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Abstract.

Results are presented for a study of spatial Higions and temporal trends in concentrations
of lead (Pb) from different sources in soil andetagjon of an arable farm in central Scotland
in the decade since the use of leaded petrol wasrtated. Isotopic analyses revealed that in
all of the samples analysed, the Pb conformedbioay mixture of petrol Pb and Pb from
industrial or indigenous geological sources and lttally enhanced levels of petrol Pb were
restricted to within 10 m of a motorway and 3 naghinor road. Overall, the dominant
source of Pb was historical emissions from neandystrial areas. There was no discernible
change in concentration or isotopic compositioRbfin surface soil or vegetation over the
decade since the ban on the sale of leaded p€&lrete was an order of magnitude decrease
in Pb concentrations in road dust over the studpgebut petrol Pb persisted at up to 43%
of the total Pb concentration in 2010. Similar camtcations and spatial distributions of petrol
Pb and non petrol Pb in vegetation in both 20012010, with enhanced concentrations near
roads, suggested that redistribution of previodglyosited material has operated
continuously over that period, maintaining a trengfathway of Pb into the biosphere. The
results for vegetation and soil transects near nmim&ds provided evidence of a non petrol
Pb source associated with roads/traffic, but serfl samples from the vicinity of a
motorway failed to show evidence of such a source.
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1. Introduction

In most industrialised countries, atmospheric dejposof Pb increased from the start of the
industrial revolution, reached peak values in tlie 20" century then declined as increasing
awareness of the potential health implicationsnmir@nmental contamination led to the
progressive introduction of measures to reducesaams from major sources such as
industry, power generation, transport and domdstating (Nriagu, 1988, 1989, 1990).
Temporal variations in atmospheric deposition ofrPthe UK followed such a trend and
have been well characterized on the basis of Suafipeat and sediment cores and other
environmental archives (eg MacKenzie et al., 19988; Farmer et al., 1996, 2005; Cloy et
al., 2008). Vehicle exhaust emissions constitutethpor source of Pb during the period of
use of leaded petrol from the 1920s until the nti® 20" century, generating high
concentrations of Pb in soil and vegetation invicenity of roads as the result both of runoff
affecting the immediate roadside environment anatwiospheric dispersion giving longer
range transport (Harrison and Johnston, 1985, Zupal099, Legret and Pagotto, 2006,
Preciado et al., 2007; Yesilonis et al., 2008, efeér et al., 2009).

Characteristic differences between the stable pot@mposition of petrol Pb and that of
other major contaminant sources and of indigeneaogical materials have been widely
utilised in investigations of the origins and belav of Pb in soils€.g. Erel et al., 1997,
Hansmann and Képpel, 2000, Teutsch et al., 200¢aklet al., 2003, Watmough and
Hutchinson, 2004, Klaminder et al., 2005) andeiconstructing historical trends in
contaminant Pb deposition from different sourcesgipeat or lake sediment coregy(
MacKenzie et al., 1997, 1998, Shotyk et al., 2F@2mer et al., 2005; Steinnes et al., 2005,
Cloy et al., 2008 ). The situation in the UK waghly favourable for such studies, with

petrol Pb having an avera®PbF°’Pb ratio of 1.076 (Sugden et al., 1993, Farmet.et a



2000), while indigenous geological materials, indasemissions and coal typically have
209ppPY’Pp ratios of 1.17 or greater (Farmer et al., 2000).

