
to 400 g for all 5 snow events across the sites1(f2 kg of snow collected from each
site), which is significantly below the range of §@o 6370 g, reported by Westerlund
et al. (2003) in their study in Sweden. As discdssarlier in section 6.4, this difference
may be explained the nature and extent of the wimethe two different climate
regions. Based on the Swedish study by Westerladdvéklander (2006), it is apparent
that winter weather often lasts for as long as #d@ths in Sweden, thus requiring
extensive use of road grit and road salt for roadases, and studded tyres on cars.
Therefore, any snowpack will remain for several therin Sweden and is likely to trap
more particulates, whereas the snowpack in the $JKormally only present for a few

days - week.

6.7.2  Descriptive Statistics of Heavy metal Concemitions in Snow

Summary statistics of both dissolved and particdenal heavy metal concentrations
(irrespective of particle size fractions and averagver all sites) are presented in Table
6.9. Standard values for dissolved and particlendobeavy metal concentrations to
maintain water quality for the protection of aguagpecies, are also shown in the table.
Details regarding the standard values were disdusagier in section 6.3.1.

Table 6.9: Descriptive statistics of heavy metal concentretiaveraged over the sites

and sediment size fractions) in snow samples

Metal  Dissolved metals (ug/l) EAS Particulate metals (mg Ky  Flemish SQG
Range Mean +SD (ug/l) Range Mean + SD (mg kg?)

Cd 0.01-0.07 0.04 £ 0.02 5 1-2 1.3+£0.30 1

Cr 7-22 13+3.7 20 15-28 214 62

Cu 4-20 11+4 5 59 -125 87 +19 20

Ni 0.4-22 1.3+04 30 13-27 21+3 16

Pb 0.06 — 0.75 0.22+£0.2 25 61 — 138 88 £ 22 40

Zn 12-24 17+ 4 40 185 - 292 233+34 147

T EQS = Environmental Quality Standard (Annual ageraalue) in the UK (EA, 2003)
2 SQG = Final Flemish Sediment Quality Guidelines Qeckere et al., 2011)

As seen in Table 5.9, all the dissolved metals gix€a were significantly below their

EQS values, while all the particulate metals ex€apivere found to exceed the Flemish
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SQG for protecting fresh water ecosystems. It igartant to note that all the dissolved
metal concentrations were lower than their LODsréfore these results should be used

with caution.

The mean concentrations reported here are lowerith®&wedish and German studies
(e.g. Westerlaund and Viklander, 2006; Hallberglet2007; Helmreich et al., 2010).
As stated earlier, differences in climatic condigdlonger and colder winter in Sweden
compared to the UK), and hence snow managementunesasequired for roads (road
salt and road grit, studded tyres for cars) magiyilexplain this variability. Moreover,

snow subjected to prolonged exposure to road Nalt() is found to behave differently

than fresh snow, as found in Novotny et al. (1999)nn and Sansalone (2002),
Reinsdotter and Viklander (2007). These authors atsed that the presence of road
salt during snow-melt significantly influences theavy metal concentrations, and their

partition between dissolved and sediment phases.

6.7.3 Site and Grain size Specific Heavy Metal Coantrations

Grain size specific heavy metal concentrations nows samples for each site are
presented in Table 6.10.

Table 6.10:Site and size specific metal concentrations (md) ky snow sediment

Metal Particle size 250-63 um Particle size < 63 um

RB RSC RI SR RB RSC RI SR
Cd 13+04 12%x03 13+x03 15%03 1450 13%0.6 15+0.7 1.7+09
Cr 19+11 22 +13 24 £10 19+13 79 +£23 106+ 3 59+18 95+41
Cu 72+29 82+22 87+20 10621 184 + 54 23U+ 17841 212 £ 59
Ni 21+4 21+5 18+3 234 3713 338 26 34+10
Pb 64 £ 31 118 +61 4616 57 +17 109 £33 1RY 87 +23 110 £40
Zn 167 +£40 209+47 199+38 219x42 418+101 215108 415+110 487 105

Sampling sites: RB — Road bend; RSC — Road witkedpentrol; Rl — Road intersection; SR — Straight
road section

As seen in Table 6.10, snow sediment size fractidd8 um contains up to 5 times
higher metal concentrations than the 250-63 umfsation across the sampling sites
(except Pb at the RSC site and for Cd at all sifBis¢ distribution of heavy metals in

different sediment size fractions is consistentwtite results found for dry and runoff
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sediment. For each sediment size fraction, theree we statistically significant
differences between the site-specific metal comaéons f > 0.05; Kruskal-Wallis
test).

Considering sites, for the < 63 um size fractidw highest concentrations for most of
the metals were found at the RSC site followedhey$R, RB and RI sites. In contrast,
for the sediment size fraction 250- 63 um, the ésglconcentrations for all the metals,
except Pb and Cr, were found at the SR site. Tiieelst Cr and Pb concentrations were
found at the RSC and RI sites. It was further ndied although Cr concentrations were
similar at all sites, Pb concentrations were apijpnately 2 to 3 times higher at the RSC
site than elsewhere. The weathering of road p&oadicularly yellow lines) at this site
may likely cause this difference, as commentedashee.

6.7.4 Correlations between Heavy Metal Concentratits

Correlation analysis between heavy metal conceotrsin snow samples were carried
out averaging data over all 4 sites and all 5 sewents, as seen in Table 6.11. For
dissolved metals, correlation coefficients rangenfr0.223 to 0.681 suggesting strength
of correlation is weak to moderate. In generataih be seen that dissolved Cu shows a
relatively good association ¥r0.5) with all metals (see Table 6.8). The ressiiggest
that dissolved Cu can be used as a surrogate perafoe other dissolved metals, as

also found for runoff samples.

For particulate bound metals, only Ni exhibitedtistecally significant relationships

with other metals in the 250-63 um size fractiam.cbntrast, Cr showed the lowest
number (2 out of 5) of statistically significantroglations, only for Cr with Cd and Cr
with Ni. Cd, Cu and Zn, all display 4 out of 5 pids correlation coefficients with

other metals, while for Pb the number of statidigcsignificant relations was 3 in the
250-63 um size fraction (Table 6.11). The corretattoefficients range from 0.139 to
0.591 indicating poor to moderate association betweetals in the 250-63 um size
fraction. Only the correlation coefficient betwe€d and Cu was found above 0.50,
while relationships for other metals (0.1 < r <)0aere found as very poor to weak.
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Table 6.11: Spearmen rank-order correlation coefficients betweheavy metal

concentrations in snow (only statistically sigrdiint correlations are shown here)

Dissolved metals (n=20)

Cd Cr Cu Ni Pb Zn
Cd 0.263 0.580 0.346 0.418 0.468
Cr 0.263 0.681 0.485 0.507 0.590
Cu 0.580 0.681 0.524 0.578 0.659
Ni 0.346 0.485 0.524 0.461 0.540
Pb 0.418 0.507 0.578 0.461 0.223
Zn 0.468 0.590 0.659 0.540 0.223
Particle bound metals for size fractions 250-63 (n=20)

Cd Cr Cu Ni Pb Zn
Cd 0.318 0.591 0.395 0.327
Cr 0.318 0.149
Cu 0.591 0.463 0.420 0.478
Ni 0.395 0.149 0.463 0.139 0.427
Pb 0.420 0.139 0.403
Zn 0.327 0.478 0.427 0.403
Particle bound metals for size fractions <63 um 20F

Cd Cr Cu Ni Pb Zn
Cd 0.457 0.672 0.441 0.387 0.587
Cr 0.457 0.702 0.356 0.495 0.664
Cu 0.672 0.702 0.634 0.618 0.763
Ni 0.441 0.356 0.634 0.319 0.602
Pb 0.387 0.495 0.618 0.319 0.662
Zn 0.587 0.664 0.763 0.602 0.662

In contrast, for the size fraction below 63 pm,th# metals showed correlations with
others, as seen in Table 6.11. Moreover, the gineaf correlations between metals
was found to be higher. The correlation coefficsersinge from 0.319 to 0.763 for size
fraction below 63 pum. The stronger relationshipsesMer Cu with Zn (r = 0.763) and
Cr (r = 0.702) followed by moderate relationships €u with Cd (r = 0.672) and Cr
with Zn (r = 0.664). Briefly, Cu was found to sh@weod association with other metals
in snow sediment, with correlation coefficients @®®.60. Similar correlations between
the many metals in the finer sediment size frastiohsnow sediment can be found in
Hallberg et al. (2007) and Helmreich et al. (2010).

6.8 Pollution Assessment of Snow Sediment

The degree of contamination (CD) and potential @gichl risk index (PERI) were
calculated for snow sediment (irrespective of sediinsize fraction) to assess the
contamination at the primary study sites. Figurd® &nd 6.11 demonstrate the CD and

PERI results (averaged over all 5 snow eventspeacts/ely, for snow samples.
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Figure 6.10: Bar chart of degree of contamination (CD) for reeta snow sediment.
(Grey, dotted and solid lines represent upper $roitlow, moderate and considerable

degree of contamination, respectiveB-Road bends, RSC-Road with speed control, RleRoa

intersection, SR-Straight road]

As seen Figure 6.10, snow sediment at all the stesept the RB site showed
considerable level of contamination (CD12). The highest degree of contamination
was at the RSC site (CD = 16) followed by the RD(€ 14) and the SR (CD = 13)
sites. The higher CD at the RSC site was dominayerbnsiderable contamination with
Pb and Zn and moderate contamination of Cr andnGte snow sediment. As stated
earlier, degradation of road paint (Pb) along vepteed control measures (Zn, Cr, Cu)
may explain the abundance of these metals in sedwnent at this site compared to the

other sites.

