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Abstract:



Metals such as antimony, cadmium, chromium, copper, lead, nickel, and zinc can be highly relevant pollutants in stormwater runoff from traffic areas because of their occurrence, toxicity, and non-degradability. Long-term measurements of their concentrations, the corresponding water volumes, the catchment areas, and the traffic volumes can be used to calculate specific emission loads and annual runoff loads that are necessary for mass balances. In the literature, the annual runoff loads are often specified by a distinct catchment area (e.g., g/ha). These loads were summarized and discussed in this paper for all seven metals and three types of traffic areas (highways, parking lots, and roads; 45 sites). For example, the calculated median annual runoff loads of all sites are 355 g/ha for copper, 110 g/ha for lead (only data of the 21st century), and 1960 g/ha for zinc. In addition, historical trends, annual variations, and site-specific factors were evaluated for the runoff loads. For Germany, mass balances of traffic related emissions and annual heavy metal runoff loads from highways and total traffic areas were calculated. The influences on the mass fluxes of the heavy metal emissions and the runoff pollution were discussed. However, a statistical analysis of the annual traffic related metal fluxes, in particular for different traffic area categories and land uses, is currently not possible because of a lack of monitoring data.
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1. Introduction


In most cases, four types of traffic related loads are used for calculating mass balances and fluxes [1]. Specific substance emission loads are presented in the literature for each vehicle per kilometer traveled (mg/(vehicle·km)) or for all vehicle kilometers traveled in a distinct catchment area during a specific period (mg/(ha·km)). Annual loads can be specified by the road length (g/km) or by the traffic area (g/ha). For the description of the pollution of a traffic area, a differentiation is necessary between total traffic related emission loads, atmospheric deposition loads (wet and/or dry), and runoff loads from traffic areas. For the calculation of runoff loads, long-term measurements of runoff concentrations and water volumes of a monitoring site with a distinct catchment area must be recorded, analyzed, and published. Although several researchers have evaluated the runoff concentrations of different traffic areas [2,3], only a part of these monitoring programs included the calculation of annual loads. This is based on the fact that during most monitoring programs, only a limited number of samples is collected and most objectives do not require the calculation of loads (e.g., manual (grab) samples for stormwater permit applications). Nevertheless, annual heavy metal loads normalized per hectare of impervious catchment area are necessary for mass balances and their determination is subsequently important for several purposes (e.g., modeling of stormwater quality and transportation into receiving water, calculation of metal masses removed by treatment systems, determination of pollution loads for laboratory test methods, calculation of regional or national mass balances, or the assessment of the environmental impact and benefit of different techniques to remove toxic substances in relation to their costs).



For stormwater management, determining traffic area runoff loads for different traffic area categories is necessary to design effective stormwater management practices [4]. Therefore, detailed information on differentiated traffic related sources (emissions because of leaded gasoline, tire wear, brake lining wear, roadway abrasion, weights for tire balance, guardrails, lampposts/signs, and de-icing salts) and areas (traffic area categories) is needed to determine their contributions to the total pollution of environmental compartments and to develop cost efficient mitigation strategies. Previously, urban area pollutant categories were often confined to broader land use categories such as commercial, industrial, or residential [4]. By this approach, the different pollution loads of traffic areas cannot be considered although all road surfaces represent approximately 10%–15% of the total urban area [5,6] and in commercial and industrial areas, parking lots can constitute up to 46% of the total area [5]. Thus, it is essential to consider the runoff loads more differentiated because of the large percentages of different traffic areas to the total urban area. However, most values for specific traffic area categories were available and summarized for highways and less were published for parking lots and other roads [7,8,9]. Because most values and ranges of pollutant loads published in books, reports, regulations, and standards are only based on a few studies, no reliable values are currently available for the main traffic area categories and a relation of the loads to climatic factors was also not evaluated previously. In addition, most published data summaries of runoff loads are based on the last century and they do subsequently not represent the latest trends.



In traffic area runoff, the occurrence of substances depends on several processes. Dustfalls and dry deposition during periods without rain entrain contaminants and remove them from the atmosphere [6,10]. These mechanisms are especially relevant for urban areas [11]. The processes during rain events are wet deposition (removal of additional substances from the atmosphere) and wash-off of previously deposited pollutants. Concerning the wash-off, Racin et al. [12] concluded that splashing and washing of pollutants from vehicles is more important than the wash-off of pollutants accumulated on road surfaces. Both the wash-off and the substances in the atmosphere can be linked to traffic related sources. For most heavy metals, the wear of brakes and tires are relevant sources. Moreover, braking, acceleration, and steering activities lead to increased abrasion of tires, higher use of brake linings, and increased automotive exhaust gas emissions [13,14]. The corrosion and subsequent dissolution of zinc (Zn) from the surface of galvanized elements during rain events is also a relevant source [15]. Further traffic related sources are the use of catalytic converters in vehicles [16], road maintenance with de-icing salts [17], road wear, and drip losses. All of these traffic related sources emit heavy metals, hydrocarbons, and further substances and subsequently lead to a pollution of runoff from traffic areas. Thus, the substances analyzed in traffic area runoff waters include solids, organic parameters, heavy metals, and compounds of de-icing salts [18,19]. Metals such as cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), antimony (Sb), and Zn are crucial pollutants because of their toxicity, non-degradability, and their increase in all environmental compartments in consequence of their widespread industrial use [20,21]. Among these parameters, the three heavy metals Cu, Pb, and Zn were mostly measured in the highest concentrations in runoff from traffic areas [2]. Because of the relevant heavy metal concentrations, a treatment of the runoff water is often necessary to prevent negative effects on surface water, groundwater, and aquatic biota [22,23,24]. These stormwater treatment systems can be designed as a part of existing urban infrastructure for stormwater management [25].



The focus of this paper was set on the metals in traffic area runoff and their traffic related emissions. The hypothesis of this study was that a distinct calculation of mass balances for traffic related metals (emissions and runoff loads) of all types of traffic areas (i.e., highways, roads, and parking lots) is possible as a result of a literature study. The objectives of this paper were as follows: to summarize the distributions of annual metal loads of runoff from different types of traffic areas, to identify relevant trends and factors, to update and expand existing mass balances (heavy metal runoff loads and emissions) for Germany, and to determine the mass fluxes of traffic related metals.




2. Materials and Methods


The annual loads summarized in this paper were selected from a database of German and international studies with descriptions of the runoff from traffic areas. The database includes information on the monitored traffic area (categories: bridges, highways, parking lots, and roads), the substance concentrations and loads, and all influencing factors reported by the authors (e.g., land use characteristics, vegetation, topography, road design, operational characteristics, climatic factors, type of sampling, sampling strategy, sample preparation, sample analysis, and calculation methods). In addition to peer-reviewed journal papers, reports, books, and non-reviewed journal articles that presented data of metals in traffic area runoff were considered after validating the published results (i.e., to fulfill requirements such as a detailed description of the applied methods, the performance of quality control measures, and the reliability of the monitoring setup). The metal runoff concentrations and site-specific and method-specific (i.e., sample collection, preparation, and analysis) factors influencing the results were presented in another review [2]. From this database with more than 300 monitoring sites, this review includes all studies that presented traffic area runoff loads for the metals Cd, Cr, Cu, Ni, Pb, Sb, and Zn. The values were always reported as total (recoverable) metals that were measured after an appropriate digestion (i.e., strong acid or aqua regia digestion; sometimes combined with an autoclave or microwave). The sample preparation and analysis conducted by the selected studies had a low influence on the results because of quality assurance/quality control procedures [2]. All studies used automatic composite samplers to obtain a large number of samples for each rain event (active sampling) or a mixed sample of a part of the complete runoff (passive sampling). The highest uncertainties regarding all selected long-term monitoring programs are related to the handling of the raw data (e.g., time interval of the data logging and the link between flow-/rainfall-measurements and measured runoff concentrations) and the calculation methods for the annual loads (e.g., values below the detection limit or missing values because of a malfunction of a device). All monitored traffic areas were categorized in one of the three categories highway (H), parking lot (P), and road (R). Sites with reported runoff loads that are not completely linked to impervious traffic areas were categorized as special (S). Each monitoring site got an identification number (ID) that consists of one capital letter according to the category (H, P, R, or S) and two consecutive numbers, e.g., H01. These IDs were used in the Tables and Section 3.