Despite the cessation of use of leaded petroleastiwt of 2000, road and vehicular traffic
related releases still continue to provide a soafdeb which will contribute incrementally to
the extant environmental inventory. Road runoffrasion of crash barriers, wear of tyres
and engine components and exhaust emissions hamadsntified as minor, but finite,
contemporary sources of Pb (eg Hjortenkrans eR@06). For example, Chen and Jiang
(2009) reported Pb concentrations of 21.6 to 38.8" in diesel, 41.3ig I"* in biodiesel, 1.8
ug It in unleaded gasoline and 41§ I* in engine oil in Taiwan, while Kummer et al. (2009
gave an average value of i I'* for the Pb concentration in unleaded gasolinetirofe.
Kummer et al. (2009) also estimated Pb emissiofaof 0.0016 and 0.0049 mg Krfor

tyre wear for cars and heavy duty vehicles, respalgt and corresponding figures for brake
wear of 0.0049 and 0.023 mg RnSuch emissions represent a source of Pb thilielyg to
continue indefinitely in the future and which whiave operated in the past, but at a level that
was largely masked by the much larger releases tinenuse of leaded petrol. Evidence of
this was provided by Bacon (2002) in a study dblst@b isotope ratio trends for grass from
two sites in Scotland over the period 1989 to 20@iich indicated that, in addition to petrol
Pb, road/traffic related emissions contained anpthetopically distinct, component and
Bacon (2002) introduced the term “traffic Pb” fors component.

Past releases have left a legacy of a large ermeatal burden of contaminant Pb which will
contribute to chronic, long term human intake, amtjgular in situations where entry into the
food chain is possible. Redistribution from sitathwiigher levels of contamination is
potentially important in this context, as illustdtby Young et al. (2002) who reported that
resuspension of soil near industrial facilities &nghways resulted in Pb concentrations in

PMyoparticles ranging from 79.4 to 2283 mg'kg



Evaluation of the long term implications of Pb aantnation will therefore require both
investigation of the distribution and behaviouhddtorically deposited Pb and
characterisation of contemporary sources, partilyuia situations that could lead to human
intake. The objective of the present study waderacterise the distribution of Pb from
different sources in soil and vegetation of an ler&érm influenced by both vehicular and
urban/industrial emissions shortly after the cesnaif sale of leaded petrol and to evaluate

changes in these sources and distributions inubgesjuent decade.

2. Materialsand M ethods

2.1 Study Site and Sample Collection

The study site, located in central Scotland appnaxely 15 km to the west of the centre of
the City of Glasgow, is an arable farm, which isdawed directly by a motorway with
average daily traffic flow of about 54,000 vehiclesach direction
(www.scotlandtransport.gov.uk, 2011) and is tra@éisy minor roads with a much lower
volume of traffic (Fig. 1). The soil at this siteglonging to the Dreghorn Series which is part
of the Dreghorn Association (Ragg et al., 1976)aisandy loam (32.7% coarse sand, 35.3%
fine sand, 16.3% silt and 15.7% clay) with 6.5%4 oa Ignition (LOI%), 0.17% total
nitrogen (Kjeldahl N) and a pH of 6.86 (1:2.5 wai@letwaly, 1999).

Samples from within the fields were collected francultivated boundary areas. Although
there are no formal records, the landowner hasateld that these areas had not been
cultivated and had been left under natural vegetdor approximately forty years prior to

the first sampling date. Four transects of surfask(0 - 3 cm depth, using plastic corers to

minimise disturbance), and vegetation (mixed gratsgumes, removed carefully using



scissors to avoid any soil contamination) wereemtéd in spring 2001 to investigate the
spatial distribution and isotopic composition of elative to the road systems. This
sampling was repeated again in 2010 from approxin#ie same locations using
identifiable features in the field boundaries todte the transect positions. In 2001,
transects 1 and 2 (T1 and T2) extended 50 m frenmtbtorway into the field, with a verge
constituting the first 5 m of each transect andfidle being separated from the verge by a
well established hedge of height ~ 2 m. In 201@etation samples could be collected only
to a distance of 30 m at these transect positienalse of a greater extent of ploughing of
the field.For transects 3 and 4 (T3 and T4) vegetation ex@3% m and 50 m respectively
but soil sampling extended to 50m in both transe€tss field was adjacent to a minor road,
with the verge occupying 3 m and 1.5 m, for T3 &ddespectively, and was bordered by a
post and wire fence with small, intermittent lergytd hedge of less than 1 m height. Samples
of road dust, which is a potential source matéaaPb transferred to adjacent soil, were
collected from a single location on the motorwagdhghoulder between the positions of
transects 1 and 2 and from the road edge at thegussof each of transects 3 and 4. A soil
core was collected on the line of each transeat fagoosition 7.5 m from the road edge. The
cores were obtained by excavating a pit usingialets steel spade then progressively
collecting sections of area 20 cm x 20 cm and dBptim to a depth of 30 cm using a
stainless steel trowel. Upon removal, the cored@estvere sealed in polythene bags for