The potential ecological risk index, PERI, whiclesisndividual weights for the metals
depending upon their toxic effect on healthy aquéate, as suggested by Hakanson
(1980), was estimated with necessary modification Snow sediment. As seen in
Figure 6.11 the results are consistent with ther€dlts, with the largest PERI being at
the RSC and the smallest at the RB.
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Figure 6.11: Bar chart of potential ecological risk index (PERIr metals in snow
sediment. (Grey and dotted lines represent uppdtsliof low and moderate level of

ecological risk, respectivelyiRB-Road bends, RSC-Road with speed control, RleRotersection,
SR-Straight road]

The PERI ranges from 72 to 92, suggesting low taenate levels of ecological risk
from the snow sediment at the study sites. The RERIes are not markedly varied
between the sites. Based on the values of PERtest & is seen that snow sediment in
general posed marginally higher than a low leved@dlogical risk similar to runoff se
diment discussed earlier in section 6.6, if benaggported during snow-melt runoff or
runoff from rain-in snow events (not monitored the present study) to the nearby
watercourse in the study area. However, a morensite investigation is needed to
increase the certainty of this conclusion. Indeeltection of runoff induced by snow-

melt (not sampled) rather than snow samples mightdeful for pollution assessment.

6.9 Conclusions

It has been revealed that only part of the ingti@lailable sediment was transported
during rainfall events, in particular, the finemladtions. The pollutant wash-off was
found to be a site-specific issue: a local washpaffameter was derived and compared
with a default value commonly used in commerciddaur drainage models, suggesting
that the default value is (significantly) inappriape for the studied road network. The
metal concentrations in runoff, especially for fheaticulate phase, were significantly
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higher at all the sampling sites than guidelinaugal A significant seasonal difference
for the dissolved and particulate concentrationsimoff samples for most of the metals
was observed between winter and summer rainfalhtsveAn assessment of the
contamination associated with the runoff sedimedicates a low level of ecological
risk for most of the runoff events monitored duriwignter and spring, while a few
summer rain events may likely pose a moderate igigntly higher) risk across the

sampling sites.

Heavy metal concentrations in snow samples exlibgenilar patterns to runoff
samples. An assessment of the contamination reldbkt snow sediment posed a
marginally greater than low level of ecologicakri®er most of the monitoring sites, if

being transported during runoff induced by snowtmel

Considering wash-off events (runoff and snow), #te®ngest correlations between
particulate metals were found to be associated th#ghsmaller size fractions compared
to larger size fractions. Based on the strengtthefcorrelations, it appears that Cu can
be used as a surrogate parameter for other metat®th dissolved and particulate

phases (in particular for the sediment size fracti®3 pum) for wash-off events.
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Chapter 7 — Comparative Assessment of Dry, Runoffral

Snow Sediment

7.1 Introduction

This chapter summarises the key results from Chapte5 and 6 with the aim of
discussing the comparative assessment of dry andweather (runoff and snow)
sediment monitored at the four primary study sdesing March 2010 to February
2011. The quantification of heavy metals in drypafi and snow sediment from roads
could provide more insight for an improved underdtag of how best to tackle diffuse
pollution using sustainable urban drainage systeiois roads. Heavy metal
concentrations and their distribution in differerge fractions of the different categories
of road sediment (dry, runoff and snow) at the feibes are compared and discussed.
Note that the monitored runoff and snow sedimedtrdit contain the largest sediment
size fraction (500-250 um), hence to keep the coispa consistent between the
categories of the sediments, only 250-63 um an@ gr@ size fractions are used here.
Following on, an assessment of pollution causedhésgvy metals in the different
categories of road sediment is presented. A summaithe key findings should be
helpful for getting an overview of sediment qualidgrived from the road-traffic

environment.

7.2 Particle Size Distributions

Table 7.1: Summary statistics of s¢l from the particle size distributions for road

sediment
Sediment type n Minimum (um)  Maximum (um) Mean * standard deviat{pm)
Dry road sediment 120 85 250 165 + 42
Runoff sediment 48 68 140 96 + 31
Snow sediment 20 35 42 38+3

L Number of samples

Table 7.1 describes the range and megrirdm the particle size distribution analyses
for dry, runoff and snow road sediments. As seethéntable, the # lies between 85 —
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250 pm, 68 — 140 um and 35 — 42 um, respectivaiytife dry, runoff and snow
sediment sampled from the road surfaces (averagedatl events and all the primary
study sites), as also discussed in detail elsewhetdapters 4 (Table 4.5) and 6 (Table
6.3 and Figure 6.9). Similarly, the order of measdran diameter,sd was found as 165

pum, 96 um and 38 pum, respectively.

The median diameter of dry road deposited sedimehtes reported here fall within
published ranges in the literature noted as angthetween 150 to 40Qdn (Sartor and
Boyd, 1972; Pitt, 1979; Butler and Clark, 1995, IBatl al., 1998; Deletic and Orr,
2005). However, meansglvalues for runoff and snow sediments were sigaifity
smaller compared to the dry sediment, suggestiag toarser particles, although
available on the roads may not be transported éodthinage system by runoff from
rainfall or snow-melt runoff at the study sites.iSimay also be due to the nature of
rainfall at the study sites (usually low intensit@imilarly it can be speculated that the
kinetic energy generated by runoff from the snowtraegent (although not studied) is
usually much lower than that from the low intensaynfall, and hence very unlikely to
transport coarser particles. This finding indicateat only a fraction of initially
available sediment on road, built-up between raiangs (in particular), was being
washed-off, for which smaller sediment size fratsiovere the key contributors, as
evident in Table 7.1.

7.3 Descriptive Statistics of Heavy Metals in RoaBediment

The descriptive statistics of heavy metal concdioina (averaged over all sites and
sampling events) in dry, runoff and snow derivedirsent on road surfaces are
presented in Table 7.2. The background conceotrmtof the metals from Riccarton
Campus are also shown along with the regional lrackgl values for Scotland

(Appleton, 1995). The local background values fbttee metals except Pb are found
very similar to the regional background values. Tdwer background value for Pb is
possibly Pb is phased-out of petrol nearly two desaor more in the UK. The mean
concentrations for all the heavy metals except Nows elevated concentrations
compared to their local background values (Tak® in dry, runoff and snow derived

sediments, suggesting that the road sedimentsighy ltontaminated by heavy metals
related to the road-traffic inputs in addition tsmaspheric deposition.
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The mean concentrations reported here for heavglsiet dry and runoff sediment are
consistent with previous studies in the UK (Chaviesh et al., 2003; Deletic and Orr,
2005; Crabtree et al., 2006; Robertson and Tagl@0/; Crabtree et al., 2008; Pal et al.,
2011), and other parts of the world (Ball et a@98; Kim et al., 1998; Drapper et al.,
2000; Brezonik and Stadelmann, 2002; Sutherlan@32Blan et al., 2006; Gan et al.,
2008). The metal concentrations in snow sediméntghis study were lower than
previously reported values in Swedish and Germadiet (Westerlund et al., 2003;
Hallberg et al., 2007; Helmreich et al.,, 2010). Tdi6ference may be linked to a
relatively longer winter spell with persistent snoweverage in Swedish studies

compared to a rather short span of snow and quetking in the Edinburgh study.

Table 7.2: Descriptive statistics of heavy metal concentratidmg kg) in road

sediments (averaged over sites)

Metal Dry sediment Runoff sediment Snow sediment Local Regional
(n =120) (n =48) (n =20) background background
Range Mean + Range Mean + SD Range Mean + mean? mean’
SD SD (n=4)
Cd 0-4.00 1.00 +0.80 0.60-1.75 1.00 +£0.26 0.9m2 1.32+0.3 1 1.4
Cr 4-76 1711 35-120 64 + 20 15-28 21+4 8 a.n.
Cu 20-220 6741 79-206 134 =+ 30 59-125 8719 44 46
Ni 3-33 12+6 20-50 337 13-27 21+3 20 n.a.
Pb 6-621 92 +101 30-140 69 + 24 61-138 88 +22 8 2 115
Zn 99-460 212 +88 165-280 205 + 27 185-292 233+ 107 120

n - Number of samples analysed

SD — Standard deviation

& Metal concentrations were measured in RDS from sitad which carry no traffic
® Appleton, 1995

The distribution of the highest mean concentrabbmndividual metals was found as
follows: 1.32 and 233 mg Kgfor Cd and Zn, respectively (in snow sediment); 534

and 33 mg kg for Cr, Cu and Ni, respectively (in runoff sedirje®2 mg kg for Pb

(in dry sediment). On average, Cr and Cu conceatraitin the runoff sediment were
significantly higher compared to their concentnasioin dry and snow derived
sediments, while Cd, Ni and Pb exhibited little igaon, and Zn showed even less
variation among the three categories of sedimehés@& findings suggest that rainfall
runoff derived sediment carry the highest load assifor most of the metals, followed

by the snow and dry sediment.
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7.4  Site and Size Specific Heavy metal Concentrations

The distribution of mean heavy metal concentrationghe different particle sizes of
road sediments are of particular importance fort Ioesnagement practice regarding
road drainage. The influence and importance of phaeicle size distribution on
sediment associated metal concentrations have &densively studied and are well
documented in the published literature (e.g. Rabariand Taylor, 2007; Sansalone et
al., 2010). The distributions of heavy metal cornicgions for each of the two particle
size fractions (250-63 um and < 63 um) of roadmeedt for the four primary study
sites are presented in Table 7.3. Only heavy mébaisd at levels 150% higher than
their respective local background values (basedaisle 7.2), which is indicative of an
anthropogenic input (traffic) in addition to atmbspic deposition, are presented here.