The characteristics of the sites used for this review are summarized in Table 1. Table 1 includes data about the location (country), the period of sampling, the land use, special fixed site-specific factors, the road maintenance (i.e., winter services and sweeping), the average annual daily traffic (AADT), the discharge area of the monitoring site (i.e., the catchment area connected to the sampler), and the annual rainfall depth. The runoff loads of the metals are presented in Table 2. This novel evaluation of different types of traffic areas (H, R, and P) only used annual metal loads per hectare of catchment area (g/ha) that were calculated by the respective authors of the selected studies from runoff concentrations of impervious surfaces without a subsequent (pre-)treatment (i.e., some sites presented in [26,27,28,29,30] are summarized in the category S). Therefore, a conversion of units was sometimes performed (lb/acre, mg/m2, or kg/ha in g/ha). In addition, if all required information was available, annual metal loads presented as g/km were recalculated to g/ha. A calculation of loads from runoff concentrations and the corresponding water volumes was not performed because of climatic site-specific factors (i.e., variable at each site) and several uncertainties (e.g., missing data about the percentage of analyzed runoff volumes to total volumes, the percentage of collected rain events to total rain events, the representativeness of the analyzed rain events in terms of intensities and durations, and the ambiguity between rainfall and runoff volumes).



Table 1. Characteristics of traffic area sites with heavy metal loads reported in the literature.







	
ID

	
Literature

	
Location *

	
Period of Sampling

	
Study Site Characteristics **

	
AADT (veh./d)

	
Discharge Area (m2)

	
Rainfall (mm/yr)






	
H01

	
[32]

	
GBR

	
1973–1974

	
urban, B, D, S

	
57,600

	
36,000

	
533




	
H02

	
[1]

	
CHE

	
1976–1977

	
non-urban, D

	
72,000

	
54,300

	
1132




	
H03

	
[33]

	
FRA

	
1978–1979

	
–

	
13,600

	
–

	
–




	
H04

	
[26,27]

	
DEU

	
1978

	
non-urban, D, nS

	
41,000

	
13,000

	
792




	
H05

	
[34]

	
USA

	
1978–1981

	
urban

	
53,000

	
4937

	
810–1140




	
H06

	
[34]

	
USA

	
1978–1981

	
urban

	
42,000

	
401

	
810–1140




	
H07

	
[26,27]

	
DEU

	
1979

	
non-urban, D, nS

	
47,000

	
25,200

	
737




	
H08

	
[34]

	
USA

	
1979–1981

	
non-urban

	
8600

	
1133

	
1020–2290




	
H09

	
[34]

	
USA

	
1979–1981

	
non-urban

	
7700

	
728

	
1520–2540




	
H10

	
[34]

	
USA

	
1979–1981

	
non-urban

	
7300

	
1133

	
1780–2540




	
H11

	
[34]

	
USA

	
1979–1981

	
non-urban

	
2000

	
5059

	
178–381




	
H12

	
[34]

	
USA

	
1979–1981

	
urban, B, Zn smelter

	
17,300

	
890

	
432–711




	
H13

	
[34]

	
USA

	
1979–1981

	
non-urban

	
2500

	
1012

	
254–483




	
H14

	
[35]

	
FRA

	
1980–1982

	
non-urban

	
5500

	
1470

	
801




	
H15

	
[35]

	
FRA

	
1980–1982

	
non-urban

	
7000

	
–

	
620




	
H16

	
[36]

	
FRA

	
1993–1994

	
non-urban

	
30,000

	
13,000

	
–




	
H17

	
[30]

	
USA

	
1993–1995

	
urban, B

	
58,150

	
5341

	
1160




	
H18

	
[30]

	
USA

	
1994–1995

	
urban, B

	
8780

	
526

	
1670




	
H19

	
[37]

	
USA

	
1995–1996

	
urban

	
41,000

	
1670

	
945




	
H20

	
[37]

	
USA

	
1995–1996

	
urban

	
51,000

	
4940

	
945




	
H21

	
[28]

	
USA

	
1995–1996

	
urban, B, D

	
25,000

	
1497

	
–




	
H22

	
[38]

	
FRA

	
1995–1996

	
urban, B, D, S

	
12,000

	
3200

	
656




	
H23

	
[37]

	
USA

	
1995–1997

	
urban

	
120,000

	
1880

	
945




	
H24

	
[39]

	
DEU

	
1998–2000

	
urban, D

	
>50,000

	
75,800

	
774




	
H25

	
[39]

	
DEU

	
1998–2000

	
urban, D

	
>50,000

	
51,300

	
774




	
H26

	
[40]

	
CHE

	
1999–2000

	
non-urban

	
60,000

	
75,000

	
1050




	
H27

	
[41]

	
CHE

	
2006–2007

	
urban, D, S

	
59,000

	
25,000

	
876–1184




	
H28

	
[41]

	
CHE

	
2006–2009

	
non-urban, D, S

	
74,000

	
20,000

	
477–726




	
H29

	
[42]

	
DEU

	
2011–2012

	
non-urban, D

	
85,600

	
27.5

	
538




	
H30

	
[42]

	
DEU

	
2011–2012

	
urban, D

	
66,200

	
28.0

	
471




	
H31

	
[42]

	
DEU

	
2011–2012

	
non-urban, D

	
45,000

	
27.3

	
454




	
H32

	
[43]

	
CHE

	
2012–2013

	
urban, D, S

	
39,000

	
42,000

	
1147




	
R01

	
[44]

	
DEU

	
1988–1989

	
urban

	
18,129

	
162.2

	
609




	
R02

	
[45]

	
DEU

	
1996–2005

	
urban, D

	
6800

	
17.3

	
334–863




	
R03

	
[14]

	
CHE

	
2002–2004

	
non-urban

	
17,000

	
1500

	
1000




	
R04

	
[14]

	
CHE

	
2002–2004

	
urban

	
17,000

	
14.1

	
1000




	
R05

	
[46]

	
BRA

	
2002–2004

	
urban

	
9000

	
1300

	
–




	
R06

	
[47]

	
DEU

	
2006–2007

	
urban, D, S

	
57,000

	
100

	
739




	
R07

	
[48]

	
DEU

	
2014–2015

	
non-urban, D

	
20,600

	
9870

	
1200




	
R08

	
[48]

	
DEU

	
2015

	
urban, nD

	
9500

	
1600

	
800




	
P01

	
[29]

	
USA

	
1998–1999

	
urban

	
–

	
1050

	
1000




	
P02

	
[29]

	
USA

	
1998–1999

	
urban

	
–

	
1050

	
1000




	
P03

	
[49]

	
DEU

	
2001

	
non-urban, D, S

	
–

	
10,000

	
635




	
P04

	
[49]

	
DEU

	
2001

	
non-urban, D, S

	
–

	
5000

	
635




	
P05

	
[49]

	
DEU

	
2001

	
non-urban, D, S

	
–

	
17,700

	
769








Notes: * BRA (Brazil), CHE (Switzerland), DEU (Germany), FRA (France), GBR (Great Britain), and USA (United States of America); ** B = Bridge, D = De-icing salt application, nD = no De-icing salt application, nS = no Sweeping, S = Sweeping reported in the literature.








Table 2. Annual total heavy metal loads in runoff from traffic areas. The characteristics of all traffic area sites are described in Table 1.