return to the laboratory

2.2 Analytical Procedures
High purity ‘Primar’ HCl and HN@(Fisher Chemicals) were used for analyses andpdiié
milli-U10 purified water was used for dilutions. pyoximately 1 g subsamples of sieved, air

dried soil or road dust, or 0.25 — 0.50 g of oveedl(70° C), homogenised vegetation, was



digested using Aqua Regia (5h reflux on hotplasRen to dryness and redissolved in 0.5 M
HCI. Pb concentrations were determined by FlamemtdAbsorption Spectrometry (FAAS)
using a Perkin Elmer 1100B instrument. Pb isot@pe analyses were performed using a
VG Plasma Quad PQII ICP-MS. Precision was monitémgdunning a set of Pb standards at
the beginning of each run using solutions prepéi@d a Johnson Matthey standard solution.
For Pb isotope ratios, a solution of the NIST Hbrence material 981 was run after every
third sample to compensate for any mass bias@aaddgess precision which was better than
0.5%. Biwas used as an internal standard to eosgie for any change in instrument
sensitivity during the run. Accuracy of Pb concahtin measurements was determined by
analysing a subsample of NIST SRM 1648 Urban Rdatie Matter along with each sample
run, giving satisfactory agreement with the ceztiftoncentration range (certified Pb 6550 +
80 mg kg'; observed range 6053 — 6586 mg'kgAs a secondary check of accuracy, a suite
of subsamples was also analysed for Pb using ba#t8Fand ICP-MS, giving average
agreement within 10% (n = 24) for the two methapéing further confidence in the

analytical data.

3. Resultsand discussion

3.1 Road dusts

The road dust samples had similar Pb concentrasibtiee three different locations within
each year of sampling (Table 1), but the mean curetion decreased from 117 mgkig
2001 to 14.2 mg K§in 2010, consistent with the trend observed ireoghtudies in the UK.

Thus, concentrations observed for road dusts isgel in 1976 ranged from 150 to 2,300



mg kg (Farmer and Lyon, 1977) while those for Edinbuirgi991 were in the range 99 to
1194 mg kg (Sugden, 1993; Sugden et al., 1993). A serietudies of urban street dusts in
Manchester, NW England, revealed: (i) mean conagaotrs of 941 mg K§in 1975 and 569
mg kg' in 1997 (Nageotte and Day, 1998), (ii) concenbragiat three locations decreasing
from 447 to 215 mg K§ from 467 to 247 mg khand from 451 to 216 mg Kgrespectively,
from May 1999 to September 2000 (Massadeh and S206R) and (iii) a range of 89 to

234 mg kg, with one anomalous value of 433 mg'képr 2001 (Robertson and Taylor,
2007). The concentrations observed in the preserk are therefore consistent with this
decreasing trend, but are substantially lower thase observed in the above studies of road

dust from urban areas.

