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Abstract

The aim of this study was to improve our understamaf what controls the isotope composition of &u,
and Pb in particulate matter (PM) in the urban emrment and to develop these isotope systems abfmos
source tracers. To this end, isotope ratios (CuathPb) and trace element concentrations (Fe&;#lZn, Sb,
Ba, Pb, Cr, Ni and V) were determined in BMollected at two road sites with contrasting tecaffensities in
central London, UK, during two weeks in summer 2048d in potential sources, including non-combustio
traffic emissions (tires and brakes), road furmt@oad paint, manhole cover and road tarmac wjrfacd
road dust. The isotope signatures of other impbganrces (gasoline and exhaust emissions) wees tagm
previous published data. Iron, Ba and Sb were asqutoxies for emissions derived from brake pand,Ni,
and V for emissions derived from fossil fuel ail.

The isotopic composition of Pb (expressed udffigb7°'Pb) ranged between 1.1137 and 1.1364. The
isotope ratios of Cu and Zn expresse@86uyistors and6662nLyon ranged between -0.01 %. and +0.51 %. and
between -0.21 %o and +0.33 %o, respectively. Wenditlfind significant differences in the isotoperstures
in PMyyover the two weeks sampling period and betweerntioesites, suggesting similar sources for each
metal at both sites despite their different traffiensities. The stable isotope composition of Pdgests
significant contribution from road dust resuspensand from recycled leaded gasoline. The Cu and Zn
isotope signatures of tires, brakes and road dustlap with those of PM. The correlation between the
enrichments of Sb, Cu, Ba and Fe in fgBupport the previously established hypothesis Ghaisotope ratios
are controlled by non-exhaust traffic emission sesrin urban environments (Ochoa Gonzalez et @L§)2
Analysis of the Zn isotope signatures in Mind possible sources at the two sites suggestsficamt
contribution from tire wear. However, temporarydiéidnal sources, likely high temperature industria
emissions, need to be invoked to explain the isoadiy light Zn found in 3 out of 18 samples of PM
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1. Introduction

Metals in atmospheric particulate matter (PM) areedous concern as they induce adverse healtbteffe
Cardiopulmonary diseases have been attributed @octpacity of inhaled particles and metals to cause
inflammation and injury at the air-lung interfacgoéta and Dreher, 1997; Chen and Lippmann, 20081b&za
and Lewis, 1996; Jarup, 2003; Ozkaynak et al., 199Bead exposure damages the human central nervous
system and kidneys, affects biochemical processdsimapairs psychological and neurobehavioral fumdi
(Tong et al., 2000). Zinc is associated with ottidastress and a contributing factor in many clradliseases
(Prasad et al., 2004; Walsh et al., 1994), and &lises damage to proteins and lipids (Brewer, 200)s,
developing a full understanding of the major sosiroé metals in urban PM is critical to control toxi
emissions in urban environments.

Previous studies analyzed the sources of multiplments in urban PM by using conventional chemical
techniques and receptor modeling methods suchiasigal component analysis (PCA) and positive matri
factorization (PMF). These suggested that indaisgimissions, exhaust and non-exhaust traffic éomiss
and resuspended road dust are the major sourcesdhaibute to the metal aerosol burden in lariies
around the world including Birmingham, Thessalonéad Boston (Cooper and Watson, 1980; Harrisah. et
1997; Laden et al., 2000; Lin et al., 2010; Maratlial., 2002; Polissar et al., 2001; Querol et 2001;
Thurston and Spengler, 1985). Iron and Cr arenadsociated with the bulk matrix from road dust,fézom
tire and brake wear, and road dust re-suspensiirolh the past use of leaded gasoline, Fe frorkebdaum
abrasion, wear-off of engines, tires and braked,\dand Ni with emissions from oil combustion (Gaitgal.,
2000; Hjortenkrans et al., 2007; Manoli et al., 200horpe et al. 2007; Thurston et al., 2011). @&wpSh
and Ba are abundant in brake lining materials waweiagrakes, yellow road paint and road pavement are
typically sources of Cr (Adachi and Tainosho, 20B4rg et al., 2000; Hjortenkrans et al., 2007migiet al.,
2007; Rodriguez et al., 2004; Salma and Maenh@06;2Thorpe and Harrison, 2008).

The success of using metal concentrations in caatibimwith PCA and PMF to identify single sourcés o
trace metals remains limited. PCA does not pro@denique solution because of its simplified apphoacd
the results of PMF vary depending on different utagety structures (Samek et al., 2016). Consetiyehe
use of isotope ratios is widely investigated to fiaye source tracing in atmospheric particles (Wiledil,
2015, Weiss et al., 2008). This approach was imhddghly successful for Pb, where isotopes idesifi
leaded gasoline as the main source in urban PNbirdan, and despite the restrictions in the useaddd
gasoline in the 1980s, a contribution of 60% wakfgtind in west London between 1995 and 1996 (Neet
al., 1997; Noble et al., 2008). Stable isotopeesys have been tested for source apportionmentaoé t
elements in PM such as Fe, Sr, Zn and Nd (Flanteak,e2008; Geagea et al., 2008; Majestic et24lQ9;
Widory et al., 2010).  Zinc isotopes in urban PMeavstudied in Metz (Cloquet et al., 2006), Sao @éBioia
et al., 2008), and Barcelona and London (Ochoa &enzt al., 2016). In Metz, tlféGZnLyon in ambient PM
collected in a bus and an urban waste incinerdtowsd similar values close to +0.12 %.. In S&o Raiolo
contrast, Gioia et al. (2008) found lighter ratéwsl significantly larger variations 8i°Zn,,.,, ranging between
-1.05 and -0.46 %o in Pp4.10 and between -1.13 and -0.07 %0 in M In line with these findings, Ochoa
Gonzalez et al. (2016) found isotopically light #n PM,o collected in Barcelona, witlﬁ“ZnLyon ranging
between -0.45 and -0.83 %o, and isotopically heauyirCcoarse PM collected in London during late eurtu
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and the winter seasoBG?CLngmbetween +0.66 and +0.97 %0) (Ochoa Gonzalez e2@l6§). The observed
isotope signatures in the PM were associated waitiices derived from combustion and smelting prasess
Other studies are in line with this interpretatamthey showed that residues and flue gas parfides metal
refining and coal combustion are highly fractiomktelative to the starting materials, with isotgfig lighter
Zn emitted in the PM (between -0.73 and -0.63 %€) heavy Zn remaining in the residues (up to +1.49 %o
(Mattielli et al., 2009; Ochoa Gonzalez and Weia815; Sivry et al.,, 2008). These signatures seem t
partially overlap with the isotope ratios of Zn amthropogenic materials produced during low tentpesa
processes like galvanisation which sh&{izn, ., between +0.12 and +1.15 %o (Aratjo et al., 201hnJet al,
2007). In summary, these studies suggested straimgtyCu and Zn isotopes can play an importantirotee
identification of emission sources from metal regfghand combustion due to their larger fractionatias well
as Pb isotopes to assess the contribution frorpdkeuse of leaded gasoline.