	
ID

	
Literature

	
Cd Load (g/ha)

	
Cr Load (g/ha)

	
Cu Load (g/ha)

	
Ni Load (g/ha)

	
Pb Load (g/ha)

	
Zn Load (g/ha)






	
H01

	
[32]

	
–

	
972

	
3780

	
1000

	
12,900

	
19,000




	
H02

	
[1]

	
25

	
–

	
350

	
–

	
2500

	
1900




	
H03

	
[33]

	
–

	
–

	
–

	
–

	
1200

	
2300




	
H04

	
[26,27]

	
37

	
62

	
621

	
–

	
1330

	
2330




	
H05

	
[34]

	
–

	
–

	
223

	
–

	
4420

	
2320




	
H06

	
[34]

	
–

	
–

	
732

	
–

	
15,920

	
4210




	
H07

	
[26,27]

	
29

	
100

	
544

	
–

	
1160

	
2890




	
H08

	
[34]

	
–

	
–

	
34

	
–

	
130

	
220




	
H09

	
[34]

	
–

	
–

	
361

	
–

	
1670

	
2010




	
H10

	
[34]

	
–

	
–

	
565

	
–

	
5480

	
2560




	
H11

	
[34]

	
–

	
–

	
30

	
–

	
80

	
470




	
H12

	
[34]

	
–

	
–

	
118

	
–

	
690

	
10,400




	
H13

	
[34]

	
–

	
–

	
65

	
–

	
320

	
390




	
H14

	
[35]

	
–

	
–

	
–

	
–

	
410

	
1170




	
H15

	
[35]

	
–

	
–

	
–

	
–

	
820

	
1410




	
H16

	
[36]

	
–

	
–

	
–

	
–

	
140

	
1390




	
H17

	
[30]

	
–

	
–

	
230

	
–

	
470

	
1300




	
H18

	
[30]

	
–

	
–

	
80

	
–

	
200

	
450




	
H19

	
[37]

	
5.6

	
50.4

	
235

	
–

	
112

	
1300




	
H20

	
[37]

	
4.5

	
40.4

	
269

	
–

	
112

	
874




	
H21

	
[28]

	
30

	
90

	
220

	
90

	
200

	
–




	
H22

	
[38]

	
8.1

	
–

	
249

	
–

	
567

	
2080




	
H23

	
[37]

	
19.1

	
381

	
628

	
–

	
425

	
3230




	
H24

	
[39]

	
–

	
–

	
440

	
–

	
217

	
1960




	
H25

	
[39]

	
–

	
–

	
480

	
–

	
250

	
2120




	
H26

	
[40]

	
30

	
–

	
1070

	
–

	
560

	
1990




	
H27

	
[41]

	
–

	
–

	
440

	
–

	
80

	
1190




	
H28

	
[41]

	
–

	
–

	
359

	
–

	
55

	
1270




	
H29

	
[42]

	
1.4

	
–

	
805

	
–

	
88

	
2440




	
H30

	
[42]

	
0.6

	
–

	
241

	
–

	
44

	
878




	
H31

	
[42]

	
0.8

	
–

	
350

	
–

	
72

	
834




	
H32

	
[43]

	
–

	
–

	
750

	
–

	
–

	
3930




	
R01

	
[44]

	
–

	
–

	
500

	
–

	
1800

	
10,600




	
R02

	
[45]

	
1.7

	
41

	
225

	
41

	
83

	
2510




	
R03

	
[14]

	
4.0

	
119

	
471

	
–

	
179

	
3230




	
R04

	
[14]

	
3.2

	
75.4

	
398

	
–

	
170

	
2100




	
R05

	
[46]

	
8.0

	
–

	
310

	
–

	
500

	
–




	
R06

	
[47]

	
–

	
–

	
970

	
–

	
210

	
4820




	
R07

	
[48]

	
–

	
–

	
600

	
–

	
–

	
1300




	
R08

	
[48]

	
–

	
–

	
184

	
–

	
–

	
1060




	
P01

	
[29]

	
–

	
–

	
42

	
–

	
18

	
174




	
P02

	
[29]

	
–

	
–

	
33

	
–

	
17

	
147




	
P03

	
[49]

	
–

	
–

	
400

	
–

	
150

	
2400




	
P04

	
[49]

	
–

	
–

	
250

	
–

	
110

	
1000




	
P05

	
[49]

	
–

	
–

	
500

	
–

	
200

	
2000










The software package SPSS 22 (IBM) was used for statistical analysis and plotting. For box and whisker plots, the bottom and top of each box are the first and third quartiles and the band inside the box is the median. The whiskers represent 1.5 times the interquartile range (IQR). Outliers (>1.5 times IQR) are marked as small circles and extreme values (>3.0 times IQR) as stars. To analyze historical trends, the period of the monitoring program was used instead of the publication date. Because of the non-normal distribution of most parameters, the non-parametric Spearmen rank-order correlation was subsequently used for the correlation analysis following the example of Mosley and Peake [31]. For the correlation analysis, the sites H27, H28, and R02 were split up into two, four, and nine independent data sets, respectively, to consider the heavy metal loads and annual rainfall depths for each year. For H05, H06, and H08–H13, no values for the annual rainfall depths were used for the statistical analysis because of missing mean values.



For the calculations of median values, mean values, and standard deviations (SD) in Section 3.3, some data were excluded because of special site-specific factors (cf. Section 3.2.1). To avoid a bias because of the historical trends of the Pb data (cf. Section 3.2.2), the values of the 20th century were excluded for the discussion of recent loads. All of these exceptions are directly specified at the presentation and discussion of the particular results.




3. Results and Discussion


3.1. Annual Metal Runoff Loads for Different Traffic Areas


A summary of annual total metal loads of 45 sites is presented in Table 2 for all three traffic area categories (H, R, and P) and the six most relevant heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn). Most of the values were published for highway sites (H, n = 32) with fewer values for other roads (R, n = 8) and parking lots (P, n = 5). The traffic area runoff loads of Cu, Pb, and Zn were mostly measured and published by other researchers. Less data are available for Cd, Cr, Ni, and Sb. For Sb, the annual average runoff load was only published for one urban road (16.8 g/ha at R02; [45]) and three highway sites (11.2 g/ha at H19, 5.6 g/ha at H20, and 17.9 g/ha at H23; [37]).



The most concentrated metal was Zn, followed by Pb, Cu, Ni, Cr, Cd, and Sb. The SDs between all monitoring results are quite high for all heavy metals summarized in Table 2: 12.9 g/ha Cd, 291 g/ha Cr, 587 g/ha Cu, 540 g/ha Ni, 3180 g/ha Pb, and 3330 g/ha Zn. In addition, the runoff loads of one to four sites are calculated as extreme values for most metals (Figure 1). Compared with the other heavy metals, the variations of the Pb and Zn data (e.g., cf. the SDs above and the IQRs presented in Figure 1) are the highest. For Pb, it is linked to the historical trends (cf. Section 3.2.2). In contrast, the contributions of different Zn sources to the runoff loads are highly variable between each site (e.g., brake linings, galvanized bridge parts, galvanized car parts, guardrails, lamp-posts, motor oil, tires, safety fences, and signs; [38,50,51]). Thus, these high loads are based on different fixed site-specific factors (cf. Section 3.2.1), operational characteristics (cf. Section 3.2.2) but can also be linked to climatic (cf. Section 3.2.3) and method-specific influences [2].


Figure 1. Annual total heavy metal loads of Cr (n = 10), Cu (n = 41), Pb (n = 42), and Zn (n = 43) in runoff from traffic areas for each of the three categories highways (H), roads (R), and parking lots (P).



[image: Water 08 00294 g001 1024]






For most values, the loads published for runoff from parking lots were lower than the loads of highway and road runoff (Table 2 and Figure 1). One further trend between the traffic area categories was found for the runoff loads from parking lots. The two parking lots P01 and P02 at the Florida Aquarium (USA) were less polluted compared with the three frequently used German highway parking lots for trucks (P03), cars (P04), and all types of vehicles (P05). Thus, the frequently used highway parking lots with high percentages of trucks have increased runoff loads and these values are comparable with the annual metal loads of the runoff from roads.