A number of studies have demonstrated that in aeStotland non-petrol lead was
deposited into soil predominantly during the indasera, and that this lead originated
mainly from the use of local lead ores and Scottishls (Farmer et al, 1996, 2005, 2006,
MacKenzie et al, 1997, 1998, Cloy et al., 2008) thie plot of*®Pb*’Pb against®*Pb/°'Pb
(Figure 2) the values for the road dust samplestiia straight line (R= 0.99) between end
members represented by the ratios for petrol Plilarse for industrial emissions and
indigenous geological materials, represented hge/brage values for Scottish coal (Farmer
et al., 1999) and ore from the abandoned Leadhilte in SW Scotland (Sugden et al., 1993,
Farmer et al., 1999, 2000). Assuming that the tekails a binary mixture of petrol Pb and
“industrial Pb” (with an isotopic composition assesirhere to be the average of that of
Scottish coal and indigenous Pb ore), indicatesith2001 the Pb in the dust from the minor
roads (T3 and T4) was approximately 50% petroivéeki with the motorway sample (T1/T2)
having a slightly lower petrol contribution of 38%Refinement of this apportionment

calculation including the small contribution froragogenic lead resulted in no significant



difference to these values (< 1%). By 2010, thtegb®b contribution to the minor road
samples had decreased to 22% for T3 and 13% fowfdreas the motorway sample had a
value of 43%, which is similar to that observe@@91. Thus, while Pb concentrations
decreased at all three locations, the isotoperdatzal a pronounced decrease in the relative

contribution of petrol Pb at the minor road but abthe motorway.

3.2 Soil and vegetation transects

Table 2 shows Pb concentrations a%8b/°’Pb ratios for the transect soil and vegetation
samples. The motorway transects had soil Pb coratemts ranging from 59.3 to 388 mg kg
! with the minor road transects having a similageof 49.1 to 260 mg Kg with the
exception of samples within 3 m of the road edgé4nwhere higher values of up to 703 mg
kg' were observed. The concentrations in the soilseclo the road for T4 were consistently
lower in 2010 than in 2001, but overall there wasystematic difference between the
transects sampled ten years apart. This suggésggh aegree of heterogeneity in the lead
concentrations in the soils, and so individual daspannot be compared on a temporal
basis. The soil transects exhibit generally higiwgr Pb concentrations close to the roads,
but with irregular variations both within individu@ansects and between transects. The
observed range of concentrations is similar taéimges that have been reported for surface
soil in parks in Glasgow over a period of sometyhyears. Farmer and Lyon (1977) reported
values for 1976 of 93 — 424 mgkgmean 196) for central areas of parks and 324 rig

kg' (mean 584 mg Ky for areas within 5 m of roads and Gibson and Earth985)

reported a range of 22 — 1260 mg'Kgean 226 mg kY for1981. Ajmone-Marsan et al.
(2008) reported a range of 53-553 mg'Kmean 178 mg kY for Pb in Glasgow park soils

for 2003, with similar ranges being reported fdrestEuropean cities: Aviero 33 — 234 mg



kg' (mean 86 mg K§; Ljubljana 80-306 mg Kg(mean 102 mg Kb, Seville 46-340 mg Kg

! (mean 157 mg kY and Turin 85-839 mg kh(mean 235 mg k9.

Figure 3 shows the plot 61Pb/°’Pb ratio versu&®Pb/°’Pb ratio for the soil transect
samples. In all cases, the data points lie on ¢ti®pPb — industrial Pb tie line, with a
general, but irregular, trend with samples closehe roads lying closer to the petrol value.
There was no systematic difference between trasi$eeh different positions or between
samples from the same transect lines in differeats. Taken together, the concentration and
isotope ratio data are therefore consistent wighsthil Pb at all locations being derived from
a binary mix of petrol and industrial sources, With no systematic temporal variations in
either concentrations or isotope ratios and witkgular trends in distribution, limiting the
value of interpreting trends in individual trange@ecause of the high spatial variability, the
average of the petrol Pb and non-petrol Pb conatoris in 2001 and 2010 were calculated
for the motorway transects and for the minor rsaddects in order to show the trend in
variation in Pb concentration relative to the roadibese trends are shown in Figure 4, along
with calculated petrol Pb and non petrol Pb conegions. For the motorway transects, the
mean concentrations of total Pb ranged from a mawxiraf 208 mg kg at 1 m from the road
edge to a minimum of 92.3 mgkat 20 m. Petrol Pb was dominant within 10 m ofrthed,
but non petrol Pb dominated at greater distandas.pEtrol Pb concentration decreased from
a maximum of 150 mg kgat 1 m to 20.2 mg kbat 50 m, with an approximately
exponential trend characterised by a halving degganalogous to half life in radioactive
decay) of 9 m. The mean concentration of non p&olvas relatively uniform (range 54 —
59.3 mg kg") within 20 m of the road, but then gradually irased with increasing distance
to a maximum of 131 mg Kgat 50 m. Mean concentrations of total Pb for theomroad