The aim of this study was to improve our presemviadge on what controls the isotopic variabilifyQu,
Zn and Pb in urban PM and to critically assesgtitential of these isotope systems for sourcertgaci To this
end, we determined short-term temporal and spistiébpe variability of Cu, Zn and Pb in Rtollected in
2010 in central London and in potential sourcesuitiog road furniture (manhole cover, road paind anad
tarmac surface), non-combustion vehicle sources énd brake wear) and road dust (that represehts o
potential sources deposited in the road environn&ve collected possible sources and,;pP8&amples at a high
and a low traffic density site over a 20-day sangpjeriod during summer. The concentrations oftelements
including Fe, Sb, Ba, Cr, Ni, and V, and enrichmiactors (EF) were combined with the isotope ratibZn,
Cu and Pb to constrain possible contributions femuarces. Finally, we critically compare the isotaata in
PMyo and potential sources in London with previouslplisined isotope signatures of other potential sesiemnd
PM from major urban cities.

2. Materials and methods

2.1. Sample collection
Samples of Pl were collected for 48 h using a Partisol-Plus M&B25 Sequential Air Sampler (Thermo
Scientific, MA, USA) at two different road sites éentral London betweer"8uly 2010 and 28July 2010 at a
height of 3.5 m. Nine samples (MR1-MR9) were el at the heavily traffic street canyon Maryledon
Road (denoted as MR) in London, with more than @0,@ehicles per day and frequently congested (Gharr
and Harrison, 2005). Nine samples (NK1-NK9) weollected at a sampling location in North Kensington
(denoted as NK) which is a lightly trafficked operban site situated next to a school playgroundi(Bnd
Harrison, 2010). The sampling site NK has an ayeedaily traffic flow of 8,000 vehicles and the rest road
is more than 30 m away (Abdalmogith and Harris@08&). Polytetrafluoroethylene (PTFE) filters wersed
for PMy, collection and leached prior use for 2 days inM.8§ub-boiling distilled HN@at 100°C on a hotplate.
Potential ssources for various metals were com&dafollowing a critical literature review and inded
brake pads for Cu, Sb and Ba; tire wear and roatifduZn, Fe, Pb and Cr; road paint and road sarfar Cr
(Adachi and Tainosho, 2004; Hjortenkrans et alQ720rhorpe and Harrison, 2008; Thorpe et al., 208m
manhole covers for Zn (Fry et al., 2005). Theapat composition of Zn and Pb from gasoline andialeh
exhaust emissions have been taken from the literdCioquet et al., 2006; Gioia et al., 2008; Momtaal.,
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135 1997).

136 Three samples of road dust were taken at eachasikenext to the PM sampling tube and two in the
137 opposite directions from each sampling site. Agpnately 30 g of road dust were taken using a barsha
138 pan previously cleaned; samples were sieved at 2aminthen milled using an agate pestle and mootar f
139 subsequent analysis. The road dust samples were thuring clear days without rainfall 24 h priangple
140 collection. Road furniture (manhole cover and rpatht, two samples at each site; road tarmac cirfavo
141 samples at the NK site) were sampled within appnaxely 10 m of each aerosol sampling site and were
142 stored in plastic bags. There were no naturas xiposed close to the sampling sites. There margole
143 covers in the middle of the roads where the;PMere collected, as well on the side. There were
144  approximately five manhole covers within 50 m.

145 Non-combustion vehicle sources, i.e., tear-off friimes and brakes, were characterized using actioie
146 of used tires and new brake pads. Twelve indivigaaltires of common commercial brands were shiédde
147 and mixed in three sets (labelled as R43/54-1, 343/and R56/57-1) before analysis. The brake szsnpl
148 were scratched from the surface of two differeminbls of metallic brake pads commonly used. Thedada
149 metallic pads HBP Ferodo for Peugeot and Renaul, @nd FSB Halfords for Volkswagen family cars
150 (labelled as HBP and FSB, respectively).

151

152 2.2. Sample preparation

153 The filters were weighed before and after the ctibe to determine the mass of material. The metalse
154 leached from the filter with 5 ml of aqua regia 2 hours followed by 10 ml of 0.5 M HN@r 48 hours on a
155 hotplate at 80°C. An ultrasonic bath was usedlftiour every 12 hours to improve the removal edficly.
156 The filters were then washed with 5 ml 0.5 M HN@ree times. The two solutions were mixed and esatpd
157 to dryness before further treatment. The standefetence material BCR-723 (road dust)d all the samples
158 were digested using a conc. HNBCIO, mixture (1:4) in sealed PFA vials (Savillex, MNSH) at 150°C in a
159 hotplate for 24 hours. HClQwas used to favor the oxidation of the organictemrafhe samples were dried
160 and digested using a mixture of conc. HN\&d HF (1:4) on a hotplate at 140°C for anotheh@drs. The
161 solutions were taken to dryness again. The sampées re-fluxed in 300 ul of conc. HN@nd evaporated
162 twice to remove the excess of fluorides. After igsdlution in 2.5 ml of 0.5 M HN@ 0.5 ml was used for
163 concentration measurement using quadrupole ICP#diShe remaining volume of each solution was pregar
164 for anion exchange column separation of Pb, CuZand

165 All the experimental work was carried out in a Gld900 clean lab and under Class 10 laminar flow
166 hoods in the MAGIC laboratories at Imperial Colldgedon. Sub-distilled mineral acids (HNT5 mol I,
167 HCI 6 mol I'), commercial HF (40 % v/v Suprapur, Merck, Germyaaayd HCIQ (70 % v/v Suprapur, Merck,
168 Germany), and 18.2 84 cm grade Millipore water (Bedford, MA, USA) wersead throughout this study.