Strong and statistical significant correlations were determined for Cr with Pb, Cu, and Zn (Table 3) that represent the particulate fraction of these metals because Cr and Pb are mostly particulate in the runoff from traffic areas and Cu and Zn are also particulate but more dissolved [2]. Some significant correlations between the catchment area and the metal runoff loads were also calculated (Table 3). However, only an effect of the area on the first flush was previously reported [52].



Table 3. Spearman correlation coefficients of average annual daily traffic (AADT), catchment area, annual rainfall depths, and heavy metal runoff loads: correlation coefficient ≤0.39 = weak correlation, 0.40–0.59 = medium correlation, and ≥0.60 = strong correlation. Strong correlations are in bold type and no values are presented for Ni because of the small n (5 or 6 for all correlations).







	
Variable

	
Cd

	
Cr

	
Cu

	
Pb

	
Sb

	
Zn

	
AADT

	
Area

	
Rainfall






	
Cd

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
Cr

	
0.76 **

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
n = 17

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
Cu

	
0.49 *

	
0.77 **

	
–

	
–

	
–

	
–

	
–

	
–

	
–




	
n = 24

	
n = 18

	
–

	
–

	
–

	
–

	
–

	
–




	
Pb

	
0.94 **

	
0.90 **

	
0.43 **

	
–

	
–

	
–

	
–

	
–

	
–




	
n = 24

	
n = 18

	
n = 50

	
–

	
–

	
–

	
–

	
–




	
Sb

	
−0.22

	
0.08

	
0.41

	
−0.10

	
–

	
–

	
–

	
–

	
–




	
n = 12

	
n = 12

	
n = 12

	
n = 12

	
–

	
–

	
–

	
–




	
Zn

	
0.21

	
0.69 **

	
0.56 **

	
0.50 **

	
0.63 *

	
–

	
–

	
–

	
–




	
n = 22

	
n = 17

	
n = 51

	
n = 52

	
n = 12

	
–

	
–

	
–




	
AADT

	
0.44 *

	
0.66 **

	
0.47 **

	
−0.01

	
−0.32

	
−0.03

	
–

	
–

	
–




	
n = 24

	
n = 18

	
n = 48

	
n = 49

	
n = 12

	
n = 50

	
–

	
–




	
Area

	
0.74 **

	
0.54 *

	
0.41 **

	
0.25

	
−0.39

	
−0.14

	
0.43 **

	
–

	
–




	
n = 24

	
n = 18

	
n = 53

	
n = 52

	
n = 12

	
n = 53

	
n = 50

	
–




	
Rainfall

	
0.64 **

	
0.29

	
0.04

	
0.22

	
0.07

	
−0.11

	
0.02

	
0.22

	
-




	
n = 22

	
n = 17

	
n = 43

	
n = 42

	
n = 12

	
n = 45

	
n = 40

	
n = 44








Notes: * p < 0.05, statistical significance of the correlations; ** p < 0.01, statistical significance of the correlations.









3.2. Influences on the Metal Runoff Loads


3.2.1. Fixed Site-Specific Influences


One often-discussed factor is the impact of the AADT on the runoff pollution of traffic areas. However, AADT can only explain approximately 30% of the variations between different sites [53]. In this review, the AADT varies between 2000 vehicles per day and 120,000 vehicles per day for the highway and road sites (Table 1). Significant correlations between AADT and the heavy metals were found for Cd, Cr, and Cu (Table 3). Cr was the only metal with a strong correlation (δ = 0.66). Thus, further site-specific factors have an influence on the annual loads. A general description of these site-specific factors that influence the metal runoff concentrations and loads from traffic areas is given in [2]. In the following, only the fixed site-specific factors that were responsible for the extreme values calculated for all 45 sites were discussed with the exception of Pb (cf. Section 3.2.2).



Most of the largest annual loads were measured for the urban site H01, which has a high AADT of 57600 vehicles per day. Further factors that might have led to the high runoff concentrations were the extreme use of de-icing salts, which had increased levels of metal contents (cf. Section 3.4.2), by the winter services (ca. 2100 g/(m2·yr)), the grade of congestion during rush hours, and the road design (e.g., a section of the monitoring site was a bridge with concrete pillars) [32]. In addition to these high concentrations, uncertainties regarding the discharge area because of the steep slope at the ends of the drainage area causing additional water flowing into the monitored area might have led to the increased calculated annual runoff loads [32]. At H12, the presence of a nearby Zn smelter was responsible for the high Zn runoff loads [34]. The road design of R01 resulted in increased runoff loads because of the complete drainage of the catchment area by curbs and gutters (runoff volumes were calculated from the rainfall depths and an assumed runoff coefficient of 0.9), the presence of guardrails (at the median and at both sites of the road), and the stop-and-go traffic.



For the special sites (S, n = 10), grass swales were often used instead of conventional curbs and gutters to drain the catchment areas and the samples were often taken at the drainage pipes. The category S consists of the highway sites S01–S04 and the parking lot sites S05–S10. Most metal runoff loads of category S (Table 4) are much lower than the ones reported for non-pre-treated runoff loads for comparable sites (Table 2). At S01, the surface was only sealed by 39.6% with asphalt and the rest of the drainage area were adjacent areas with surfaces vegetated by grass [26]. At S02, the catchment area consisted of 61% asphalt, which was drained to a catch basin, and the grassy shoulder that were both monitored [28]. A similar situation was present at S03 with 45% impervious asphalt and a grassy shoulder [28]. At S04, 37.6% of the drainage area was paved with asphalt and the highway runoff drained into a large grassy median that were both simultaneously monitored in mixed samples [30]. For the parking lots, several loads for pre-treated runoff were reported [29]: asphalt surfaces with subsequent vegetated swales (S05,S06), cement surfaces with subsequent vegetated swales (S07,S08), and pervious surfaces with subsequent vegetated swales (S09,S10). A comparison of the sites S05–S10 with the sites P01 and P02 shows that small alterations to parking lot designs can dramatically decrease runoff metal loads. The reduction of pollutants by grass swales was also measured for the adjacent sites H21/S02 and the data presented for S04 in [30]. These results concerning the runoff load reductions by pervious surfaces and vegetated swales can be used for designing stormwater management practices. For the design of vegetated swales, further site-specific factors such as the road design (e.g., crossings and roundabouts) and the grade of congestion (i.e., sites with frequent stop-and-go traffic) must be considered [54].



Table 4. Annual total heavy metal loads in pre-treated runoff from traffic areas.







	
Site

	
Literature

	
Cd Load (g/ha)

	
Cr Load (g/ha)

	
Cu Load (g/ha)

	
Ni Load (g/ha)

	
Pb Load (g/ha)

	
Zn Load (g/ha)






	
S01

	
[26,27]

	
7.2

	
12

	
130

	
–

	
360

	
715




	
S02

	
[28]

	
10

	
20

	
70

	
20

	
70

	
–




	
S03

	
[28]

	
50

	
50

	
100

	
50

	
130

	
–




	
S04

	
[30]

	
–

	
–

	
15

	
–

	
10

	
60




	
S05

	
[29]

	
–

	
–

	
8

	
–

	
2

	
37




	
S06

	
[29]

	
–

	
–

	
25

	
–

	
7

	
79




	
S07

	
[29]

	
–

	
–

	
8

	
–

	
3

	
42




	
S08

	
[29]

	
–

	
–

	
9

	
–

	
4

	
56




	
S09

	
[29]

	
–

	
–

	
3

	
–

	
1

	
20




	
S10

	
[29]

	
–

	
–

	
6

	
–

	
3

	
36











3.2.2. Historical Trends


The historical trends of traffic area runoff loads published in literature were analyzed for Cu, Pb, and Zn from the 1970s to date. The loads were aggregated into five decades and plotted as box and whisker plots in Figure 2.