As seen in Table 7.3, on average, the highest otrat®ns for most of the metals
(across the sampling sites for both particle sraetions) were found in the order of
runoff sediment > snow sediment > dry sedimentgéneral, sediment size < 63 um
usually contains approximately 2 to 4 times higt@ncentrations than the size fraction
250-63 pum for most of the metals across the samq@slites. For example, particle size
< 63 pum contains the highest mean concentratian&rfaand Cu with the value of 572
and 320 mg kg, respectively, compared to their concentration®33f and 140 mg Ky
respectively, in the size fraction 250-63 um (floe tunoff sediment at the RSC site).
Similarly for Cr, the highest mean of 153 mg/kghe < 63 pum size fraction compared
to 56 mg/kg in the 250-63 pm size fraction (in thaoff sediment at the SR site). In
contrast, the highest mean concentration of 250kgigfor Pb was in the 250-63 pm
size fraction (in the dry sediment at the RSC sitenpared to 195 mg/kg in the < 63
pum size fraction (in the runoff sediment at the RB€). This is consistent with the vast
majority of previously published work (e.g. Ballat, 1998; Kim et al., 1998; Drapper
et al., 2000; Sutherland, 2003; Deletic and OrQ%®Man et al., 2006; Robertson and
Taylor, 2007; Crabtree et al., 2008).

Based on the sampling sites, a greater numbereohigjhest mean concentrations for
metals in different sediment categories for bottiireent size fractions were found at
the RSC site than at the SR site (Table 7.3). TBeaRd RI sites rarely contain the

highest metal concentrations (only Cr and Zn in<tl&8 um of dry sediment, and only
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Cr in the 250-63 um of snow sediment). The coneginins for most of the metals in
both runoff and snow derived sediments (for bothtigla sizes) were found to be
similar at the RB and SR sites, while their conians in the dry sediment showed
significant differences between the sites (in patér, all metals except Cr in the <63
pum size fraction were found approximately doubletha SR site, while Cr in the 250-
63 um size fraction was tripled at the RB site) it RI site all the metals (except Pb)
for larger size fraction (250-63 um) were margindligher than their values at the RB
site, while for finer size fractions (< 63 pm) centrations were found relatively close

to their values at the SR site (except Zn).

Table 7.3: Site and grain size specific mean metal concentratimg kd) in road

sediment
Site Category Particle size fraction 250-63 um Parsite fraction <63 um
(Traffic volume)
Cr Cu Pb Zn Cr Cu Pb Zn

Road bend, RB Dry Sediment 11 35 90 128 58 94 135 522
(200 VPH) Runoff sediment 42 103 71 202 130 254 125 494

Snow sediment 19 72 64 167 79 184 109 418
Road with speed Dry Sediment 23 34 250 134 26 102 157 426
controls, RSC  Runoff sediment 51 140 132 237 149 320 195 572
(250 VPH) Snow sediment 22 82 118 209 109 234 112 521
Road Dry Sediment 7 45 34 121 21 114 115 287
intersection, Rl Runoff sediment 45 127 59 242 126 292 111 555
(285 VPH) Snow sediment 24 87 46 199 59 178 87 415
Straight road, Dry Sediment 12 65 49 217 21 142 137 518
SR (650 VPH)  Runoff sediment 56 120 71 247 135 312 120 571

Snow sediment 19 106 57 219 95 212 110 487

Furthermore, although the traffic volumes at the, RBC and RI sites are about one
third to one half that for the SR site (Table 718 higher metal concentrations were
not found in accordance with the higher trafficurake. The variations across the sites
appear to be primarily due to site- specific atttéds, such as road lay-out, road surface
condition and presence of road paint rather thantduraffic volume alone. Taking Pb
as an example, significantly higher Pb concentnatiat the RB and RSC sites in dry
road sediment were found compared to other siiesesS the previous use of Pb in fuel
was phased out more than a decade ago, the ordy hitely source of Pb may be
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linked to the road paint particles at these siwmscl{ as double yellow lines), as
presented in Table 4.2 and discussed in ChapiEnelsimilar idea was also reported by
Deletic and Orr (2005). In contrast, elevated cotragions of Pb in particular for the
size fractions <63 um at the other sites, sugdkatsother traffic related inputs, such as
wheel bearings, car paints etc are likely sourdeBhoin the road-traffic environment
(Napier et al., 2008; Ewen et al, 2009). Similathye other heavy metals studied here
are also found to be linked with road-traffic enoss in the literature. Briefly, Zn and
Ni is primarily linked with tyre wear; while Cd, Gnd Cu are linked with brake wear
and exhaust emissions (Charlesworth et al., 2008dWt al., 2004; Zanders, 2005). To
relate these sources to the present study it caroteel that as traffic passed through all
the above sites (except the straight road sectib@)perienced frequent acceleration
and deceleration, which increase metal concenhstias suggested by Ewen et al.
(2009) for traffic undergoing ‘stop-start’ actias. This is true for the RB and RSC sites
in particular (almost all traffic was observed todergo braking during the sampling
period) compared to the RI site (controlled brakiagd the SR site (steady speed), as
discussed in section 4.2.

7.5 Metal Contamination

7.5.1 Road Sediment Quality Assessment

Heavy metal concentrations (combined from all séed size fractions) in dry, runoff
and snow derived sediments (taken from Table 7é&2pwompared with several trigger
concentrations (used for hazard assessment relatisgdiment quality), see Table 7.4.
Note that the two sets of trigger values from Thethérlands and Canada shown in
Table 7.4 are rather inconsistent, but are used, lieithe absence of such for the UK,
for gaining an initial impression of sediment qtiafor the study sites. Another point to
be noted is that all these guideline values werel@ for fluvial sediment with the aim
of protecting fresh water ecosystems, as statelielearowever, in the absence of
particular guidelines for road sediment, theser@dtitves can be used to gain an
impression of how hazardous the road sediment cbeldn relation to ecological
aspects, as evident from previous use in literafarg. Heal et al., 2006; Shi et al.,
2010). The mean suspended sediment associated coatantrations from rural rivers

in the UK are also shown alongside. Although threehsets of guidelines give rather
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inconsistent metal concentration values, a few lanities are found in the order of
metal concentrations. For example, for both triggére highest concentration is for Zn
followed by Cr, while the lowest is for Cd, and Bbd Cu in the Dutch guideline are
found in reverse order in the Canadian guidelirtee UK rural river sediment quality
values are consistent with the highest and loweisigofor Zn and Cd, respectively. The

order for the other metals is Pb, Cu and Cr.

Table 7.4: Comparison of mean heavy metal concentrations puthlished guide line

values

Metal Dry Runoff Snow Dutch Canadian UK rural river
sediment sediment sediment sediment sediment sediment
(n =120) (n=48) (n = 20) quality quality quality”™

guideliné  guideline’

Cd 1.00 1.00 1.32 1 0.60 3.98

Cr 17 64 21 62 37.3 41.81

Cu 67 134 87 20 35.7 48.88

Ni 12 33 21 16 n.a. 67.54

Pb 92 69 88 40 35 440.50

Zn 212 205 233 147 123 682.91

Data measured in mg RgData in bold indicate metal concentrations exceedqual to at least one of
the two guidelines, while bold and italic indicatencentrations exceed both guidelines, as showinein
table

" (de Deckere et al., 2011)

" Sediment Quality Guidelines for the protection géiatic life (CCME, 2007)

™ Neal and Robson (2000)

As seen in Table 7.4, except for Cr and Ni, allahebncentrations in dry, runoff and
snow derived sediments exceed or equal their gomlelalues in the Dutch and
Canadian standards. Considering the exceptiong) @moff sediment and Ni in both
runoff and snow sediment were higher than theineslin both guidelines. Cr in runoff
and Cu in all different categories of road sedimendm this study were well above
their typical values in UK rural river sediment, Mehthe other metal concentrations
were found to be significantly lower in the roadliseent than in the river sediment.
Taking the different categories of road sediments account, all the metals in runoff
sediment were found to exceed the guideline valnes;ating runoff as the dominant
medium of pollutant transport from roads in thedgtwarea followed by the snow

precipitation (except Cr) and the dry weather datigediment (except Cr and Ni).
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7.5.2 Pollution Indices for Heavy Metals

Transforming heavy metal concentration levels iatcsingle index value is often
preferred to derive better understanding and t@rmf decision making tools in
environmental pollution research. In this regahd, tlegree of contamination (CD) and
potential ecological risk (PERI) indices were estied and are presented in Table 7.5.
It may be debatable to use these indices, as theg wrimarily designed for the
assessment of aquatic toxicity of natural sedimeotvever, due to the robustness of
the indices, they have previously been used (wébessary modification) to assess
metal contamination for road sediment (e.g. Yulet2®03; Huang et al., 2009; Shi et
al., 2010).