169

170 2.3 Concentration analysis and enrichment factors

171 The concentration of Fe, Al, Cu, Zn, Sb, Ba, Ph, Mirand V were determined using quadrupole ICP-MS
172  (Varian, CA, USA). Table S1 shows the concentregiof Cu, Zn, Sb, Ba and Pb determined for BCR-723
173 (road dust) and the indicative values providedhs/European Commission Joint Research Centreutesfibr
174 Reference Materials and Measurements. The aralyticertainty of the concentration determinatitorsall
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elements was better than 6% (n=5, 2SD) and theveeies, relative to the indicative values were kigthan
89 %with respect to the reference values for alldlements.

The EFs of the PM were calculated to assist the source assessnogiyt s$ing Al as as a proxy for the
upper continental crust according to Eq. 1,

Csampl(—;/Al sample
Ccrusr/Al crust

where C is the element of interest ang.e Alsampie Cerustand Alyysiare the concentrations of C and Al in the
sample and the continental crust. The average da¢eomposition of the upper continental crust wsed as
previously reported (Wedepohl, 1995).

ER = [Eqg. 1]

2.4. | sotoperatio analysis of Cu, Zn and Pb

Copper, Zn and Pb in all of the samples were s&g@driiom other matrix elements using ion exchange
chromatography. The details of the Cu, Zn anddplaation methods and sample treatment are dedénbe
detail elsewhere (Dong et al., 2013; Weiss et28l04) and summarized in the supplementary materiethe
isotope ratios were determined using a Nu Plasmbi callector ICP-MS (Nu Instruments Limited, UK)
equipped with a Nu DSN-100 Desolvation Nebulisest&y. The instrumental mass bias was corrected usi
standard-sample bracketing for Cu isotope ratiosmesment (Peel et al. 2008), Tl doping for Pb igetmatio
measurements (Weiss et al., 2004) afitZa-°"Zn double spike for Zn isotope ratio measuremehtadd et

al., 2010, Ochoa Gonzalez et al., 2016).

The total procedural blank was <4 ng for Cu andai < 80 pg for Pb. These contributions were less
than 0.01% of the total element content in all dasipnalyzed and had no significant effect on tteeiaacy of
the isotope ratio measurements. The Romil Cu awdilZn solutions were processed and measuredthgth
samples and showed values30TCuysre76= +0.17 + 0.10 %o (2SD, n=24) alziﬂﬁZnLyon =-9.12 + 0.08 %o (2SD,
n=20), respectively. These are within error relatis previous published values for Romil @95(CUN|ST976=
+0.18 + 0.06 %o, N=19, Moeller et al., 20B°CuysTo76= +0.18 + 0.05 %o, N=4, Ochoa Gonzalez et al., 2016)
and Romil Zn §%Zny,e, = -9.14 + 0.08 %o, n=21, Chapman et al., 2006).imythis study**Pb?*Pb,
2PhPh and?®®PbF%Pb for NIST-SRM 981 Pb (when treated as non-spisemhdard) were 16.9372 +
0.0021, 15.4954 + 0.0021 and 36.7158 + 0.0057 (h=fXpectively, which are in good agreement with
previous published data (Weiss et al., 2004).

3. Results and discussion
3.1. Source assessment based on concentrations and enrichment factors
The concentrations of PMand of Fe, Cu, Al, Zn, Sb, Ba, Fe, Cr, Pb, Ni &ith PM,, and local sources are
shown in Table 1 and Table 2. The concentratidnBMy, are approximately twice as high at the MR site
(31+7 pg m®) compared to the NK site (38 pg m°). According to London Air, average hourly
concentrations of PM at the MR and NK sites over the sampling periodrguJuly 2010 are 40+1fg m®
and 16+7ug m?, respectively (London Air Website, www.londonaigaik).

The concentrations and EFs of Fe, Cu, Zn, Sb, BaCinn the PM, collected at the MR site are much
higher than those at the NK site (Tables 1 and 3hese elements are highly enriched relative tarahtiust
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represented geochemically by the upper continesrtadt (Table 3), suggesting that they are derivedhf
traffic related emissions. Iron, Cu, Zn, Sb anda&a typically high in tires and brakes (McKenzteag,
2009). The correlations between thesfdnd those of Fe, Cu, Zn and Ba (Figure 1) in,Pall the NK and
the MR sites show Foetween 0.8686 and 0.9972, supporting the hypistiéésimilar sources at the sampling
sites and of non-combustion traffic emissions agrsaurce. The Efs and those of typical tracers of brakes
(i.e., Fe, Cu and Ba) show similar and very high (R?* between 0.9949 and 0.9972), suggesting that
non-exhaust traffic emissions are the dominantcefor these elements in urban Bh London.

Re-suspension of small particles of road dust maweha significant effect on the generation of M
enriched in metals (Amato et al., 2014; Thorpe Hadrison, 2008). The road dust samples collectetiea
MR site (MRRD-1, MRRD-2 and MRRD-3) are enrichedre, Cu, Zn, Sh, Ba, Cr and Pb compared to road
dust at the NK site (NKRD-1, NKRD-2 and NKRD-3) fla 3), most probably reflecting the higher traffic
density. This observation supports the idea tkasuspended road dust is an important source akthe
elements in urban PM (Amato et al., 2014).

Brake wear is the dominant source of Ba in urbath rsatural PM (Gietl and Klemm, 2009; Gietl et al.,
2010; lijima et al., 2007; Moreno et al., 2015). e Wihd high concentrations of Ba in brakes (31036Qug
g") and samples of manhole cover (120-116aj") (Table 2). The concentrations of Ba in the,pit the NK
site (1.6+0.4 ng M) are much lower than at the MR site (5.7 — 84 nid), nsupporting the dominant
contribution of brake wear.