transects decreased from 287 md kg 1 m from the road to a minimum of 102 md'led
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50 m (Figure 4b). Petrol Pb exhibited a sharp eeptial decrease from 210 mgkgt 0.15

m to 14.3 mg kg at 50 m, with a calculated halving distance ofrh,5vith the result that
petrol Pb was dominant only within 3 m of the ro@de larger halving distance (9 m) for the
motorway transects than the minor road (1.5 m)aksvgreater dispersion of Pb at the
motorway, possibly related to greater traffic spéldte maximum non petrol concentration of
143 mg kg was at 4 m, with lower values closer to the road @ gradual decrease with
increasing distance into the field, reaching a mimn of 87.7 mg kg at 50 m. The trend of
non petrol Pb concentrations within the field adjog the minor roads could be taken to
indicate a traffic Pb component as proposed by B§2602), but there is no evidence of this
in the mean concentrations for the motorway traissec

A general trend of decreasing Pb concentration initheasing distance from the road is
apparent in the vegetation samples (Table 2), thighexception of T4 in 2001, where the
maximum value was observed at 5 m from the roadldnid 2010 where the 10 m sample
was anomalously high. Despite contemporary lowlgegéatmospheric deposition of Pb,
there was no systematic decrease in concentraifdis in the vegetation between 2001 and
2010. The plot of®PbF°"Pb ratio versu®%Pb/ ’Pb ratio for the vegetation samples reveals
that the 2001 samples plot on the petrol Pb —im@i$tb tie line with a trend generally
consistent with greater petrol Pb influence cldeghe roads (Figure 5). The results for 2010
also lie on or close to the petrol-industry tieelibbut show a greater spread than those for
2001. With the assumption that Pb in the vegetasiaterived from deposition rather than
uptake (Bacon et al., 2005), this suggests comtgqaerial deposition up to 2010 of both
petrol and non-petrol Pb, implying redistributionpoeviously deposited material. Figure 6
shows the average total, petrol and non petroldPloentrations in vegetation for the
Motorway transects for 2001 and 2010. For the 2G0tples, the total Pb concentration

exhibited an exponential decrease with increasisigudce from the road and this trend was
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paralleled by both the petrol and non petrol ang respective halving distances of 3.8,
3.2 and 4.6 m respectively. The halving distartegeoved for petrol Pb in the vegetation of
3.2 m, indicating the influence of contemporaryis&gtution processes, is smaller than that
of 9 m observed for surface soil, which would hheen influenced by historical emission
related processes. In contrast, similar halvintpdises were observed for petrol Pb and non
petrol Pb in the vegetation, possibly indicatingigar redistribution processes influencing
both components. Similar concentrations and trevets observed in 2010, but with greater
irregularity caused by higher concentrations of@eé®b at 10 m and of non petrol Pb at 10
and 30 m. Figure 7 shows the average total, patr@inon petrol Pb concentrations for
vegetation from the minor road transects for 204 2010. In both years, total, petrol and
non petrol Pb concentrations all exhibited a vapid decrease with increasing distance from
the road edge, reaching a total concentrationssffiean 10 mg kfjand petrol and non petrol
concentrations of less than 5 mg'kgithin 3 m of the road. This very rapid decreaskes
calculation of halving distances impractical irstbase, with the available spacing of
samples. Concentrations of both petrol Pb andpatrol Pb were generally less than 5 mg
kg™ for samples from within the field except for ncetql Pb in 2010 where samples from
20 — 50 m had slightly higher concentrations of-6&2 mg kg. There was no correlation
between the soil and vegetation Pb concentratiitls,vegetation:soil concentration ratios
ranging from 0.006 to 0.5 in 2001 and from 0.02.fin 2010. In 2001, the vegetation from
within 10 m of the motorway had systematically legf®Pb?°’Pb ratios than the soil
samples, revealing the greater influence of histdif accumulated petrol Pb in the soil
relative to more recently deposited material onvibgetation. A similar effect was observed
at the minor road, but only within 2 m of the raadbe. At greater distances than 10 m from
the motorway or 2 m from the minor roads, there m@aspparent relationship between the