Table 7.5 demonstrates the CD and PERI indiceshfere different categories of road
sediments at the primary study sites. The last ¢@amns contain these indices for
integrated samples (defined as sediment irresgedifvfractions), were derived by
integrating the individual size fractions data (thetal concentrations were weighted by
size fraction before calculation of integrated Qzl #ERI in the 250-63 um and < 63
um size fractions), which are shown in columns 8.-As the methods used here to
calculate CD and PERI, proposed by Hakand®@80), were for undisturbed sediment
overlooking different size fractions. Estimatingsle indices for different size fractions
is open to question. However, the intention hergéoisnform readers regarding the

influence of the sediment size fractions on overallution levels.

Based on the integrated samples (penultimate colummhable 7.5), the degree of
contamination caused by metals in road sedimefisstfatween 8 and 20, indicates low
to moderate degree of contamination. €02, suggesting a considerable degree of
contamination, was found at the RSC site for akehcategories of road sediments. For
the other 3 sites 1 of the 3 sediment categoriebddow the same contamination level.
The CD for the snow derived sediment at the RBasiig for the dry sediment at the SR
site are only marginally below 12, while only they dediment at the RI site was below

moderate contamination level.

Similarly, PERI (last column in Table 7.5) whicldipates a metal toxicity for aquatic

species, ranges from 72 to 100, indicating low toderate levels of ecological risk
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across the sites, and was found to be generallyistent with the pattern of CD. PERI
> 75, suggesting a moderate level of ecological, risks found for all sediment
categories for all the sites with the only exceptizeing at the RB site for snow
sediment. However, even this exception was onlygmaly below the moderate

ecological risk level mark.

Comparing the different road sediment for the pahu indices, the runoff sediment
was found to be the most contaminated followeddyyathd snow sediment.

Table 7.5: Pollution indices (Degree of contamination, CD &udential ecological risk

index, PERI) for the heavy metals associated va#drsediment

Site Category Sediment size Sediment size Integrated
fractions 250-63 fractions < 63 um sediment
pm
CD PERI CD PERI CD PERI
Road bend Dry Sediment 8 78 23 178 14 95
(RB) Runoff sediment 14 68 36 160 16 75
Snow sediment 10 70 25 116 11 72
Road with Dry Sediment 15 84 17 241 16 100
speed controls Runoff sediment 19 81 44 204 20 94
(RSC) Snow sediment 13 79 31 129 16 92
Road Dry Sediment 5 66 15 92 8 75
intersection Runoff sediment 15 64 38 173 17 80
(RD Snow sediment 11 69 21 105 14 79
Straight road Dry Sediment 9 86 18 124 10 80
(SR) Runoff sediment 17 73 43 196 20 92
Snow sediment 11 80 29 131 13 86

#lrrespective of sediment fraction sizes

In contrast to the integrated sediment (irrespectit/size fractions), both the CD and
PERI in the sediment size fraction < 63 pm (usuedigsidered as the most chemically
active) were values 1.5 to 3 times greater, raidimg pollution level to the next
hierarchy of ecological risk (columns 5 and 6 inblEa7.5). For example, at all
sampling sites except the RI, CI24, suggesting a high level of contamination fothb
runoff and snow sediment. Conversely, CD associatih the larger sediment size
fraction (250-63 um), displays a similar level ohtamination as seen in the integrated

sediment samples, but with a different magnitudkifg the sediment size into account
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on potential ecological risk index, the size fraot 63 um, PER} 150, suggesting
considerable ecological risk needing immediatensitia, was found at all the sites for
the runoff sediment. A similar level of ecologiagédk was also found at the RB and
RSC sites for the dry road sediment, while nondhef snow sediment at the sites
showed such a high risk. The low ecological risksfioow sediment was because of the
lower concentration of the most toxic metals Cditdactor = 30) and Pb (toxic factor
= 5) compared to other two sediment categoriesthEtmnore, PERI associated with
larger sediment size fraction (250-63 um), displaydow to moderate level of

ecological risk as found for the integrated sedimleat with a different magnitude.

It is therefore clear that pollution indices basedintegrated sediment (irrespective of
size fractions) may underestimate the level of @giokl risk. However, as the local

background values of metals were derived for irdegt RDS (not separating into
different sediment size fractions) and these valwe® used for different sediment size
fractions, the probable higher pollution indices tloe finer sediment particles could be
biased. Therefore these pollution indices derivadiher sediment fractions need to be
used with caution. In future work related to thagal background values for metals in
different size fractions could be used to derive follution indices, which may

eliminate the present limitations.

7.6 Conclusions

This chapter identified that only a fraction of sednt built-up during dry days was
washed-off during rainfall and snow events, for athsmaller sediment size fractions
were the key contributors. The road sediment coathisignificant amounts of heavy
metals and their concentrations varied with sedirtgre in the order of runoff > snow
> dry, and between the sampling sites as RSC > FHR> R, irrespective of traffic

volume. The contamination assessment suggestedotichtsediment may likely pose a
moderate to considerable level of ecological rigktie nearby water environment:
among which runoff from the rainfall event was thest dominant medium of pollution

followed by the dry and snow sediment.
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Chapter 8 - Conclusions and Recommendations

81 I ntroduction

This research study used an easy to replicate iex@etal methodology with the aim of
characterising the heavy metal contamination ofdradeposited sediment. The
investigation focused on the hypothesis that taffiovement patterns, which are
conditioned by road lay-out, have a significantluehce on heavy metal emission
patterns and associated pollution. The intrinsicatlity of the pollutant build-up and
wash-off processes, and the unsuitability of apglydata and information that are
available in the literature to local conditions,rveamted the study of these processes as
part of the research study. A total of 12 difféareampling sites were initially selected
on the Riccarton Campus road network at Heriot Whtiversity in Edinburgh to
represent a range of typical road lay-outs. Thesstbomprised straight sections of road,
roundabouts, a road bend, a road with speed comealsures (speed bumps), a road
intersection, bus stops and a car park. Basedesttluy objectives, 4 of the sampling
sites were selected for long term monitoring (oa&eyear). These four primary sites
were a road bend (RB), a section of road with spmmdrol measures (RSC), a road

intersection (RI) and a straight road section (SR).

The pollutant build-up at these primary study sites studied in-depth by analysing
road deposited sediment (RDS) and RDS associatady hmetals at two transverse
sampling positions (near the curb and 1 m from dheb). Several wash-off events
comprising 12 different rainfall events coveringear, and 5 snow precipitation events
during winter were also monitored at the primargsi The pollutant wash-off was
studied by analysing sediment load derived fromfadli-runoff events only, as for snow

events only fresh snow rather than snow-melt rumai sampled.

The data was used to derive calibrated parameberthé mathematical replication of
the pollutant build-up and wash-off for the foumpary study sites. These mathematical
models were validated using independent data amgadmameters were compared with

default values used in commercial urban drainageefso
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Subsequently, grain size and site specific heavytalindemporal and seasonal
variability, and relationships between heavy metadsre studied and discussed.
Furthermore contamination levels associated witavirienetals in the road sediment
were assessed in relation to potential ecologisklfor nearby receiving waters. Based
on the results obtained the following conclusioas e drawn, which are presented

below in a few sub sections.

8.2  Major Conclusions

. Road sediment on Riccarton Campus is highly contated by heavy metals
compared to their local background values, signdgyan anthropogenic input most
likely from the road-traffic environment. The RBSR, RI and SR sites were all found
as pollutant hot-spot sites.

. The variations across the sites appear to be phmdue to site-specific
attributes, such as road lay-out, road surfaceitoncand presence of road paint rather
than due to traffic volume alone. Moreover, asfitgiassed through all the above sites
(except the straight road section), it experienaeceleration and deceleration whilst
undergoing ‘stop-start’ activities conditioned bgad lay-out, which more likely
influenced metal emission patterns than trafficmo.

. The build-up of road deposited sediment over adleaedry days is highly site-
specific and varies with position across the rddtkese are also true of the relationship
between heavy metal build-up and the number ofcadient dry days.

. The pollutant wash-off is site-specific and onlyrtpaf the initially available
sediment is transported during rainfall eventspanticular, the finer fractions. There is
also an influence from the type of rainfall and thenber of dry days between rainfall
events.

. Comparing site-specific build-up and wash-off paeters with default values
in commonly used commercial urban drainage modggests that the default values
are (significantly) inappropriate for road netwqrkach as Riccarton Campus.

. Heavy metal concentrations decrease with increasedjment particle size
fractions, which is consistent with current knowgedof trace metal distributions in
sediment.

. The concentrations of most of the heavy metalsigrficantly higher in runoff

sediment followed by the snow and the dry sedinfimmall the sampling sites.
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. Stronger correlations between heavy metals arecadsd with the lower
fraction sizes< 63 um) than with the larger fraction sizes (> 68)uBased on the
strength of the correlations between metals, ieappthat Cu can be used as a surrogate
parameter for other metals in both dissolved amtiqodate phases (in particular for the
sediment size fractiod 63 pm).

. The contamination assessment reveals that runofthés largest potential
contributor of pollution followed by snow and drgdiment. The pollution risk levels
vary from low to moderate, however they could reaohsiderable levels for a few

rainfall events during summer and autumn months.

8.3 Themed Conclusions

This section outlines classified conclusions tlaat be drawn from the results presented

in Chapters 4to 7.

8.3.1 Dry Road Sediment

. RDS on the Riccarton Campus road network is higblytaminated with heavy
metals, with larger concentrations compared to rtHecal background values,
suggesting an anthropogenic input (most likely frivaffic) in addition to atmospheric
deposition.

. Spatial variations of heavy metal emission pattemese found across the 12
monitoring sites on the road network. Based oratlerage values of pollution indices,
RB, RSC, RI, SR and bus stops were found as thHetaot hot-spot sites.