The concentration of Zn in Piranges between 1.4 and 3.1 nganthe NK site, and between 3.7 and 41
ng mat the MR site. The concentration of Cu in gkanges between 1.9 and 3.6 ndanthe NK site and
between 9.4 and 130 ng’hat the MR site. The element concentrations sh@wthe content of Zn in tires
and of Cu in brakes, tires and manhole cover grfaiantly higher than in other sources (Tablel2)addition,
samples of road tarmac surface and manhole cowtaiocsignificant amounts of Zn. Cu/Sb ratios betw8.3
and 9.1 have been used to identify brake wear incBlMcted in Cologne, London, Stockholm and Budape
(Hjortenkrans et al., 2007; Salma and Maenhaut62Wkeckwerth, 2001). In this study similar Cu/Shas
are observed in P} although with a smaller range between 5.8 and®&Ble 1). The average Cu/Sb ratios in
the PMpat the NK site are slightly higher than those ia Bivipat the MR site. However, the Cu/Sb ratios in
the studied brake pads range between 27 and 3@randrge compared with typical values for brake®M
(Table 2). This observation is likely explained the recent restrictions on the use of,Sbduring the
manufacturing process of brake pads due to itsiatecarcinogenic properties (Hiner et al., 2001).

The concentrations of Cr in Rdcollected at the MR site (0.9 — 8.2 ng)nare higher than those at the
NK site (0.3+0.1 ng ). Multiple sources including brakes, manhole epyellow road paint (NKRP-2) and
road dust are enriched in this element relativeatural dust (Table 3). However, the positive elation
between the Efand the EE (R?= 0.9385) in PMy, (Figure 1), and between the &Fnd those of other
elements linked with non-exhaust traffic emissiares, Cu, Ba, and Fe, suggests that not only Guaml Fe,
but also Cr is mainly controlled by non-exhausffita&missions in the urban atmosphere. The canatons
of Fe and EE in the PM, collected at MR are higher than those in the, &t NK, and significantly larger
concentrations of this element are found in sampidsakes and manhole cover. In addition to tlseseces,
brake discs contribute significantly to PMnriched in Fe (Wahlin et al., 2006).

The elemental concentrations and EF of Ni and \sardar in the PM, at both sites, which suggests that
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these elements are not directly affected by theiteof traffic (Tables 1 and 3). Previous studseggested
that Ni and V are mainly derived from fuel oil, gadineries, and industrial processes (Moreno et28110;
Nriagu and Pacyna, 1988; Peltier and Lippmann, RGirid less from non-exhaust traffic sources (Teampd
Harrison, 2008). In a recent receptor modelinglysttonducted using Pjyisamples collected at the NK site
(Beddows et al., 2015), Ni and V were found to bsoaiated with high concentrations of sulphate foeh
oil-related factor.

Lead concentrations in PMare slightly higher at the MR site (1.1-8.8 ng)neompared to the NK site
(1.0+0.3 ng M) but the Ep, are similar at both sites. Some studies basedniss®ns of metals in P)and
PM, ssuggested that following the phasing out of leagkesbline, Pb is emitted into the urban atmosphera f
fuel and motor oil combustion or brake wear (Lowghal., 2005). Significantly high concentratiorfsRin
relative to other possible sources have been fiutides and brakes (4.0 — 38 g*) and in manhole covers
(56 — 690ug g*) (Table 2).

3.2 Sourceidentification of lead using stableisotoperatios

The 2PH?%Pb, *PH*°"Pb and®®PH?**Pb isotope ratios determined in the BMénd the sources are shown in
Table 4. Figure 2a shows that the Pb isotope gdtioPM, are similar at the MR and NK sites. This
observation, and similarity between thepEiRr the PM, at the MR and NK sites (Table 1), suggest that the
source(s) at NK and MR sites are the same. Thisd®tipe ratios measured in the BMt NK (°PH**Pb =
17.446-17.598°PH*Pb = 1.1218 — 1.1304°PH***Pb = 2.1288 — 2.1382) fall within the respectiveges at
MR (°PH*Pb = 17.305 — 17.70F°PH**Pb = 1.1137 — 1.1364°PH**Pb = 2.1246 — 2.1476). These Pb
signatures are significantly different from thogenatural sources in the URPH?**Pb= 1.18 — 1.19, Monna
et al., 1997), which suggests an ongoing contritoutif anthropogenic sources of Pb in atmospheric PWhe
205208 and*PH?°’Pb isotope ratios determined in our study are aintd those reported in 1995, 1998 and
1999 and partly overlap with years 1996, 2000 ab@ilAMonna et al., 1997; Noble et al., 2008) (FégRb).
The ®PH?°’Pb determined for urban RWin our study fall within the range determined irafice and the UK
during mid-90s, that ranged between 1.1008 andbB.{Mlonna et al., 1997). Noble et al. (2008) sttt
since leaded gasoline was banned in the UK in 1888°°PH**’Pb isotope ratio in urban PM in London
shifted slightly from 1.1169 — 1.1388 to more ragipic ratios during 2000 and 2001, and they stauli
thereafter (1.1354 — 1.1507). The isotope ratiosoafl paint {°PE**Pb = 17.866 — 18.30F°Pb’*Pb =
1.1471 — 1.1708°PH**%Pb = 2.0843 — 2.1012) and of road dd&PE**Pb = 17.347 — 17.8968°PH**"Pb =
1.1163 — 1.1417%PH*Pb = 2.1176 — 2.1446) collected at the two sampdites show significant Pb isotope
ratio variability. As illustrated in Figure 2a,ettPb isotope ratios of the Rfall on a mixing line with
gasoline used in the UK before its phasing outressend member (Monna et al., 1997), and road dogthw
contains re-mobilized Pb from leaded gasoline atitbrosource deposits such as tires, brakes and road
furniture as the other end member. The Pb isotopeposition of the PMcollected at NK and MR sites is
similar to those of road dust and manhole coveckiBiuggests that re-suspended road dust may agetti
Pb enrichment in urban PM. Previous elemental aealyof PM, from the NK site showed appreciable
concentrations of crustal elements such as Al aadtlat might have arisen from road dust (Beddovad. e
2015). Therefore, it seems likely that road dughwesidual contamination from the earlier useeafded
gasoline contribute to P}dldue to resuspension into the atmosphere.
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3.3 Copper and zincisotope ratios variationsin source materialsand PM 4