20%pp 2P ratios of the soil and the vegetation. In 2019e was less systematic difference
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between the soil and vegetation ratios close todhd, with some of the soil samples having
higher ratios, consistent with a relative decreageetrol Pb contribution, and some of the
vegetation samples having low ratios, indicativel@bosition of redistributed petrol Pb. The
average®PbFOPb ratios for the vegetation samples in 2001 arid 20 1.136 + 0.008 and
1.137 +0.012, respectively, revealed no systenafierence despite the intervening period
of 9 years in which there had been no use of lepe&wl. Within the field, thé*®Pb/°Pb
ratios for the vegetation were all lower than Yy@dal Scottish geological value of
approximately 1.17, implying persistence of pregigudeposited petrol Pb or contemporary
deposition of Pb with a lower ratio. The latter g@ss would be consistent with the
suggestion by Bacon (2002) that incinerator ash eff°Pbf°’Pb ratio in the approximate
range 1.14 to 1.15 could, in the post petrol Pbreqaesent a significant component of
atmospheric deposition The absence of any oslship between the soil Pb concentrations
and?*PbF’Pb ratios and those of the vegetation is also stersi with the conclusion of
Bacon et al. (2005) that Pb in grass is derivethfdeposition rather than uptake from the
soil.

3.3 Soil cores

The plot of®Pb/’Pb ratio against”Pbf°’Pb ratio for the four soil core samples (Figure 8)
confirms that the data all lie on the petrol-indysie line with the cores from the positions of
the motorway transects having a greater propodfgetrol Pb than those from the vicinity
of the minor road. Total Pb concentrations aretgetbfor the cores in Figure 9 along with
petrol and non petrol concentrations calculatedgugie above binary mixture assumption.
Cores 1 and 2 exhibited similar profiles for notrpkePb with relatively small variations in
the range 37 to 61 mg RgMaximum petrol Pb concentrations for these carese observed

from 0 to 10 cm, with concentrations in the ran§e®81 mg kg, but with lower

13



concentrations being detectable to the base ofdm#s. Resultant total Pb concentrations in
the 0 to 10 cm depth ranged from 103 to 129 mify kgth trends paralleling those of petrol
Pb. Core 3 had markedly higher concentrations tf petrol Pb (range 108 to 165 mg'g
and non petrol Pb (434 mg ket 0-5 cm to 678 mg kgat 25-30 cm). The total Pb
concentration increased from 576 mg'kag 05 cm to 786 mg Kgat 25-30 cm depth. These
high concentrations were verified by independeafyais by FAAS and ICP-MS which were
within 10% agreement. There is no obvious explandbr these high values but these data
and the high concentration of Pb close to the indttansect 4 (up to 703 mg Kyclearly
illustrate heterogeneously distributed, highly lessd anthropogenic disturbance of the soil
at these points within a few metres of the roadcdntrast, core 4 had much lower
concentrations, with petrol Pb in the range 2 togkg*, non petrol Pb 37 to 76 mg kgnd
total Pb 39 to 84 mg Kg Thus, petrol Pb was only dominant in the 0-10semtions of the
cores from close to the motorway and industrial@s dominant in all other samples.