Figure 2. Historical trends of Cu (n = 41), Pb (n = 42), and Zn (n = 43) in traffic area runoff loads from the 1970s to date.
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For the Pb data, a significant decrease of the loads was detected as a function of time because of the phase-out and substitution of leaded gasoline. The decrease of Pb use as an anti-knocking agent started in the USA in the mid-1980s and was completed in 1996 [55]. In Europe, the situation was not as homogenous as in the USA. For example, Pb was almost completely phased-out in gasoline in Germany and several other countries of Western Europe since 1986 [56,57]. The phase-out in the European Union ended in January 2002, with the elimination of leaded gasoline in Italy [58]. At the same time, leaded gasoline was banned in China [15]. Further reductions of Pb usage are related to the substitution of Pb in tires and brake linings [38,59,60], lubricating oil and grease [50], and weights added to vehicles for tire balance [61,62]. These developments are responsible for the high Pb loads reported in older publications (cf. Table 2). However, tires still contain Pb [63,64] (cf. Section 3.4.2) and Pb is added to the gasoline used in classic cars. As a consequence, Pb is still found in runoff samples of the 21st century in low concentrations [2] and in younger vegetated infiltration swales in low contents [54]. Thus, only Pb data of the 21st century should be used for current mass balances (cf. Section 3.3 and Section 3.4). For Cu and Zn, no historical trends were detected. The median values of the decades varied because of different characteristics of the sites monitored per decade. The evaluation of the Cu and Zn loads confirms the higher variability of Zn (e.g., cf. the IQRs presented in Figure 2) compared with Cu that is based on the different sources (e.g., presence of Zn in galvanized structures and crumbs of car tire rubber; cf. Section 3.4.2). In addition, Cu and Zn are simultaneously present in some sources such as brake linings [38,65] and, therefore, their runoff loads have a medium correlation (Table 3).




3.2.3. Annual Variations and Climatic Site-Specific Influences


Since most of the other sampling periods were only 1 to 2 years long (cf. Table 1), values of the annual runoff loads and annual rainfall depths are only available for each monitored year for the three traffic area sites R02, H27, and H28. Variations of the annual runoff loads (n = 9) were calculated for a nine-year monitoring program (R02) from the data presented by Nadler and Meißner [45]. The minima and maxima of the annual runoff loads calculated for each twelve months are 0.5–3.1 g/ha Cd, 17–76 g/ha Cr, 116–324 g/ha Cu, 20–60 g/ha Ni, 28–143 g/ha Pb, 10–23 g/ha Sb, and 1530–3550 g/ha Zn. The coefficients of variation (n = 9) for the annual runoff loads of R02 are 56% for Cd, 51% for Cr, 33% for Cu, 43% for Ni, 44% for Pb, 27% for Sb, and 30% for Zn. The catchment area, the sampling procedure, and most fixed site-specific factors (e.g., presence of a guardrail) were the same for the complete monitoring campaign. Only a small increase of the AADT was measured (6100 vehicles per day at the beginning and approximately 6800 vehicles per day in the second half of the monitoring program) and a different agricultural land use occurred in the east of the monitoring site. Since most annual metal loads of the second half of the monitoring program are lower than the loads of the first half, the influence of the AADT on the loads is not significant. Therefore, the variation of the heavy metals might be correlated with climatic factors such as the annual rainfall depth that varied largely between 334 mm and 863 mm (mean 667 mm; coefficient of variation 26%). However, a strong correlation (δ ≥ 0.60) between the seven metals and the annual rainfall depth was only calculated for Sb (δ = 0.68, p < 0.05). Thus, the annual rainfall depths also had no significant influence on the variability of the annual heavy metal runoff loads for this site although most of the lowest loads were calculated for the year with low rainfall depths and long dry weather periods in the spring and summer.



Smaller annual variations of the heavy metal runoff loads were published for H28 (n = 4) for each of the four years that were monitored [41]: 340–381 g/ha for Cu, 47–63 g/ha for Pb, and 1200–1370 g/ha for Zn. The coefficients of variation (n = 4) are 5% for Cu, 13% for Pb, and 6% for Zn. The annual rainfall depths varied between 477 mm and 726 mm (mean 591 mm; coefficient of variation 22%) at this highway site. The small variations can be partially explained by varying street sweeping intervals of the hard shoulders [41]. Because of the small n, no correlation analyses were performed.



The variations of the annual rainfall depths at both sites were comparable (coefficients of variation are 26% and 22%). However, the variations between the metal runoff loads were much higher for R02 than for H28. These differences between the monitored years and sites can depend on a multitude of climatic boundary conditions (not only the rainfall depths), which can generally induce different deposition and wash-off processes, and on fixed site-specific factors (i.e., different median pollution loads of both sites). These influences on the median loads can be related to the different AADT and speed limits (50 km/h at R02 and 120 km/h at H28) and the presence of noise barriers, a forest, and hard shoulders at H28, which can also reduce the influences of climatic factors (e.g., wind turbulences) on the runoff loads [41]. Thus, the fixed site-specific factors also affected the influences of the climatic factors on the annual variations of the runoff loads.



At H27, with a speed limit of 120 km/h, the published annual heavy metal runoff loads were 470/410 g/ha for Cu, 71/88 g/ha for Pb, and 1010/1370 g/ha for Zn for the years 2006/2007 [41]. The annual rainfall depths were 876 mm and 1184 mm for the years 2006 and 2007, respectively. Thus, the rainfall depth was higher for 2007 and the runoff loads increased for Pb and Zn but not for Cu. Consequently, median runoff concentrations from the literature multiplied by different annual rainfall depths of a specific site cannot be used to describe the variance of the annual runoff loads because of climatic variations.



For all monitoring sites, the annual rainfall depth varied between 254 mm and 2540 mm (median 792 mm; 90th percentile 1200 mm). A strong correlation between the annual rainfall depths and the heavy metals was only calculated for Cd (δ = 0.64, p < 0.01) for all monitoring sites (Table 3). The influence of the seasons on the pollution of traffic area runoff was evaluated by Helmreich et al. [66] with a considerable seasonal increase of pollutants in the runoff during the cold season. A correlation of the seasons could not be performed in this study because all published annual loads did not distinguish between different seasons. Therefore, only the results of single events can be used for this purpose. For example, the first storm of each season in (semi)arid regions is a special case for the climatic influences that is characterized by higher runoff loads [67,68].



In addition, the atmospheric deposition (wet and dry) must be considered as a climatic factor that affects the runoff loads. The deposition fluxes on traffic areas are strongly influenced by site-specific factors [69]. For example, the absence of curbs, hard shoulders, and noise barriers are site-specific influences that have a positive effect on reducing runoff concentrations by decreasing the deposition rates and the subsequent wash-off [41,70]. The deposition is also influenced by the traffic volume and the surrounding land use. Less data are available for urban traffic area sites (in particular roads and parking lots) at which higher fractions of metal emissions can be deposited and washed-off compared with non-urban traffic areas [11]. These rates are also influenced by the antecedent dry period [71]. However, Racin et al. [12] concluded that splashing and washing of pollutants from vehicles is more important than the wash-off of pollutants accumulated on road surfaces by precipitation (wet deposition). An increased importance of precipitation for runoff pollution of traffic areas in industrial zones is proposed by Dannecker et al. [72] and it is highly variable for each metal. Dry deposition at industrial sites also has an important effect, whereas the influences of traffic related emissions become more important at non-industrial urban sites [72]. For the non-urban sites H04, H07, and S01, the influence of the wet and dry deposition rates on the corresponding annual runoff loads was determined. The ratios of deposition loads to runoff loads for the sites H05/H07/S01 were 35%/31%/42% for Cd, 65%/2%/125% for Cr, 36%/23%/46% for Cu, 24%/27%/50% for Pb, and 54%/31%/80% for Zn [27]. Thus, the deposition affects the runoff loads at these non-urban highway sites and the influences depend on both the site and the metal.