The Cu and Zn isotope ratios of RMollected at the sites with high and low traffendities and the potential
local sources are illustrated in Figure 3. Previpuklished data for PM.g,collected in London between 2014
and 2015 and for PMcollected in Barcelona between 2012 and 2013 (©@Gunzalez et al., 2016) are shown
for reference. The>®*CuysTe7s Values vary in the range between +0.01+0.13 %04h81+0.10 %0 at the MR
site and between -0.01+0.10 %0 and +0.46+0.07 %ha@tNK site which suggests same sources of Cu in the
PMy, collected at the two sampling sites (Table S2-Sibhis agrees with our hypothesis derived from the
linear correlations between the EF of typical tragaf non-exhaust emissions (i.e. Cu, Sh, Ba, ZhFa) in
PMy, (Figure 1). Thet’)“ZnLyon values in PM, collected at the MR site range between -0.14+004nd
+0.332£0.04 %o, and at the NK site between -0.21+%dd4nd +0.26+0.12 %.. We do not observe a significa
temporal trend in the isotope composition during sampling period of 20 days and there is no caticsl
between the shifts in the isotopic composition of &d those of Zn (Table S2-Sn). The latter olzdenw
probably reflects different contribution from themexhaust traffic sources of Zn and those of Athokigh
higher Cu and Zn concentrations are found at thh triaffic site (Table 1), the isotope data setgssts that
the dominant sources and/or controlling processetha same at both sites studied. The simildabity in

the Cu and Zn isotope ratios in the BMollected at the low and high traffic sites duriigveeks over July
2010 (Figure 3) suggests that the sources of CuzZanith PMy, do not change on that temporal and spatial
scale. This observation is in good agreement withvipus studies over an entire year that showeg onl
significant Cu isotope variability during the winteeason and suggested that traffic sources arentie
contributor to Cu and Zn enrichment in PM, (Ochoa Gonzalez et al., 2016) and RM(Visser et al., 2015)

in London. The Cu and Zn isotope ratios of 2l collected at building height during July and Aug2814
and July and August 2015 showsffCuysrers between +0.46+0.12 %o and +0.55+0.15 %o &AZn,yon
between +0.02+0.04 %o and +0.17+0%2 with one light sample collected during summet2@°°Zn, o=
-0.29+0.04 %o) (Ochoa Gonzalez et al., 2016). Thea@d Zn isotope signatures in PMollected in London

at the NK and MR sites during 2010 in London agre#l with the isotope signatures in R collected in
another street canyon during 2014 and 2015 indhee<city (Ochoa Gonzalez et al., 2016).

3.3.1 Controls of copper isotope signatures in urban particulate matter in London
Brakes, tires, manhole cover, road paint, and taamiac surface hav@°Cuysters Values ranging between
-0.18+0.14 %o and +0.71+0.09 %o (Table S2-Sn). Fout of the six road dust samples show Cu isotope
signatures falling within this range and two sarapiéiow more negative isotope signatu@SCinesers=
-0.2840.08 %o and -0.22+0.08 %o0) at the MR site. tdpacally heavy Cu is found in road paint, roadrac
surface and selected samples of brakes and manbwete, with 3> Cussers values above +0.55 %.. The
3% Cuniste76 Of the non-exhaust traffic sources (i.e., tiresl &makes) show significant isotope variability,
ranging between +0.17+0.10 %0 and +0.3310.12 %oifestand between +0.28+0.10 %o and +0.63+0.14 %o for
brakes, most probably reflecting the different Queaes such as metallic Cu, Cu oxides or Cu sulfide
(Grigoratos and Martini, 2015; Straffelini et aQ15), the different geographical location of thesoused
and/or possible isotopic fractionation during thenufacturing processes.

Cu/Sb ratios in the PM have been used to identifyrce contribution of brake wear in urban PM
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333 (Hjortenkrans et al., 2007; Salma and Maenhaut62@kckwerth, 2001). The relationship between Gu/S
334 ratios and the Cu isotope composition in the sasnpfePManalysed during this work and a previous study
335 conducted in Barcelona and London (Ochoa Gonzalaek,e016) is illustrated in Figure 4. The RMamples
336 from Barcelona and London with low Cu/Sb ratiosgiag between 5.8 and 12, which fall within the rarg
337 Cu/Sb found for brakes, have isotopically lighter @ith 8*°Cuygsers ranging between -0.01 and +0.51 %o.
338 Indeed, these isotope signatures largely overldlp thie Cu isotope signatures in samples of brakab/zed
339  during this study &°Cuysrers = +0.28+ 10%0 — +0.63+1%0) (Table S2-Sn). Coarse particles (RMy in
340 London with Cu/Sb ratios larger than 12 and isataly heavier Cu&°Cuysrezs ranging between +0.63 and
341 +0.97 %o) were attributed to particles emitted dgriossil fuel combustion emissions which seemedemor
342 important during end-autumn and the winter seamm¢a Gonzalez et al., 2016).

343

344  3.3.2 Controls of zinc isotope signatures in urban particulate matter in London

345  Brakes, tires, manhole cover, road paint, and taadac surface shovB?‘SZnLyon ranging between -0.02+0.09 %o
346 and +0.58+0.10 %o (Table S2-Sn). The Zn isotope atigies of the samples of road dust range between
347  +0.21+0.05 %0 and +0.34+0.10 %o at both sites, exoeptsample with &°Zn,y,, of -0.03+0.08 %o at the NK
348 site. These ratios overlap with the signatureshhgit the NK and MR sites. The variations in the Zotope
349 signatures found in the road dust samples at thesttes likely reflect the potential accumulatidnddferent
350 sources. Manhole cover, road paint and road sughog significant isotope variability within eacbusce
351 type, up to 0.51 %o0. This suggests that the sourienials and/or processes during the manufactufirigese
352 products have an effect on the isotope variabdityeach kind of source. The isotopically heaviésthas
353 been measured in road pair&f‘aznwon between +0.07 and +0.58 %o, n=4). The Zn isotopmpmsition of
354  brakes and tires vary within a small range vaitfzn,,,, between +0.15+0.07 %o and +0.21+0.08 %o (n=6) and
355 are not significantly different relative to an aage internal precision of 0.08 %.. Together witk thigh
356 levels of Zn in tires (Table 2), we propose thati@mrmost of the Pl sampled at the NK and the MR sites
357  (8°°Zniyen ranging between -0.04+0.14 %o and +0.33+0.04 %o)dmeved from tires (Figure 3). However, a
358 source enriched in isotopically light Zn which aaxplain the Zn isotope signatures found in threepes of
359 PMy, i.e., in NK3, NK7 and MR8 (Figure 3) has not bégentified. The isotopic composition of Zn in PM
360 in London is similar to that of PM gecollected at a high density traffic site in the saaity during 2014 and
361 2015, with 8°°Zn,,, ranging between -0.29 %o and +0.17 %o (Figure 3)he &°°Zn,, in bus air filters
362 analysed during previous studies (Cloquet et 8062 overlap with the signatures in the BMollected at the
363 NK and MR sites, whereas those of gasoline (Giba.e2008) only overlap with three samples of;pbdut of
364 18 (NK3, NK7 and MR8) (Figure 3, Table S2-Sn). Thetatively constant traffic densities and the samil
365 Zn/Sb ratios in PN} at each sampling site (Table 2) suggest that ibanion from gasoline combustion is less
366 likely, in line with the typically low concentratis of Zn found in gasoline (Pignalosa et al., 200% light
367  Zn isotope signatures found in Ry¥h Barcelona ZQGGZnLyon = -0.83 — -0.45 %0) were tentatively attributed to
368 metallurgical emissions (Ochoa Gonzalez et al.,6201This hypothesis agrees with previous obsevmati
369 pointing that industrial processes such as smeltingombustion exert an effect on the fractionatioe to
370 evaporation and/or condensation processes (Ma@i@ll9; Bigalke 2010; Ochoa Gonzalez and Weiss5201
371 Thapalia et al., 2015). These findings suggest tinatwear largely contribute to Zn in RMin London,
372 whereas for some samples the isotope signaturgesiug minor contribution from high temperatureustdal
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or fossil fuel combustion.