. RDS and RDS associated heavy metal build-up onsreate primarily site-
specific. The variability is primarily governed bgad lay-out with influences from
traffic movement patterns, road surface conditipmesence of road paints and
surrounding land use.

. For the relationship between heavy metal build-ug the number of antecedent
dry days (ADD), it was revealed that RDS sampliongifpon had the major influence on
this. Although the pattern of pollutant build-up sMveommon, a transverse distribution
of sediment build-up was also observed. Heavy metahlysed from RDS collected at
1 m from the curb showed a generally increasingdrevith increasing ADD as

expected, however, near the curb the trends weredfto be decreasing with increasing
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ADD, which is surprising and contrary to currentarstanding derived from previous
published work.

. Generally, RDS collected at 1 m from the curb coetd a larger percentage of
smaller particles than RDS collected near the curkewise, there was a greater
percentage of larger particles in RDS near the thah in RDS at 1 m from the curb. A
similar distribution of metal concentrations wassoal observed with higher
concentrations of Cd, Cu and Zn in RDS collected at from the curb, and higher
concentrations of Cr, Ni and Pb in RDS near thé.cur

. The concentrations for all metals except Pb wenendoto decrease with
increasing RDS particle size fractions, which issistent with current knowledge of
trace metal distributions in road sediment. Oveglticles in the < 63 um size fraction
made a dominant contribution to metal loading inRD

. Correlation analyses revealed a stronger correldbietween heavy metals (in
particular in the smallest sediment size fracti@n) m from the curb than near the curb,
indicating different sources for the metals attthe sampling positions.

. Furthermore, from a detailed study of the fourmanly study sites, using the CD
and PERI, the degree of contamination and poteatalogical risk index, respectively,
revealed that the RSC is the most contaminatedfdiaved by the RB, SR and Rl
sites. As mentioned earlier, site specific att@sutvere found to be drivers of the
difference in heavy metal concentrations in the RIS so it was the case for the
pollution levels: primarily road lay-out with tré&f movement patterns, along with

influences from road surface condition and roadtather than traffic volume alone.

8.3.2 Wet Weather Samples

8.3.2.1 Runoff Samples

. Only the mean concentrations of dissolved Cu and atnong the 6 heavy
metals studied, were found to exceed environmayuality standards, while all the
particulate metals displayed significantly highencentrations than recommended for
most of the sampling sites.

. Particles in the < 63 um size fraction made a damtircontribution to the

particulate metal concentrations of runoff sedimettall sampling sites.
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. Significant seasonal variations of most of the lyeaetal concentrations were
found. Mean concentrations for most of the dissbireetals were higher in winter and
spring than in autumn and summer, while reverstepa were found for most of the
particle bound metals.

. In general, correlations between metal concentratend storm variables were
weak to moderate. Rainfall duration was found psraary driving variable for most of
the dissolved metal concentrations, while the nunadfeantecedent dry days was key
followed by rainfall intensity, for most of the p@&te bound metals.

. The strongest correlations between metals weredfoorbe associated with the
smaller size fractions (< 63 pum) compared to largee fractions (250-63 pm).
However, the relationships between heavy metald@atisuspended solids (TSS) were
not very strong.

. An assessment of the contamination indicated thabff sediment posed a
moderate to considerable degree contamination dbasethe CD), for which the
associated ecological risk (based on the PERIatdd low to moderate ecological
risks. However a few storm events during the sumara autumn were found to
display a considerable level of contamination, andoderate ecological risk, for most

of the sampling sites, when a high intensity rdiritdlowed a long dry spell.

8.3.2.2 Snow Samples

. For all sampling sites, only the mean concentratbulissolved Cu, out of 6
heavy metals studied, was found to exceed enviratahguality standards, while all
the particulate metals except Cr displayed higbecentrations than recommended.

. The concentrations for most of the metals (excdpt iR the <63 pum size
fraction were found to be up to 5 times as highhdke 250-63 pum size fraction.

. The strongest correlations between metals weredfoorbe associated with the
smaller size fractions (< 63 pm) compared to lasges fractions (250-63 um).

. An assessment of the contamination revealed thatvssediment posed a
marginally greater than low level of ecologicakrier most of the monitoring sites on

the studied road network, if being transportecuimoff induced by snow-melt.
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8.3.3 Comparative Assessment of Dry, Runoff and Snow Sediment

. The median diameter of the dry road sediment wasoapnately 2 to 4 times
larger than that of the runoff and snow sedimesdgpectively, suggesting that only a
fraction of the initially available sediment wasshad-off during rainfall-runoff events.

. The smaller sediment size fraction (<63 pum) for 3hdifferent road sediment
types contain up to 5 times greater concentrationsll the heavy metals (except Pb),
compared to the larger sediment size fraction @5@m ).

. The pollutant concentrations for most of the metaks significantly higher in
runoff sediment followed by the snow and dry sedimior all the sampling sites.
Similarly, the heavy metal contamination assessnrafitated that there is a low to
moderate level of ecological risk associated whik toad sediment; among which
runoff from the rainfall event is the most dominamgdium of pollution followed by the
dry and snow sediment.

. The pollution level could potentially reach a calesable level of ecological risk
(the highest risk being associated for the < 63 gi@e fraction of the runoff and dry
road sediment), if the influence of sediment p&tgzes is considered.

8.4  Implications of the Research

The identification of pollutant ‘hot spot’ sites arsuburban road network, quantified by
heavy metal concentrations and associated pollugwals in different categories of
road sediment derived by dry and wet weather, hdiseat application on the selection
of site/source control measures outlined in theDSUor Roads’ manual (Pittner and
Allerton, 2009). The derived local build-up and Wwadf models, although site-specific
at this stage, may be used to establish a quicikna&st of the pollutant build-up and
wash-off loads with reasonable confidence for aegivainfall intensity, rainfall
duration and antecedent dry days in other par&cotland and the UK. This should be
possible given the reasonably uniform climate cboliacross the British Isle, although
further studies may be required to fully estabtisis. A transverse gradient of RDS and
RDS heavy metals was found to have a significafiience on the pollutant build-up
process: hence the design of future monitoring DEReeds to be specified in light of
this. Additionally, the interpretation of alreadylpished data may need to be modified

unless the transverse location of the samplingtiposivas clearly specified. In terms of
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monitoring heavy metals in wash-off from roads, theasurement of Cu alone can be
taken, as a surrogate parameter of other heavylsneta gain a reasonable
understanding of other pollutants and thus to atioi@ and cost involved in monitoring

a full list of pollutants, if not necessary.

85 Recommendationsfor Further Research

The outcomes of this research have contributetldatirrent knowledge base on urban
diffuse pollution from the road-traffic environmempart from the main findings,
several areas are identified, where further rebeatcadies are recommended, as
summarised below.

. The understanding gained of the influence of guecHic attributes on heavy
metal emission patterns is limited to a suburbad neetwork with low traffic density
and a combination of rural and urban land usesthBuiinvestigations on roads with
high traffic volumes, such as main roads and magsyand with specialised land uses,
such as industrial or commercial activities, wobkl a useful extension to this work,
which would enable it to fit into urban diffuse palon studies in a more holistic way.

. Although pollutant build-up was investigated inalktpollutant wash-off for the
largest rainfall events was limited to only a pafitthe runoff volume. Hence, future
research should focus on capturing the entire fwatime. Furthermore, monitoring
the composition of runoff during rainfall eventautsbbe useful.

. A total of 5 snow events were monitored and samgplvas limited to the
collection of fresh snow. Collection of snow-meltdarain-in-snow induced runoff
samples instead of fresh snow could be a better wagompare and contrast the
characteristics of pollutants in snow derived sestitnwith those in rainfall induced
runoff and in dry sediment.

. The assessment of metal contamination was basesirgiified methods and,
therefore, the pollution levels reported may bderntconservative. For example, the
bio-availability of metals (not studied), might beuseful issue to include in further
research to gain a proper understanding of theabrhpact of road runoff on the water
quality of receiving waters. Other additional infation might include the type of
aquatic species present, the variability of bedinsedt quality in receiving waters
before and after storm events and the influensiobunding solls.
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. An investigation of the use of treatment trainsS&fDS, at the sites that have
been identified as hot-spot areas, would be a b#uextension of this research, which
could provide a valid platform to translate the wiexlge gained from this study into
practical measures.

. As the transverse gradient of road sediment hasated that the chemically
active finer sediment (< 250 um) generally depdsagvay from the curb edge, the
conventional street sweeping technique should bdifred to also target to remove
sediment deposited away from the curb rather th@rgahe edges.

. While the design of a typical road lay-out in suiam roads with more bends,
more speed bumps, more intersections etc to reseitcle speed is believed to be
safer for pedestrians, they are potentially envirental pollution hot-spot sites, as
evident from this study. Therefore future road gesn suburban area needs to assess
the trade-off between road designs for safetyaad design to minimise environmental

pollution.
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Appendix A — Study Area

Site Description

Edinburgh, a city in the southeast of Scotlands b the east coast of Scotland’s
central belt, alongside the Firth of Forth, as sedfigure Al. Heriot Watt University's
Riccarton Campus (latitude: 559and longitude: -3.%) is located southwest of
Edinburgh city (Figure A2) and has been developathd the last 40 years with good

ecological and environmental perspectives.