In summary, the deposition is highly variable for each site because of site-specific factors and a robust data set is currently not available to determine the deposition loads for all types of traffic areas and the most relevant land use categories. For a rough estimation, the average deposition loads summarized by Zessner [73] can be used, which consist of traffic related and non-traffic related metals. He determined annual deposition loads of 1.4 g/ha Cd, 50 g/ha Cu, and 300 g/ha Zn for rural areas and annual deposition loads of 6.0 g/ha Cd, 250 g/ha Cu, and 1000 g/ha Zn for urban areas. Ilyin et al. [74] modeled annual deposition loads of 0.25–0.65 g/ha Cd and 8–20 g/ha Pb for Germany on a large scale. However, these data might underestimate the real values of metals deposited on traffic areas because of the large-scale model. For comparison, Kocher et al. [75] determined annual deposition loads for three different German highways and the rates varied strongly between each year, season, metal, and monitoring point (at ground level or 1.5 m height and with distance from the highways). Thus, method-specific factors also have an influence on the results. At 1.5 m height, the deposition rates determined by Kocher et al. [75] are in the range of the ones summarized by Zessner [73]. However, the values at ground level can be higher by a factor of up to approximately five for the measurements directly at the highway site. Thus, traffic related emissions highly affect the deposition rates on traffic areas.



A general description of the influences of climatic factors such as deposition rates, the antecedent dry periods, rain characteristics (volume, intensity, and duration), seasonal effects, and wind turbulence on the runoff from traffic areas is given in [2]. For rain characteristics, mostly poor correlations were obtained for the metal runoff concentrations. This is in accordance with the findings of this review (low correlation between annual rainfall depths and runoff loads). Thus, the differences of the runoff loads cannot be based on the uncertainties of the measured values and the high variability of the metal runoff loads between different years must be based on the variability of climatic factors and some fixed-site specific factors such as road maintenance (e.g., the variability of the use of de-icing salts by winter services; cf. Section 3.4.2). However, further data are needed to calculate the correlations between runoff loads and rainfall intensities or antecedent dry periods.





3.3. Average Runoff Loads for Different Traffic Area Categories


The values of the runoff loads presented in Table 2 were used to calculate median values, mean values, and SDs that could be used for mass balances (no values from H01 and Zn from H12). The calculated median annual runoff loads for all traffic areas are presented in Table 5.



Table 5. Median annual runoff loads (g/ha) for all traffic areas. For Pb, only data measured in the 21st century was used.







	
Parameter

	
n

	
Median

	
Mean

	
SD






	
Cd

	
16

	
6.8

	
13.0

	
12.9




	
Cr

	
9

	
75

	
107

	
106




	
Cu

	
40

	
355

	
384

	
254




	
Ni

	
2

	
66

	
66

	
35




	
Pb

	
13

	
110

	
149

	
119




	
Sb

	
4

	
14.0

	
12.9

	
5.7




	
Zn

	
41

	
1960

	
2018

	
1751










For the highway data, the calculated median runoff loads are presented in Table 6.



Table 6. Median annual runoff loads (g/ha) for all highway sites. For Pb, only data measured in the 21st century was used.







	
Parameter

	
n

	
Median

	
Mean

	
SD






	
Cd

	
12

	
14

	
16

	
14




	
Cr

	
6

	
76

	
121

	
130




	
Cu

	
27

	
355

	
388

	
260




	
Ni

	
1

	
90

	
90

	
–




	
Pb

	
5

	
72

	
68

	
18




	
Sb

	
3

	
11

	
12

	
6




	
Zn

	
29

	
1900

	
1773

	
1004










In a literature study, Hullmann and Kraft [76] presented annual average Cu and Zn loads for runoff from traffic areas that were summarized from several studies as approximately 800 g/ha for Cu and 2700 g/ha for Zn. These values are higher than the ones calculated in this study. For comparison, Driscoll et al. [7] reported the following ranges of annual heavy metal runoff loads measured in the USA (n = 24): 7.2–37 g/ha for Cd, 12–120 g/ha for Cr, 30–4670 g/ha for Cu, 70 g/ha for Ni, 80–21,200 g/ha for Pb, and 220–10,400 g/ha for Zn. The surrounding land use characteristics comprised nineteen urban sites (commercial, residential, and suburban) and five non-urban sites (forest, agricultural, and desert). Burton and Pitt [8] also summarized the runoff loads for parking lots, highways, and different land use categories that were published in five reports of the 1970s and 1980s. For parking lots, the reported values of the annual runoff loads are 10 g/ha Cd, 60 g/ha Cu, 800 g/ha Pb, and 800 g/ha Zn [8]. The published annual runoff loads are higher for highway sites: 20 g/ha Cd, 90 g/ha Cr, 370 g/ha Cu, 4500 g/ha Pb, and 2100 g/ha Zn [8]. With the exception of Pb, these annual highway runoff loads are only slightly higher than the median values calculated for highways in this review. In contrast, these summarized parking lot runoff loads are highly different compared with the parking lot values of Table 2 because the use of parking lots differ widely. Subsequently, the runoff loads of parking lots should not be summed up but considered in accordance to their type of use (cf. Section 3.1). Another relevant factor for parking lots is the contamination of parked vehicles with dirt, rust, and further substances [77] that must be considered for planning stormwater management strategies.




3.4. Heavy Metal Load Balances for Germany


3.4.1. Mass Balances of Heavy Metal Traffic Area Runoff Loads


In Germany, there are approximately 281.3 km2 of highways and 339.5 km2 of state roads [78]. The total amount of all types of traffic areas, which also include the areas for railroads, airports, and waterways, is 18,070 km2 in Germany and the fraction of roads, places (e.g., parking lots and marketplaces), and sidewalks is 15,750 km2 [79].



Since median values are preferred for the analyses of such field data [80], the median annual loads for highway runoff and the area of highways in Germany (281.3 km2) were used to calculate the total amount of metal loads in runoff from German highways.. These total loads are presented as t/yr (1 t/yr = 1000 kg/yr) and were calculated as approximately 0.38 t/yr Cd, 2.1 t/yr Cr, 9.8 t/yr Cu, 2.5 t/yr Ni, 2.0 t/yr Pb, 0.31 t/yr Sb, and 53.4 t/yr Zn.



The calculated median annual heavy metal loads for all traffic areas, which are similar to the ones for the highway sites, and the total amount of all transportation areas (15,750 km2) were used to estimate the total traffic area runoff loads for Germany. Thus, approximately 10.7 t/yr Cd, 119 t/yr Cr, 558 t/yr Cu, 103 t/yr Ni, 173 t/yr Pb, 22.1 t/yr Sb, and 3087 t/yr Zn are transported by runoff from traffic areas in Germany. Since less polluted traffic areas are also summarized in the total amount of transportation areas and no data are available for these categories regarding runoff loads, the calculated values tend to exaggerate the total runoff loads for Germany.




3.4.2. Mass Balances of Traffic Related Heavy Metal Emissions


Hillenbrand et al. [81] published heavy metal emission loads of different sources in a literature study for Germany. For the traffic related heavy metal emissions, they calculated the average loads for Cu, Pb, and Zn for the following sources: brake lining wear, tire wear, roadway abrasion, and Pb weights for tire balance. These data were adapted, updated, and extended by Cd and further sources (Zn weights for tire balance guardrails, lampposts/signs, and de-icing salts) for this review. The emission of Pb by leaded gasoline used by classic cars was not considered (only 0.6% of the cars in Germany are classic cars and their kilometric performances are low). A summary of the following results for the four metals Cd, Cu, Pb, and Zn is presented in Table 7. Both the metal contents of different sources (mg/kg) and the emission rates (mg/(vehicle·km)) are highly variable and only average values for each source are published to indicate their importance in relation to other emission sources.



Table 7. Traffic related heavy metal emissions in Germany (summary of mean values of the calculations presented in Section 3.4.2 that are based on different literature data).