4. Conclusions

The aim of this study was to determine the shart+teemporal and spatial isotope variability of @n,and Pb

in urban PM, collected at two sites with different traffic déies in central London, UK, and in possible
sources, including non-combustion traffic emissidtres and brakes), road furniture (road paintnhude
cover and road tarmac surface) and road dust. ®angblPMyand possible sources were also characterized
for the EF of other metals (Ni, V, Fe, Sb, Ba amjitG@ assist the source apportionment study. CoppdrZn
concentrations and EF in the RMvere higher at the sampling location with higHfitadensity, along with
other elements commonly associated with traffiatesl sources including Fe, Sb, Ba and Cr. In csttthe

EF of Pb showed no significant differences betwtHentwo sites although was enriched relative testetu
values.

The ®Pbf’Pb in the PM, ranges between 1.1137 and 1.1364, and the iso#tjps of Cu and Zn
expressed a8 Cuysrozs and 8°°Znyo, range between -0.01 and +0.51 %. and between #@hal1+0.33 %o,
respectively. The results indicate that traffiosiy does not exert a significant effect on theesled isotope
signatures, suggesting similar sources for thede toetals at both sites. The Pb isotope signamirize PM,
collected at the NK and MR sites overlap with thoseoad dust which suggests that re-suspendeddastds
an important source. The similarity between thei€dtope signatures in samples of BN6*°Cuysse7s ranging
between -0.01+0.10 % and +0.51+0.10 %.) and braléé?C(legm ranging between +0.28+0.10 %o, and
+0.631£0.14 %0), and the low Cu/Sb ratios (Cu/Sb iragndpetween 5.8 and 12) which fall within the raraje
Cu/Sb found for brakes, suggest that brake wetlreisdominant source of Cu. The Zn isotope signatime
PMy, at NK and MR overlap with the signatures of tiew road dust but additional sources such as high
temperature industrial emissions that impart isictdly light Zn, need to be invoked to explain thght
signatures found in 3 out of 18 samples.
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Figure 1. Relationship between the enrichment factors of(Bls,) and ERe (R*=0.9960), EE,
(R*=0.9972), ER, (R>=0.8686), EE. (R°=0.9949) and Ef (R*=0.9385) in the PN} collected in
North Kensington (open symbols) and Marylebone Rolubsed symbols).
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Figure 2. (a) 2°Pbf*%Pb versug®Pb/°’Pb plot of the P\ samples collected in Marylebone (MR
site) and North Kensington (NK site) and possibteirses in this study; (bj°®Pbf*Pb versus
20pp%Ph plot of the P, measured in London since the phasing out of leagetline between
1996 and 2001, as well as gasoline and industma¢sons (Noble et al., 2008 and Monna et al.,
1997) and during 2010 (this study). 2SD are nopldiged in the figure as they are small and fall

within the marker dimensions.
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Figure 3. Zinc (a) and Cu (b) isotopic composition in RMollected at the NK site (PM-NK London)
and the MR site (PM-MR London) and local sourcesnduthis study (summer 2010). Average 2SD
for Zn and Cu isotope measurements are 0.08 ar@fs).tespectively. Also shown are previous
published Zn and Cu isotope signatures in atmogphrivl, 5.50 collected in South Kensington in
London during 18 months between 2014 and 2015 (PSK— London), and PM collected in
Barcelona during two sampling campaigns in 2012 203 labelled as PM - Barcelona (Ochoa
Gonzalez et al., 2018)with average 2SD for Zn and Cu isotope ratios di80and 0.11%o,
respectively. The Zn isotope composition of gasol{Gioia et al., 2008)and that from exhaust
emissions represented by previously analyzed hufiltars (Cloquet et al., 2006)re also shown.
The Cu isotope signatures in PM collected durirggvinter season in London (PM — SK — London)
are highlighted as they shown heavier values, exgdaby an increasing fossil fuel combustion.
Previously published Zn isotope ratios referringtite IRMM-3702 standard were recalculated to
JMC 3-0749L Lyon using an isotopic offset of +0.328%Zn (Moeller et al., 2012).
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Table 1. Concentrations of PN, major and trace elements in the f3l8amples collected in Marylebone (MR) and North $legton (NK),
and Cu/Sb ratios.