Figure A1: Map showing Edinburgh City (adapted from http://wmetoffice.gov.uk).
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Figure A2: 3D view of Heriot Watt University Riccarton CampumsEdinburgh City

(adapted from google earth map)
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Figure A3: Sampling sites on Campus road network.
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Site Photos

Site 1:Roundabout at Gait 4 on Boundary Road North

Site 2: Straight road section on link road between Boundsd North and Research
Avenue North Road
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Site 3:Road bend on Research Avenue North Road

Site 4: Straight road section on Research Avenue North Road
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Site 5:Bus stop on Research Avenue North Road

Site 6: Road with Speed control measures on Research Aworik road
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Site 7: Straight road section on Research Avenue NortldRoa

Site 8: Road intersection on Research Avenue North Road
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Site 9: Straight road section on Riccarton Avenue Road
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Site 10: Roundabout on Riccarton Avenue Road

Site 11:Bus stop on Riccarton Avenue Road
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Site 12:Car park A (alongside Riccarton Avenue Road)

Edinburgh Climate

Edinburgh City has a temperate maritime climatedenate summer and mild winter),
the annual average temperature range is about A®2°C and the annual average
precipitation is about 668 mm distributed fairlyeely throughout the year. The
variation of mean daily maximum and minimum temp@&es month by month,

together with the highest and lowest temperatugesrded, is shown in Figure A4 for
Edinburgh RBG (Royal Botanic Garden). The wetteshths tend to be in autumn and
early winter, whereas late winter and spring isnmaty the driest part of the year. The
course of mean monthly rainfall for 1971-2000 fatirtburgh RBG site is shown in

Figure A5. Over most of the area, snowfall is ndiyneonfined to the months from

November to April with average number of days wstiow falling is about 20 per

winter. The depth of snow fall recorded at EdintbuRBG site for 25 November to 12
December 2010 is shown in Figure AG6.
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Mean daily maximum and minimum temperature
(1971-2000) and extremes (1922-2007)
at Edinburgh RBG {26 metres amsl)
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Figure A4: Variation of mean daily temperature averaged 0@&l1o 2000 at
Edinburgh RBG (adapted frohitp://www.metoffice.gov.uk
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Figure A5: Mean monthly rainfall averaged over 1971 to 200Edinburgh RBG
(adapted fronittp://www.metoffice.gov.uk
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Figure A6: Rainfall intensity recorded at local rain-gaugeigaing bucket type) setup
near to Riccarton Campus of Heriot Watt Univergityfedinburgh for a period of May

to December 2010 (Bars filled with red colour avene the monitored events during the

study period).

Snow depths in eastern Scotland and north-east England
25 November to 12 December 2010
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Figure A7: Snow depths measured at different sampling sitesagtern Scotland and
north-east England during November and December O 2qadapted from
http://www.metoffice.gov.uk
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Appendix B — Laboratory Testing

Laboratory Testing Equipments Photos
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Figure B2: Perkin EImer Atomic Absorption Spectrometer 20GAst.
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Figure B3: Hollow cathode lamp (HCL) arrangement on Perkin &n200 AAS
analyst (adapted from Perkin EImer 200 AAS manual).

A photograph of four unit lamp mount on Perkin Efn200 AAS is shown in Figure
B3. A single lamp can be made to generate charstitenradiation for up to two or three

elements without interference problems.

Figure B4: The basic system of a Flame Atomic Absorption Spectter (adapted
from Perkin Elmer 200 AAS manual)

A diagram of a Flame Atomic Absorption Spectromé@EXAS) is shown in Figure B4.
The light source is a cold hollow cathode lamp tvatduces the light that would be
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naturally emitted by the element to be measureal lEigh temperature. Depending on
the metals to be analysed, a large range of smepdare available. Consequently, each
of the lights contains specifically those wavelésgthat the element in the flame will
selectively absorb. The light passes through thedl, which is usually rectangular in
shape for allowing an adequate path length of fléonehe light to be absorbed, and

then into the optical system of the spectrometesegn in Figure B4.

The flame is fed with a combustible gas, customardir/acetylene, nitrous
oxide/acetylene or air/propane or butane. The santigsolved in a suitable solvent, is
nebulised and fed into the gas stream at the ase dwurner. The light, having passed
through the flame, can be focused directly ontdi@q-cell or onto a diffraction grating
by means of a spherical mirror. The diffractiontopg can be made movable, and so it
can be set to monitor a particular wavelength ihaharacteristic of the element being
measured, or it can be scanned to produce a camnpletorption spectrum of the
sample. After leaving the grating, light of a s&belc wavelength, or range of
wavelengths, is focused onto the photocell. Thetiposof the diffraction grating
determines the wavelength of the light that isearonitored. More details of the basic
system of a flame atomic absorption spectrometry & found in Perkin EImer 200

AAS manual.

Analytical Test Results

On 10 occasions blanks (distilled water) were teste metals by using calibration
solutions prepared from the standard stock solstidhe results obtained are presented

in Table B1.

Table B1: Test results of blank (distilled water) at laborgtusing calibration solutions
for metals

m‘;tﬁ)' 1 2 3 4 5 6 7 8 9 10 Average(?é?/ir;g%rr?
cd 015 011 011 012 0098 0099 0095 0013 101012 01 0.0
Cr 84 898 814 7.95 868 932 867 954 823 8987 0.5
Cu 121 142 132 128 12 118 13 14 134 1353 0.1
Ni 075 072 07 065 071 064 072 07 07 0707 0.0
Pb 101 1.15 098 087 121 107 095 131 121 512.1 0.1

Zn 125 12 11.78 13.02 12 11.18 12.87 12.68 12.95.241 12.2 0.6
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Table B2 presents test results of certified refeeematerial MESS-3 using metal

calibration solutions for quality control and guyalassurance purposes.

Table B2: Test results of certified reference material MESS at laboratory using
calibration solutions for metals

Metal MESS- MESS- MESS- Average Sta_nd_ard Certified % Recovery of
(mg/l) 3(1) 3(2) 3(3) deviation values (mg/l) reference value
Cd 0.24 0.235 0.241 0.24 0.00 0.24 100
Cr 109 103.4 107 106.5 2.84 105 101
Cu 31.54 35.42 35.2 34.0 2.18 33.9 99.5
Ni 51.05 44.5 48.12 47.9 3.28 46.9 102
Pb 22.01 21.34 221 218 0.42 21.1 103
Zn 157.5 168.4 149.2 1584 9.63 159 99.6

Table B3 illustrates the results obtained for tleady metal concentration in RDS
carried out for 12 initial RDS samples by usingethdifferent metal extractants, such as
strong HNQ, aqua-regia (HCI-HN@in 3:1 by volume) and a mix of HCI-HNO
HCIO, (2:1:2 by volume). As seen in Table B3, there asnmarked variation between

metal concentrations for the three different mesatactants.

Table B3: Descriptive statistics of the mean heavy metakeatration (mg/kg) in the

road sediment for different strength extractions

Metal Conc. HN@ Aqua-regia (HCI-HNG) HCI-HNOs-HCIO,
Cd 1.31+051 0.92+0.37 1.02+0.29

Cr 15+7 18+5 19+8

Cu 99 + 32 87 +30 93+41

Ni 17+8 19+10 147

Pb 114 + 101 8977 93+81

Zn 280 + 82 267 + 69 270 £58

Values are in mean * standard deviation (the nurabsamples analysed were 10)
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Appendix — C (Supporting Results)

Particle Size Distribution Curve
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Figure C1: Particle size distribution curve for initial sammdi of dry road sediment
(RDS) at several sites along the studied road nm&two
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Figure C2: Particle sizedistribution curve for wash-off sediment at thenpary study
sites for 01 July 2010 rain events.
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Figure C3: Heavy metal concentrations in RDS over the antwtedry days at the
road bend site (squares and diamonds represent data fromesecurb and 1m from

the curb, respectively).
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Table C1: Steps showing calculation of pollution indices (@egree of contamination; PERI: potential ecolabicsk index) for heavy metals in
dry, snow and runoff derived road sediment at fmimary study sites as a function of sediment Bizetions