Pb inventories (g i) for the four cores are presented in Table 3 aratder to provide an
indication of regional levels of Pb in areas renfoden roads and towns, data are also
provided for a peat core from a hill farm at Calbietcentral Scotland (NS 524 758) and
two cores (core 1: sandy-loam; core 2: sandy-abayd) from a field at the Scottish
Agricultural College, Auchincruive in South WestoBand (NS 385 227). The inventories
for the cores from the study site, ranging froml6. 260 g rif, are all substantially higher
than those for the remote sites, with both petho{rBinge 3.4 to 12.2 g'frand non petrol Pb
(range 14.0 to 208 g A being elevated relative to the remote sites.dP®ip constituted 43
% and 44 % of the total in the cores from clostheomotorway. However, the lower
contributions of 9% and 20% for the cores from eltsthe minor road were similar to that
of 15% for Carbeth, from a position downwind of thentral Scotland industrial belt, but

higher than that of 3% for Auchincruive, upwindtbé industrial belt. The fact that the
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inventory for core 3 is an order of magnitude gee#ttan those of the other cores indicates a
highly localised input of Pb at this location. uBhthe results for the cores are consistent
with the conclusion from the transect studies kbedlly enhanced petrol Pb deposition is
restricted to within 10 m of the motorway. The cemtcations and inventories for the cores,
along with those for the surface soils, revealtaetogeneous distribution of both petrol and

non petrol Pb in the soil of the study site.

4. Conclusions

The isotopic composition of Pb in all of the sansp@alysed (road dusts, soil and
vegetation) was consistent with a binary mix of@e®b and industrial Pb, both shortly after
cessation of use of leaded petrol and also a dedéetecessation. The most obvious change
over that decade was a significant decrease iroRtentrations in road dust from a mean of
117 mg kg' in 2001 to 14.2 mg kyin 2010. However, the percentage of lead in rasst d
accounted for by petrol Pb remained at about 40%h®motorway samples, but fell from
about 50% to 20% or less for the samples from tim®nroads. In contrast, there was no
systematic decrease in Pb concentrations or changetopic composition in either surface
soil or vegetation between 2001 and 2010.

Trends for the transects confirmed that Pb conagatrs in soil and vegetation are locally
enhanced around roads, but the isotopic analysealesl that the local enhancement of
petrol Pb is restricted to within 10 m of the metay and 3 m of the minor road. At distances
greater than these, non petrol sources make thendatrcontribution to contaminant Pb
levels. Different trends were observed in the dhatron of petrol and non petrol Pb in soil

with increasing distance from roads, consistent Wwistorical inputs. In contrast, petrol Pb
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and non petrol Pb in vegetation exhibited similatributions in both 2001 and 2010,

implying redistribution of both, with no discernébthange in the process in the 10 years
since cessation of sales of unleaded petrol. Tecledacorrelation between concentrations
and isotope ratios in soil, and corresponding \&afoe vegetation, supports the suggestion by

Bacon et al. (2005) that Pb in grass is derivethfdeposition rather than uptake.

Despite the proximity to motorway and roads, notngdé>b from historical, industrial and
coal-burning emissions was the dominant componagp for very limited areas in the
immediate vicinity of roads.

The concentration trends for the vegetation andisisects at the minor roads were
compatible with the suggestion by Bacon (2002)tcfffic Pb” input, as distinct from “petrol

Pb”, but there was no evidence of this in the meé&yrsoil transects.