	
Source

	
Cd (t/yr)

	
Cu (t/yr)

	
Pb (t/yr)

	
Zn (t/yr)






	
Tire wear

	
0.19

	
0.79

	
2.0

	
1255




	
Brake lining wear

	
0.03

	
928

	
61.5

	
309




	
Roadway abrasion

	
–

	
4.3

	
7.1

	
149




	
Weights for tire balance

	
–

	
–

	
2.2

	
6.6




	
Guardrails

	
–

	
–

	
–

	
313




	
Lampposts and signs

	
–

	
–

	
–

	
60




	
De-icing salts

	
0.70

	
1.75

	
11.6

	
1.75




	
Sum of all seven sources

	
0.92

	
935

	
84.4

	
2094










The first four sources are directly related to vehicles and the loads are determined by multiplying the metal contents of the material by their total abrasion masses. The tire wear was determined by Kocher et al. [82] based on 62 different tire samples for 13 metals and further substances. Kocher et al. [82] measured the metal contents of each tire (n = 62) and the coefficients of variation for the metal contents are 70% for Cd, 38% for Cr, 56% for Cu, 74% for Ni, 95% for Pb, 330% for Sb, and 35% for Zn. This is based on the different ages, manufacturers, and types of tires. The complete mass of tire wear is based on the emission factors reported in seven studies, which determined the tire wear as (mg/(vehicle·km)) for four vehicle categories (summarized in [81]), and the kilometric performances of the vehicles in Germany. By using the mean metal contents published by Kocher et al. [82] and an annual mass of tire wear of 111,420 t (coefficient of variation 29%) for Germany, the mean total emission loads for tire wear in Germany were calculated as 0.19 t/yr Cd, 0.51 t/yr Cr, 0.79 t/yr Cu, 0.97 t/yr Ni, 2.03 t/yr Pb, 0.42 t/yr Sb, and 1255 t/yr Zn. In contrast, Hillenbrand et al. [81] proposed annual emission loads of 2.7 t/yr Pb and 1620 t/yr Zn for tire wear. Thus, the calculated Pb and Zn loads of tire wear differ by approximately 20%–25% between these two studies. A summary of measured metal contents in tires and brakes was also presented by McKenzie et al. [64]. The contents also have a high variation for each metal (mostly one order of magnitude) and are in the order of the values summarized and measured by the German researchers [81,82]. The Cd emission load caused by brake wear was calculated with the metal content of 2.7 mg/kg presented by Legret and Pagotto [38], which is the median value of the contents summarized by McKenzie et al. [64] (coefficient of variation 120%), and the total brake lining abrasion mass of 12,500 t/yr published by Hillenbrand et al. [81]. The loads of brake lining wear for Cu, Pb, and Zn are taken from [81], which are based on the heavy metal contents of brake linings and their emissions published in eight studies separately for cars and trucks. In Germany, the brake linings of cars were responsible for 83%, 94%, and 80% of the total brake lining emission loads for Cu, Pb, and Zn, respectively. The emissions by weights for tire balances (Pb emissions reduced by 75% because of its substitution, mainly by Zn) and roadway abrasion were adapted from [81]. The roadway abrasion loads are based on the mean values of 18 road samples. The metal contents of the road surfaces varied between 0.0 and 31.5 mg/kg Cu, 0.9–29.0 mg/kg Pb, and 4–614 mg/kg Zn. Since only few data were available about the wear emission rates, in particular for different types of vehicles (e.g., cars, trucks, and buses), the uncertainties of the emission loads are high. Consequently, more data are needed to calculate reliable tire and break wear loads.



Guardrails, lampposts, and signs are parts of the road design and their heavy metal emissions must also be linked to road transportation [81]. The Zn emissions of lampposts and signs can only be a rough estimation because the number and surface area of traffic signs and further posts at traffic areas cannot be determined exactly. Most values are based on the assumptions proposed by Hillenbrand et al. [81].



The traffic related heavy metal emissions by de-icing salts for road maintenance were not previously evaluated for Germany. The novel calculated mean de-icing salt emissions (0.70 t/yr Cd, 1.75 t/yr Cu, 11.6 t/yr Pb, and 1.75 t/yr Zn) are based on an annual consumption of 3.5 million tons in Germany [78] and heavy metal contents of 0.2 mg/kg for Cd, 0.5 mg/kg for Cu and Zn, and 3.3 mg/kg for Pb in the de-icing salts [38]. However, these annual de-icing salt emissions are highly variable because of the different metal contents of the salts and the different annual consumptions that strongly depend on climatic factors. According to German regulation, the maximum permitted values for the soluble fraction of de-icing salts in Germany (sodium chloride, calcium chloride, and magnesium chloride) are 2 mg/kg Cd, 5 mg/kg Cu, 5 mg/kg Cr, 5 mg/kg Ni, 5 mg/kg Pb, and 20 mg/kg Zn [83]. In Great Britain, higher values were measured for a sodium chloride de-icing salt with 4.7 mg/kg Cr, 12 mg/kg Ni, 8.7 mg/kg Pb, and 6.0 mg/kg Zn [32]. Values of 1.2 mg/kg Cu and 1.6 mg/kg Pb were reported in [84] for sodium chloride (Cd and Zn not detected). For another sodium chloride de-icing salt, metal contents of 0.94 mg/kg Cd, 1.02 mg/kg Cr, 3.15 mg/kg Cu, 6.29 mg/kg Ni, 6.29 mg/kg Pb, and 1.57 mg/kg Zn were reported by Kobriger and Geinopolos [85]. Variations of the metal contents for highway de-icing salts were also published by Gupta et al. [86]: 0.003–0.01 mg/kg for Cr, 0–0.0004 mg/kg for Cu, 0.002–0.003 mg/kg for Ni, and 0.08–0.09 mg/kg for Pb. A comparison of the metal contents in de-icing salts with the ones measured in cooking salts [87] confirms that these small impurities can occur in all salts used in large quantities. Nevertheless, the total emission loads can be high because of the large amounts of salts used in Germany per year.



The total emissions are influenced by the highly variable annual consumption in Germany (0.46–5.26 million tons per year for the years 1990–2013). The metal contents of Cd, Cu, Pb, and Zn published in five references were multiplied by the annual consumption values in Germany for the years 1990–2013 (Table 8 and Figure 3). Each box and whisker represents the annual variation of the heavy metal emissions by de-icing salts for one element and the metal content of the corresponding reference. Thus, the mean de-icing salt emissions presented in Table 7 can only be a very rough estimation. In contrast to the other traffic related emission sources, the variability of these emissions mainly depends on climatic factors.


Figure 3. Variations of the traffic related heavy metal emissions by de-icing salts in Germany (1990–2013). Heavy metal contents of the de-icing salts differ largely within each reference.
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Table 8. Variations of the traffic related heavy metal emissions (t/yr) by de-icing salts with different contents (cf. [38,83,84,85,86]) in Germany (1990–2013).







	
Parameter

	
Min

	
Median

	
Mean

	
Max




	
[38]

	
[83]

	
[84]

	
[85]

	
[86]

	
[38]

	
[83]

	
[84]

	
[85]

	
[86]

	
[38]

	
[83]

	
[84]

	
[85]

	
[86]

	
[38]

	
[83]

	
[84]

	
[85]

	
[86]