RDS G 250-63 um CD <63 um CD Integrated CD
Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn
RB 0.76 1.34 0.79 0.7 3.21 1.19 799 0.78 7.32 3.38 1.65 482 4.87 22.82 0.76 299 1.16 0.96 3.64 2.2111.72
RSC 0.49 284 0.76 0.45 895 1251474 124 322 231 113 561 3.9817.49 074 296 127 067 7.85 2.1515.64
RI 0.51 094 1.01 0.52 1.19 1.13 530 1.52 2.62 2.59 1 411 2.69 14.53 0.85 151 154 0.69 2.19 1.66 8.44
SR 129 146 1.48 0.62 175 2.03 863 1.37 26 323 146 489 4.84 18.39 131 173 188 082 249 2.6910.92
E¢ PERI PERI PERI
RB 228 2.68 3.95 35 16.05 1.19 50.17 234 1464 169 825 241 4.8792.16 228 598 538 48 182 2.2159.79
RSC 14.7 5.68 3.8 225 4475 1.25 7243 37.2 6.44 11.55 5.65 28.05 3.9892.87 22.2 5.92 6.35 335 393 2.1579.22
RI 15.3 1.88 5.05 2.6 5.95 1.13 31.91 456 5.24 12.95 5 2055 2.69 92.03 255 3.02 7.7 3.45 11 1.6652.28
SR 38.7 2.92 7.4 3.1 8.75 203 629 411 52 16.15 7.3 2445 4.84 99.04 39.3 3.46 9.4 4.1 125 2.69 714
Snow G 250-63 um CD <63 um CD Integrated CD
Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni PbZn
RB 1.3 2.37 1.64 1.07 2.29 1.56 10.23 1.42 9.87 4.18 1.85 3.89 391 25.12 1.3 2.37 1.64 1.07 2.64 1.9610.98
RSC 1.2 2.75 1.86 1.07 4.21 1.95 13.04 1.35 13.62 5.32 1.67 4.2 4.87 31.03 1.28 2.75 2.35 1.35 5.26 3.3516.34
RI 1.3 3 1.98 0.89 1.64 1.86 10.67 1.51 7.37 4.04 1 3.11 3.88 20.91 1.3 3 204 1.02 3.21 3.1513.72
SR 1.5 2.37 241 1.13 2.04 205 115 1.7 11.87 4.82 1.7 3.93 4.55 28.57 1.5 225 241 1.2 311 2.5112.98
E¢ PERI PERI PERI
RB 39 4.74 82 535 1145 1.56 703 42,6 19.74 20.9 9.25 1945 3.91115.85 39 4.74 8.2 5.35 13.2 1.9672.45
RSC 36 55 9.3 535 21.05 1.95 79.15 405 27.24 26.6 8.35 21 4.87128.56 384 55 118 6.75 26.3 3.3592.05
RI 39 6 9.9 445 8.2 186 69.41 453 14.74 20.2 5 1555 3.88104.67 39 6 10.2 51 16.1 3.15 795
SR 45 4.74 12.05 5.65 10.2 2.05 79.69 51 23.74 24.1 85 19.65 4.55131.54 45 45 12.1 6 15.6 2.51 85.61
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Table C1 continued

Runoff ¢ 250-63 um CD <63 um CD Integrated CD
Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn
RB 0.498 5.25 2.34 1.2 254 19613.788 19 16.25 577 3.07 443 4.62 36.04 09 721 252 1438 2.2 1.80816.06
RSC 0.64 6.37 3.18 1.49 471 221 186 24 18.63 7.27 37 6.96 534 443 1.11 8.198 331 1715 3.4 1.93119.67
RI 0.62 5.62 289 1.34 21 217 1474 22 1612 6.64 34 396 5.19 3751 1 7474 312 159 1.89 1.90816.98
SR 0.75 7 277 1.47 255 215 1669 245 1912 7.09 395 471 5.344266 1.13 9.292 324 1846 2.46 2.00719.98
Es PERI PERI PERI
RB 1494 105 11.7 6 12.7 196 57.8 57 325 28.85 1535 2215 4.62160.47 269 1442 126 7.188 11 1.80873.85
RSC 19.2 12.74 159 745 2355 2.2181.05 72 3726 36.35 185 34.8 5.34204.25 334 164 16.6 8573 17 1.93193.84
RI 18.6 11.24 14.45 6.7 105 2.17 63.66 66 3224 332 17 19.8 5.19173.43 30 1495 156 7.948 9.44 1.90879.84
SR 22.5 14 1385 7.35 12,75 215 72,6 735 3824 3545 19.75 2355 5.3495.83 34 1858 16.2 9.229 12.3 2.00792.32

C: is contamination index for an individual metajjs€ecological risk index for an individual metal; Igtated-weighted average of different sediment Sations; RB: road
bend site; RSC: road with speed controls sitey®&dd intersection site; SR: straight road sectitsn s

Table C2: Dissolved heavy metal concentrations (ug/l) in ssamples monitored at the primary study sites

RB RSC RI SR

Date Cd Cr Cu Ni Pb  Zy Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn
26.115.10f 0.07 12 15 14 0.14 0.07 14 17 2.2 0.65 003 12 12 16 021 0.06 17 18 15 024 24
29.11.10 0.03 10 12 0.8 0.08 0.05 16 15 16 0.45 0.01 9 10 11 0.5 0.04 13 15 1.2 0.18 17
06.12.10 0.03 15 7 06 006 ]0.03 12 9 1.2 0.25 0.04 7 8 09 0.08 002 11 10 10 0.15 14
10.12.10 0.02 9 5 1.2 010 10.06 10 7 09 032 002 11 4 12 0.10 0.02 10 12 1.2 0.10 18

20.12.10 0.08 12 9 2 012 40.05 20 15 18 075 1 005 14 9 18 0.15 003 22 20 16 0.18 26
RB: road bend site; RSC: road with speed contitds Bl: road intersection site; SR: straight readtion site
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Table C3: Dissolved heavy metal concentrations (png/l) inofieamples monitored at the primary study sites

RB RSC RI SR

Date Cd Cr Cu Ni Pb Zy Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn Cd Cr Cu Ni Pb Zn

26.05.10, 004 4 15 14 0.12 4 0.0 17 22 026 6] 0.04 7 12 1.6 0.09 4} 0.05 8 18 15 0.18 74
01.07.10{ 012 8 24 125 1.11 0.2 22 326 28 4 0.15 6 26 226 185 6] 0.1 32 152 26 85
04.07.10f 0.08 8 17 1 012 3 01 10 19 12 03 4{ 0.07 8 15 13 014 6/ 006 10 20 14 0.15 64
14.07.10f 0.034 3 23 12 12 % 0.0 18 13 25 4]0.012 4 28 15 1.2 7]0.007 27 13 1.4 117
01.0810f 008 6 11 11 0.2 § 0.1 16 15 0.75 5} 0.057 7 13 1.8 0.15 4| 0.063 15 16 0.18 66
12.08.10f 0.025 6 8 1 008 3 0.0 10 1.2 0.12 4]0.028 7 9 1 0.04 3% 0.03 9 1 0.07 58
21.08.10 0045 7 10 15 0.1 0.1 12 1.6 0.15 440.048 8 12 15 0.08 5| 0.055 14 14 01 64
07.09.10 01 8 14 18 008 4 01 10 17 23 0.11 5] 0.15 8 20 17 007 3} 016 10 18 1.6 0.09 54
11.09.10f 0.18 10 18 2.2 0.13 02 12 22 26 018 6/ 023 10 25 286 01 6/ 018 14 30 275 01 74
20.11.10f 025 12 26 26 16 4 03 16 32 32 28 7 028 12 28 3 22 7y 022 20 30 28 27 87
12.03.11| 012 8 22 23 1 3 02 9 28 28 25 64 022 10 35 24 12 6] 016 15 26 26 22 72
23.04.11 01 10 18 24 12 4 02 11 25 30 24 60 02 11 32 28 14 6( 011 16 28 24 13 62

RB: road bend site;

RSC: road with speed contitds BI: road intersection site; SR: straight readtion site
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+ Journal Papers

Cent. Eur. J. Chem. « 9(2) » 2011 « 314-319
DOI: 10.2478/s11532-011-0005-y

Central European Journal Ghemistry

Assessment of heavy metals emission from traffic anad surfaces

Sudip K. Pal; Steve Wallis and Scott Arthur

" School of the Built-Environment, Heriot-Watt Unigéy, Edinburgh, UK, EH14 4AS
Email:skp7@hw.ac.uk, Tel: +44(0) 131 451 4434; Fedd(0)131 451 4617

Abstract:

Keywords:

This study aims to analyse RDS heavy metal conatoitis on road
deposited sediment (RDS) using Riccarton CampusHefiot-Watt
University, Edinburgh, Scotland as a study site.SRBamples were
collected at two transverse positions from différgites over a 4 month
period in order to describe the influence of tafbn heavy metal
emissions. The heavy metal concentrations of th& Riere determined
by strong nitric acid digestion and atomic absamptspectrometry. The
mean concentrations for Zn, Cu, Cd, Cr, Ni, Pb Badvere found to be
213, 57, 1, 16, 15, 118, and 13497 m{ kgm samples near to the curb
and 211, 79, 2, 15, 9, 35, and 14276 mg fgm samples 1 m from the
curb respectively. Furthermore for both positionke t highest
concentrations for all metals were associated \ligh finer fraction
(<63um) and stronger correlations between the satate found further
from the curb than near the curb, indicating thatals accumulating on
the road surface further from the curb may likely foom the same
source (traffic), while the sources of metals nda curb are more
diverse.

Edinburgh Heavy metals; atomic absorption spectrometry; road
deposited sediment; particle size.
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Int. J. Environmental Engineering (Articlein press)

Emission patterns of traffic-related metals and assciated

contamination in road deposited sediment

Sudip Pal, Steve Wallis, Scott Arthur

" School of the Built-Environment, Heriot-Watt Uniséty, Edinburgh, UK, EH14 4AS
Email:skp7@hw.ac.uk, Tel: +44(0) 131 451 4434; Fatd(0)131 451 4617

Abstract:

Road deposited sediment (RDS) is regardedsatka for metal pollutants
derived from road-traffic that may pose a dangertfi® nearby water
environment. The reported study aims to analyse RD&-up and

associated metal emission patterns using Riccattammpus of Heriot
Watt University, Edinburgh, Scotland as a studg.slthe RDS samples
were collected from four different sites over a 4nth period to

characterize the influence of road lay-out on metaissions. The metal
concentrations associated with the RDS were detexiniby strong nitric
acid digestion and atomic absorption spectromédtng outcomes of the
investigation show highly site-specific variabiligf the RDS build-up

primarily linked to road lay-out, and that road fage conditions and
surrounding land use influenced the results. Shhyilarrespective of

traffic volume, site attributes were found to bee tbrivers for the

observed differences in metal concentration. Funtlbee, a significant
proportion of pollutants were found to be assodiatéh finer particles

(size <63 um) and that RDS exhibited moderate tongt levels of

pollution for Zn, Cu and Pb.