Concentrations

Sample Reference PM;o Fe Al Cu Zn Sh Ba Pb Cr Ni \% Cu/sShb

(hg M) (ng n®) (ng ) (ng m®) (ng m®) (ng ) (ng ) (ng m®) (ng m®) (ng ) (ng )

NK - PMyo NK1 12 79 23 31 2.9 0.5 2.0 1.3 0.2 0.5 0.7 6.2
NK2 12 46 14 2.3 1.4 0.3 11 0.6 0.3 0.4 0.5 7.7
NK3 10 66 13 31 2.7 0.5 1.7 1.3 0.2 0.2 0.3 6.2
NK4 17 58 12 25 1.8 0.3 1.6 0.8 0.4 0.3 0.4 8.3
NK5 15 46 6.1 1.9 1.4 0.3 1.2 0.7 0.1 0.2 0.2 6.3
NK6 17 89 22 35 31 0.5 2.0 11 0.3 0.4 0.6 7.0
NK7 15 68 8.2 3.6 2.3 0.5 1.9 0.9 0.3 0.2 0.2 7.2
NK8 12 58 8.6 25 2.2 0.4 15 12 0.3 0.2 0.1 6.3
NK9 14 87 29 35 2.8 0.6 18 14 0.4 0.2 0.1 5.8
Average + SD 14+3 66+16 15+8 2.9+0.6 2.3+0.6 0.4+0.1 1.6+0.4 +0.68 0.3#0.1 0.3#0.1 0.3#0.2 6.8+0.9
MR - PMyo MR1 37 2660 150 130 41 22 84 8.8 8.2 3.6 2.6 5.8
MR2 28 550 20 26 8.0 4.3 18 11 1.7 0.7 0.6 6.1
MR3 29 436 24 21 7.8 35 14 1.9 15 0.6 40 6.1
MR4 38 481 25 24 8.4 3.7 15 14 1.9 0.9 40 6.4
MR5 29 494 16 24 7.3 3.9 16 1.3 1.7 0.7 3 0. 6.0
MR6 41 641 35 33 11 5.2 20 18 25 1.0 0.8 6.3
MR7 34 2300 89 110 35 19 72 6.8 7.8 2.7 5 1. 6.0
MR8 27 279 15 13 55 2.2 7.9 1.7 11 0.3 0.2 6.0
MR9 18 212 17 9.4 3.7 1.6 5.7 12 0.9 0.3 0.1 5.9
Average + SD 3147 - - - - - - - - - - 6.1+0.2
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Table 2. Concentrations of major and trace elements in Ieoakces close to Marylebone (MR) and North KernsimdNK), including
Cu/Sb ratios. ‘<’ means below detection limit;reans not calculated.

Concentrations
Sample Reference Fe Al Cu Zn Sh Ba Pb Cr Ni V Cu/Sb
(mgg) (mgd) (ugg) (Mogh) (MIg) (Mg (ugg) (Mggh) (Mggh) (uggh)
Brake FSB-1 6.8 9.5 6.1 20 0.2 1000 5.3 89 51 9.7 27
FSB-2 5.2 7.1 4.4 17 0.1 1300 4.0 80 41 7.0 39
HBP-1 89 5.5 25 46 0.8 310 38 110 28 15 30
Tire R43/54-1 0.4 0.2 43 8100 < 12 9.9 < < -
R43/54-2 0.3 0.3 41 13000 < 19 14 14 < -
R56/57-1 0.2 0.4 26 7400 < 2.1 9.1 < < -
Manhole cover NKMHC-1 68 5.7 52 370 7.4 550 690 130 100 26 7.0
NKMHC-2 25 2.8 20 130 3.6 1100 56 93 86 15 5.4
MRMHC-1 52 5.2 170 530 17 120 210 2300 1700 76 9.9
MRMHC-2 43 1.5 89 420 7.5 120 89 120 110 120 12
Road dust NKRD-1 9.4 4.4 70 220 3.3 93 140 29 11 19 21
NKRD-2 7.6 3.2 17 80 1.0 34 22 29 100 15 17
NKRD-3 18 13 25 170 0.7 86 26 31 18 56 35
MRRD-1 17 6.0 800 560 21 160 410 55 26 23 38
MRRD-2 14 3.7 74 350 10 97 170 54 13 15 7.3
MRRD-3 10 4.0 140 350 40 94 54 40 17 14 35
Road paint NKRP-1 0.6 0.3 1.8 44 < 2.4 2.8 3.2 4.0 0.5 -
NKRP-2 0.4 0.2 < 4.8 93 200 3100 840 3.4 0.7 -
MRRP-1 0.7 0.3 4.3 14 0.5 6.1 3.8 11 24 0.7 8.6
MRRP-2 1.3 24 2.6 14 < 5.4 2.9 1.3 6.6 1.9 -
Road tarmac NKRS-1 8.2 4.9 7.1 40 0.4 64 11 16 15 28 18
surface NKRS-2 7.3 4.4 5.2 34 0.3 100 8.8 20 19 21 17
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Table 3. Enrichment factors (EFs) in local sources and thgoPsamples collected at Marylebone
(MR) and North Kensington (NK) sites. ‘-’ means atculated.

Sample Reference EF
Fe Cu Zn Sk Ba Pk Cr Ni Vv
NK - PMyq NK1 8.7 74C 19C 530( 1C 25¢ 18 83 44
NK2 8.2 900 150 4700 9.0 199 47 110 54
NK3 12 1300 300 9000 15 458 41 68 31
NK4 13 1200 230 7100 16 317 67 100 45
NK5 19 1700 340 11000 22 485 26 110 55
NK6 10 850 210 5500 11 220 33 72 36
NK7 21 2300 430 15000 27 484 81 95 37
NK8 17 1600 380 13000 20 663 80 100 25
NK9 7.6 650 150 5200 7.3 225 34 28 7.0
Average+SD 1345 1200+600 3004200 8000+4000 1547 +200 50+30 90+30 4020
MR - PMyq MR1 45 4600 410 37000 65 270 120 100 25
MR2 69 7100 600 54000 100 245 190 150 44
MR3 46 4900 490 37000 66 362 140 110 22
MR4 48 5100 490 37000 69 247 170 150 25
MR5 78 8000 680 61000 110 366 240 180 31
MR6 46 5000 450 37000 66 232 160 120 31
MR7 65 7000 580 54000 93 348 190 130 25
MR8 47 4800 560 37000 62 518 160 93 19
MR9 31 3000 330 23000 39 334 120 64 13
AveragexSD  50+20 6000+2000 500+200  40000+20000  @0+3 330+90 170+40 130440 2619
Brake FSE-1 1.8 35 3.2 5.¢ 13 2.€ 21 22 1kt
FSB-2 1.9 3.3 3.5 3.9 21 2.6 25 24 14
HBP-1 41 25 13 37 6.6 32 46 21 3.9
Tire R43/54-1 4.6 1200 60000 - 6.9 230 - - -
R43/54-2 2.6 780 69000 - 7.5 220 - 21 -
R56/57-1 15 400 31000 - 0.7 110 - - -
Manhole NKMHC-1 30 49 97 330 11 550 50 75 6.6
cover NKMHC-2 23 38 72 320 44 92 74 130 8.1
MRMHC-1 25 170 150 800 2.7 180 970 1400 21
MRMHC-2 73 330 420 1300 9.1 280 190 310 120
Road dust NKRD-1 5.3 85 73 190 2.4 140 14 10 6.3
NKRD-2 6.0 29 37 79 1.2 32 20 131 6.8
NKRD-3 3.6 10 19 14 0.8 9.0 5.2 5.8 6.4
MRRD-1 7 730 140 880 3.2 300 21 18 5.7
MRRD-2 9.5 110 140 680 3.0 200 32 14 5.9
MRRD-3 6.3 190 130 2500 2.7 62 22 17 5.3
Road paint NKRP-1 4.6 28 190 - 0.8 37 21 48 2.2
NKRP-2 5.1 - 39 130000 120 76000 10000 76 5.4
MRRP-1 7.0 88 80 450 2.7 67 9.6 39 3.9
MRRP-2 1.4 5.8 8.5 - 0.3 55 1.2 11 1.1
Road NKRS-1 4.2 7.9 12 22 15 11 7.3 13 8.3
surface NKRS-2 4.2 6.4 12 18 2.8 9.2 10 18 7.1