	
Cd

	
0.09

	
0.92

	
–

	
0.43

	
–

	
0.36

	
3.61

	
–

	
1.70

	
–

	
0.41

	
4.07

	
–

	
1.91

	
–

	
1.05

	
10.5

	
–

	
4.95

	
–




	
Cu

	
0.23

	
2.30

	
0.55

	
1.45

	
0.00

	
0.90

	
9.02

	
2.17

	
5.68

	
0.00

	
1.02

	
10.2

	
2.44

	
6.41

	
0.00

	
2.63

	
26.3

	
6.31

	
16.6

	
0.00




	
Pb

	
1.52

	
2.30

	
0.74

	
2.89

	
0.04

	
5.95

	
9.02

	
2.89

	
11.4

	
0.16

	
6.71

	
10.2

	
3.25

	
12.8

	
0.18

	
17.4

	
26.3

	
8.42

	
33.1

	
0.47




	
Zn

	
0.23

	
9.20

	
–

	
0.72

	
–

	
0.90

	
36.1

	
–

	
2.83

	
–

	
1.02

	
40.7

	
–

	
3.19

	
–

	
2.63

	
105

	
–

	
8.26

	
–










For the year 2013 (year 2000 in brackets), the German Federal Environment Agency published national total annual emissions for road transportation as 0.78 (0.82) t Cd, 25.7 (25.1) t Cr, 2109 (1986) t Cu, 5.0 (4.7) t Ni, 88.7 (80.8) t Pb, and 1906 (1805) t Zn [88]. There is a slight increase of the emissions for five of the six heavy metals in the 21st century. In 2013, the percentages of the traffic related emissions based on the total emissions are 11% for Cd, 45% for Cr, 98% for Cu, 5% for Ni, 42% for Pb, and 95% for Zn. Considering these data, road transportation is an important source of total heavy metal emissions in Germany. With the exception of the data for Cu, these values are comparable with the ones presented in Table 7. Denier van der Gon et al. [89] presented annual road transportation emissions for Germany for the year 2000 of 0.88 t Cd, 4.0 t Cr, 102.9 t Cu, 5.0 t Ni, 0.40 t Pb, and 209.8 t Zn. Most of these emission values are lower than the ones proposed by Hillenbrand et al. [81], calculated in this study, and published by Umweltbundesamt [88]. These differences are quite high and this is not only related to the variability of the data but also to the fact that each study considers different traffic related sources, which can also vary because of substitutions.




3.4.3. Transportation of Traffic Related Heavy Metals


A sustainable stormwater management combines the stormwater source control and the treatment of traffic area runoff loads to reduce the impact of heavy metals on receiving waters. Therefore, the influence of the traffic related heavy metal emissions on the runoff loads because of leaded gasoline, tire wear, brake lining wear, roadway abrasion, weights for tire balance, guardrails, lampposts/signs, and de-icing salts must also be considered to identify cost efficient mitigation strategies. This process was successfully implemented by the phase-out of Pb in recent decades (cf. Section 3.2.2). Nevertheless, not all traffic related emissions are found in the runoff because of wind turbulences, vehicles (traffic volume and vehicle speed), antecedent dry periods, and other site-specific factors (e.g., particle size distribution, land use, road surface roughness, or elevated configuration of the traffic area; [69]). For example, Hallberg et al. [90] found out that splashing corresponds with the average vehicle speed during storms. In Great Britain, Harrison et al. [91] measured that 90% of Pb emissions from fast-moving vehicles are deposited away from the immediate vicinity of a non-urban highway (up to several hundred meters). Consequently, most of the emitted Pb was not measured in the runoff. In contrast to Pb, Harrison and Johnston [92] showed that the Cd and Cu deposition fluxes were elevated close to the investigated highway section and decreased to background levels within 20–40 m. Langbein et al. [14] and Steiner et al. [93] measured the different fluxes of Cd, Cr, Cu, Pb, and Zn emissions at a non-urban road with approximately 17,000 vehicles per day in Switzerland (average vehicle speed between 60 km/h and 80 km/h). They evaluated that 17%–25% of the heavy metals were found in the runoff, 21%–38% in the splash water, 19%–45% were blown away and deposited in a distance of up to 25 m away from the road, and 17%–37% were deposited far away (>25 m). Thus, only some heavy metals were found in the runoff of a non-urban road and the fluxes of the emitted heavy metals varied between each element. Legret and Pagotto [38] calculated emission fluxes and estimated the percentages of Cd, Cu, Pb, and Zn that were removed by runoff waters. The following were considered as emission sources: tire and brake wear, gasoline, safety fences, de-icing salts, and atmospheric deposition (wet and dry). At the investigated rural highway bridge, 313% of the emitted Cd, 2% of Cu, 5% of Pb, and 37% of Zn were found in the runoff water and the rest was dispersed into the atmosphere as dust. For Cd, the authors assumed that some sources might be unrealized or underestimated. Hewitt and Rashed [94] also measured that the largest part of Pb (approximately 86%) was dispersed in the atmosphere. Most of these mass fluxes are proposed for non-urban sites and bridges. In contrast, a higher percentage of the traffic related emissions (e.g., 50%) might be found in urban runoff from traffic areas [14]. Thus, the heavy metal emissions in the urban areas influence the runoff concentrations and loads more directly [11]. Moreover, all traffic related emissions that were not found in the runoff (i.e., approximately 50%–98% according to the above data) would be deposited on non-traffic areas and consequently have an effect on the environment.



The influence of traffic related emissions on the runoff loads can be determined for de-icing salt applications on highways. Granato [95] calculated mean annual runoff loads as 4100 g/ha Cl, 1.8 g/ha Cr, 6.6 g/ha Cu, 2.0 g/ha Ni, and 3.6 g/ha Pb for the application of sodium chloride on highway runoff. Compared with the median runoff loads for highways calculated in this review (76 g/ha Cr, 355 g/ha Cu, 90 g/ha Ni, and 72 g/ha Pb), the de-icing salt emissions contribute to about 2.4%, 1.9%, 2.2%, and 5.0% of the total annual runoff loads for Cr, Cu, Ni, and Pb, respectively. Higher ratios were calculated for H01 with 38% for Cr, 56% for Ni, 2.2% for Pb, and 1.5% for Zn [32]. Thus, the use of de-icing salts with lower metal impurities can directly reduce the runoff loads by some percentages although de-icing salts are only used for several months per year.



In summary, the identification and subsequent reduction or substitution of relevant traffic related heavy metal sources (cf. Section 3.4.2) can help to fulfill the requirements of a sustainable stormwater management. Since the runoff loads are also influenced by special site-specific factors (e.g., nearby industries like Zn smelters) and non-traffic related emissions, a runoff treatment of distinct traffic area categories (e.g., highways, roads, and frequently used parking lots) is also necessary. This can be done by permeable pavements, grass swales, and technical stormwater treatment systems [96,97].






4. Conclusions


For stormwater management, an improved knowledge about the runoff loads of different traffic area categories is necessary. These loads were summarized for highways, roads, and parking lots. The highest loads were determined for highways, roads, and frequently used parking lots (in particular by trucks). In contrast to highways and roads, parking lots must be considered individually because of site-specific factors. The traffic related emissions in Germany were estimated for seven different sources (tire wear, brake lining wear, roadway abrasion, weights for tire balance, guardrails, lampposts/signs, and de-icing salts). Zn is mostly emitted by galvanized elements and tires, Cu and Pb by brakes, and Cd by de-icing salts. The calculated loads are comparable with the ones presented in other studies for most metals. However, a statistical analysis of traffic related metal mass fluxes (e.g., the contribution of metal emissions on the runoff loads, in particular for different traffic area categories and land uses) is not currently possible because of a lack of monitoring data (e.g., metal contents of different sources, emission factors, deposition rates for different traffic area categories and land use characteristics, and size characterizations of distinct catchment areas for different traffic area categories).



Nevertheless, the estimation of the runoff loads and the emission loads for Germany stated that the vehicles, the road design, and the winter services emit heavy metals in large quantities (0.93 t/yr Cd, 935 t/yr Cu, 84.4 t/yr Pb, and 2094 t/yr Zn) and the runoff also contains high amounts of metal loads per year. Currently, the most relevant metals are Cu and Zn because the annual Pb loads have decreased significantly in the last few decades and traffic related Cd and Ni contribute only 5% and 11% of the total emissions in Germany, respectively. However, the loads of the other metals can also be detrimental for receiving waters and aquatic biota. In particular, for the highly toxic metals Cd and Sb. Thus, efforts should be intensified to reduce traffic related loads (both emissions and runoff) and subsequently to minimize their input into receiving waters and soils.



For the future, more long-term data, which include a large variety of substances and a detailed description of climatic factors, must be measured and published to improve the determination of metal loads, mass balances, and fluxes and to reduce the large uncertainties of several values used in this review for the calculations.
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