Keywords. Atomic absorption spectrometry; Contaminati@s@ssment; Heavy metal;

Road-layout; Road deposited sediment
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Water Environment Research (under review)

Heavy metals in road sediment and associated contamation: a
comparative assessment of the dry, runoff and snoderived sediment
on road surfaces

Sudip K Pal; Steve G. Wallis and Scott Arthur

" School of the Built-Environment, Heriot Watt Unigity, Riccarton, Edinburgh, EH14 4AS
Email:skp7@hw.ac.uk, Tel: +44(0) 131 451 4434; Fatd(0)131 451 4617

Abstract:

Keywords:

The quantification of heavy metals in dry, wet viresitand snow derived
sediment from roads has the potential to allow owpd understanding
diffuse heavy metal pollution within the context sdistainable urban
drainage systems for roads. With that aim, thentedostudy determined
heavy metal concentrations in road sediment andceadsd pollution

levels at four road different sites as part of andénth field study. The
results reveal that road sediment contain sigmfiGanmounts of heavy
metals and their concentrations vary with sedintgpé (wet weather,
snow and dry sediments) and between samplingati@sding to the site
specific attributes irrespective of traffic volumeContamination

assessment suggests that road sediment may liksly @ moderate to
considerable level of ecological risk to the neanager environment.

Heavy metals; road lay-out; road sediment; contaation; Edinburgh
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Environmental Monitoring and Assessment (under review)

Assessing heavy metals and associated contaminatiorroad runoff

Sudip K Pal; Steve G. Wallis and Scott Arthur

" School of the Built-Environment, Heriot Watt Uniséty, Riccarton, Edinburgh, EH14 4AS
Email:skp7@hw.ac.uk, Tel: +44(0) 131 451 4434; Radd(0)131 451 4617

Abstract:

Keywords:

The quality of road runoff at different road laytewn Riccarton Campus
road network at Heriot Watt University in Edinburglas studied for a
year. Twelve storm events were sampled and anafgsécd, Cr, Cu, Ni,

Pb and Zn, both in dissolved and particulate fofiihe heavy metal
concentrations were determined by nitric acid digasand atomic

absorption spectroscopy. Seasonal variability otammeoncentrations
was studied, and correlation analysis between noetatentrations and
storm variables was also carried out. In additlee¢ontamination levels
of the heavy metals in runoff samples were evatuaiée outcomes of
this study show that runoff samples contain sigaifitly higher metal

concentrations at all the sampling sites than dmdevalues. A

significant seasonal difference in metal conceranst was observed for
most of the metals. Correlation analyses revediatirainfall duration is

significant for most of the dissolved metals, whilee number of

antecedent dry days is a primary variable for paldie metals. An

assessment of the contamination associated withruheff sediment

indicates a low level of ecological risk for modt tbe runoff events

monitored during winter and spring, while a few soen rain events may
likely pose a moderate to considerable risk acttessampling sites.

Road runoff; Heavy metals; seasonal influence; aombation;
Edinburgh
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+ Conference Papers

12th International Conference on Urban Drainageyt®dAlegre/Brazil, 11-16 September 2011

On the relationship between pollutant build-up on pads and
antecedent dry days

S. Pal*, S. G. Wallig¢& S. Arthurt

School of the Built Environment, Heriot-Watt Unisigy, Edinburgh, EH14 4AS, UK
Corresponding author, e-mail skp7@hw.ac.uk

ABSTRACT

Heavy metal build-up patterns on roads were ingattd using the Riccarton Campus
of Heriot-Watt University as a study site. As waB observing the influence of the
number of antecedent dry days on heavy metal coratems on road deposited
sediment, for the first time this study also coesédl the variability of pollutant build-
up with sampling position across the road. Totataineoncentrations for Zn, Cu, Cd
and Pb from road sediments were determined by atabsorption spectrometry using
strong nitric acid digestion. The outcomes of #tisdy revealed that mean Cu and Cd
concentrations were much higher at 1 m from thé tuan near the curb, Pb showed an
inverse picture, while Zn concentrations were samifor both sampling positions.
Heavy metal build-up over dry spells showed bottreasing and decreasing trends.
Decreasing trend was found for all metals nearcti® which was unexpected and is
contrary to current understanding of pollutant éwip while an increasing trend was
found for metals at 1 m away from the curb. Thiteired that pollutants deposited
away from the curb may have the same origin (tpffiith continuous input, while near
the curb the sources are diverse. Correlation letwaetals for both positions also
supported this fact. The results indicate that wlenving a relationship between
pollutant build-up and antecedent dry days, it wdog important to include the effect
of transverse location.

KEYWORDS: Heavy metals; antecedent dry days; atomic absorgpectrometry;
road deposited sediments; Edinburgh
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International Conference on Environment 2010 (ICEAO0)

EMISSION PATTERNS OF TRAFFIC-RELATED METALS ON
ROADS

SUDIP K PAL, STEVE WALLIS, SCOTT ARTHUR

School of the Built-Environment, Heriot-Watt Unigésy
Riccarton, Edinburgh, EH14 4AS, Scotland.
" E-mail: skp7@hw.ac.uk

ABSTRACT

Road deposited sediments (RDS) are regarded as fankmetal pollutants derived
from road-traffic that may pose a danger for theiremment. This study aims to
analyse RDS metal concentrations using Riccartanpgtia of Heriot-Watt University,
Edinburgh, Scotland as a study site. RDS samples wa@lected from different sites
over a 4 month period to characterize the influenfcead layout on metal emissions.
The metal concentrations of the RDS were determinedtrong nitric acid digestion
and atomic absorption spectrometry. The outcomethefinvestigation show highly
site-specific rates of build-up, and metal emissitrat primarily varied with road lay-
out with also an influence from road surface caodg and surrounding land use.
Further analysis revealed that a significant proporof pollutants was associated with
the finer particles (size <8&n). A contamination assessment indicated that RD® f
the study site exhibit moderate to strong levelpasfution for Zn, Cu and Pb.

Keywords: Heavy metal; Road-layout; Atomic absorption speuety, Road
deposited sediment; Contamination assessment
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SUDSnet National & International Conferencé"¥112" May 2011

Spatial variation of heavy metal pollution on an uban road network
Sudip K. Pal; Steve G. Wallis and Scott Arthur

School of the Built-Environment, Heriot-Watt Unisigy, Riccarton, Edinburgh, EH14 4AS
*Corresponding author’'s e-mail: skp7@hw.ac.uk

ABSTRACT

This study investigated the spatial variability leéavy metal emission patterns and
associated measures of contamination on Riccareonp@s, Heriot-Watt University,
Edinburgh, Scotland. Road deposited sediments watected from 12-different sites
representing typical road lay-outs over a 10 mop#riod. The heavy metal
concentrations of the road sediments were detedmyestrong nitric acid digestion
and atomic absorption spectrometry. The contanunatvels of the heavy metals in
the road deposited sediments were assessed bydhmalation index, the degree of
contamination and the ecological risk index. Th&comes of the investigation showed
highly site-specific heavy metal emissions thaimarily varied with road lay-out, with
also influences from road surface condition, sumdhng land use and traffic volume.
The degree of contamination and the associateag@ical risk index revealed that bus
stops, a road bend, a road with speed control mesismd a road intersection site were
the pollutant hot-spot areas among all the sited thay likely pose moderate to
considerable levels of pollution to the nearby watevironment.

Keywords: Heavy metal; road deposited sediments; atomic phear spectrometry;
metal contamination; Edinburgh.
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SOURCES, EMISSIONS AND CONTROL OF HEAVY METAL 18" ICHMET

Assessment of Heavy Metals Emission on Road Surface
SK. Pal, SG. Wallig, S. Arthur®

School of the Built-Environment, Heriot-Watt Unigéy, Edinburgh, UK,
skp7@hw.ac.uk

School of the Built-Environment, Heriot-Watt Uniedly, Edinburgh, UK,
s.g.wallis@hw.ac.uk

®School of the Built-Environment, Heriot-Watt Uniséy, Edinburgh, UK,
s.arthur@hw.ac.uk

Abstract

Road deposited sediments (RDS) are regarded as &inknetal pollutants derived
from road-traffic that may find their way into nbgrsoils, plants, human beings or are
washed-off by rain events to receiving streamsmgpdianger for the environment. This
study aimed to analyse RDS metal concentrationsguRiccarton Campus of Heriot-
Watt University, Edinburgh, Scotland as a studg.sSRDS samples were collected at
two positions from different sites over a 4 monénipd to characterize the influence of
traffic. The metal concentrations of the RDS weetedmined by strong nitric acid
digestion and atomic absorption spectrometry. Tleamconcentrations were found to
be 213.22, 57.36, 0.80, 15.75, 15.19, 118.20, 134§ Kkg-1 respectively from samples
near to the curb and 210.93, 78.81, 1.80, 15.3D,84.57, 14276 mg kg-1 respectively
from samples 1 m from the curb for Zn, Cu, Cd, Nf, Pb and Fe, respectively.
Furthermore for both positions the highest coneiatns for all metals were associated
with the finer fraction (<63im) and significant correlations between the metsdse
found further from the curb than near the curbjdating that metals accumulating on
the road surface further from the curb may all bthe same origin (traffic), while the
sources of metals in the gutter are far more decers

Keywords: Heavy metals, atomic absorption spectrometry, aeubsited sediment,
particle size.
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