Table 4. Lead isotope ratios of PN samples collected at Marylebone Road (MR) and INort
Kensington (NK) and sources analyzed during thigl\st Each sample has been measured 3 or 4
times to calculate the 2SD.

Pb isotope ratios

Sample Sample D Py 25D PpAPb 2D PbPPb 25D
NK - PMyq NK1 17.44¢ 0.00¢ 1.121¢ 0.000: 2.138: 0.000:
NK2 17.55; 0.00¢ 1.127" 0.000: 2.132° 0.000:
NK3 17.46¢ 0.00¢ 1.122¢ 0.000: 2.137: 0.000:
NK4 17.537 0.00:z 1.127( 0.000: 2.135; 0.000:
NK5 17.55¢ 0.00¢ 1.127" 0.000: 2.132: 0.000:
NK6 17.56¢ 0.00¢ 1.128" 0.000: 2.131¢ 0.000:
NK7 17.59¢ 0.00¢ 1.130¢ 0.000: 2.129: 0.000:
NK8 17.48" 0.00¢ 1.123¢ 0.000: 2.135¢ 0.000:
NK9 17.56¢ 0.002 1.128: 0.000: 2.128¢ 0.000:
MR - PMo MR1 17.51: 0.002 1.125¢ 0.000: 2.135; 0.000:
MR2 17.64: 0.00¢ 1.133( 0.000: 2.127¢ 0.000:
MR3 17.58: 0.00¢ 1.129¢ 0.000: 2.131¢ 0.000:
MR4 17.67 0.002 1.134¢ 0.000: 2.126; 0.000:
MR5 17.55( 0.002 1.127¢ 0.000: 2.132° 0.000:
MR6 17.67¢ 0.00:z 1.134¢ 0.000: 2.125° 0.000:
MR7 17.70: 0.00¢ 1.136¢ 0.000: 2.124¢ 0.000:
MR8 17.46: 0.001 1.122° 0.000: 2.136¢ 0.000:
MR9 17.30¢ 0.002 1.113° 0.000: 2.147¢ 0.000:
Brake FSE-1 19.56¢ 0.00¢ 1.220( 0.000: 1.959¢ 0.000:
FSE-2 20.19¢ 0.00:z 1.254" 0.000: 1.915: 0.000:
HBP-1 18.17¢ 0.00¢ 1.165: 0.000: 2.105: 0.000:
Tire R3C-1 17.937 0.002 1.150: 0.000: 2.107¢ 0.000:
R43/5:1 18.19( 0.002 1.166( 0.000: 2.097: 0.000:
R43/5:-2 18.18: 0.002 1.165: 0.000: 2.098: 0.000:
R56/5%1 18.13¢ 0.00:2 1.161: 0.000: 2.099¢ 0.000:
Manhole cover NKMHC-1 17.88: 0.002 1.145( 0.000: 2.126: 0.000:
NKMHC-2 17.54° 0.00¢ 1.128: 0.000: 2.135¢ 0.000:
MRMHC-1 17.55] 0.00¢ 1.128¢ 0.000: 2.133: 0.000:
MRMHC-2 17.55( 0.002 1.128( 0.000: 2.133¢ 0.000:
Road dust NKRD-1 17.43¢ 0.002 1.121¢ 0.000: 2.140: 0.000:
NKRD-2 17.76: 0.001 1.140¢ 0.000: 2.122: 0.000:
NKRD-3 17.72¢ 0.002 1.137¢ 0.000: 2.124¢ 0.000:
MRRD-1 17.89( 0.00¢ 1.141° 0.000: 2.124: 0.000:
MRRD-2 17.77 0.00:z 1.141: 0.000: 2.117¢ 0.000:
MRRD-3 17.34° 0.00:z 1.116¢ 0.000: 2.144¢ 0.000:
Road paint NKRP-1 17.93( 0.00:z 1.150¢ 0.000: 2.089: 0.000:
NKRP-2 18.30: 0.00:z 1.170¢ 0.000: 2.084: 0.000:
MRRF-1 17.86¢ 0.001 1.147: 0.000: 2.101: 0.000:
MRREF-2 18.13¢ 0.001 1.162: 0.000: 2.097: 0.000:
Road tarmac NKRS-1 18.14¢ 0.001 1.163: 0.000: 2.095: 0.000:
surfac NKRS-2 18.252 0.001 1.1695 0.0001 2.0869 0.0001
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Isotopic signatures in atmospheric particulate matter suggest
important contributions from recycled gasoline for lead and non-
exhaust traffic sources for copper and zinc in aerosols in London,

United Kingdom

Highlights

* Isotope ratios of Cu, Zn and Pb were determined in PMyq collected at two road sites with
contrasting traffic densities in central London, UK, and in potential sources.

* Despite the different traffic densities, no significant differences in the isotope signatures
of Cu, Zn and Pb are found in PMyg, suggesting similar sources for each metal at both sites.

* Analysis of the isotopic composition of Cu, Zn and Pb in PMy and potential sources
indicate important contributions from road dust resuspension, recycled leaded gasoline, tire
and brake wear.