This study revealed a heterogeneous distributidroti petrol Pb and non petrol Pb,
highlighting the difficulty in formulating an adegte sampling strategy to assess the
distribution of Pb. Overall the study demonstrateat past inputs of both petrol and
industrial Pb have persisted in surface soil aad tdistribution processes have maintained

levels in vegetation over the 10 year period stheecessation of use of leaded petrol.
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Transect 2001 samples 2010 samples

position Pb 2pp | pp | Petrol Pb 2pp | *pp | Petrol
mgkg' | *Pb | *Pb | Pb(%)| mgkg' | *Pb | *Pb | Pb (%)

T1/T2 120 1.137| 2.4220 38 18.5 1.132| 2.416] 43

T3 117 1.125| 2410 51 10.8 1.153| 2.440 22

T4 113 1127 2.399 49 13.2 1.162| 2.455 13

Table 1. Pb concentrations (mg§g?°Pb7°’Pb and*®Pbf°’Pb ratios and calculated %
petrol Pb for road dust samples from the positmirtsansects T1/T2, T3 and T4.
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Transect| Distance| Soil Pb | Soil Pb | Soil Soll VegPb| VegPb| Veg Veg
and (m) | mgkg* | mgkg'| 2Pb | ®Pb | mgkg' | mgkd' | ®Pb | “Pb

sample 2001 | 2010 | *Pb | *Pb | 2001 | 2010 | *Pb | *Pb

number 2001 2010 2001 2010

T1| 1 0.1 194 115 1.107 1.127 37.6 39.f7 1.119 1.131
2 1 351 59.3 1.094 1.165 35 26.6 1.118 1.116
3 2 388 238 1.091 1.106 199 221 1.125 1.112
4 4 165 282 1.113 1.101 5.0 6.8 1.134 1.1p8
5 10 108 83.6 1.123 1.123 3.9 32.4 1.141 1.131
6 20 62.2 119 1.141 1.141 1.7 2.9 1.132 1.138
7 30 101 189 1.158 1.101 3.7 19.5 1.150 1.157
8 50 181 73 1.159 1.164 2.0 1.157

T2 | 1 0.2 207 97.5 1.108 1.126 249 29.7 1.180 1.128
2 1 286 136 1.097 1.119 13.7 34.4 1.181 1.130
3 4 824 203 1.128 1.097 14.2 11.4 1.184 1.104
4 10 156 145 1.130 1.117 6.5 7.4 1.136 1.118
5 20 119 68.8 1.130 1.134 3.6 5.5 1.187 1.133
6 30 172 76.1 1.163 1.157 4.7 6.6 1.141 1.149
7 50 269 80.3 1.163 1.163 4.5 1.138

T3 | 1 0.2 106 63 1.118 1.118 53.1 31.1 1.1380 1.138
2 1 94.7 176 1.124 1.101 21.Q 18.1 1.131 1.133
3 3 92.3 260 1.147 1.15¢ 5.7 7.8 1.131 1.143
4 5 139 156 1.147 1.145 6.9 4.1 1.135 1.1B7
5 10 120 217 1.159 1.164 4.1 5.0 1.144 1.148
6 20 85.6 210 1.154 1.157 4.4 8.9 1.139 1.150
7 30 58 170 1.134 1.165 2.9 6.6 1.140 1.1p6
8 50 49.1 177 1.143 1.167

T4 | 1 0.6 703 276 1.096 1.113 4.3 23.0 1.134 1.122
2 15 388 140 1.111 1.124 4.8 6.0 1.139 1.126
3 3 453 107 1.130 1.147 2.6 5.8 1.134 1.1B7
4 5 251 92.9 1.133 1.153 10.9 6.5 1.140 1.149
5 10 195 105 1.152 1.158 4.4 4.3 1.141 1.153
6 20 126 71.1 1.160 1.151 4.2 12.6 1.140 1.155
7 30 99.8 93.4 1.163 1.15% 2.6 8.9 1.142 1.156
8 50 94.7 88.0 1.165 1.160 4.4 11y 1.148 1.152

Table 2. Pb concentrations aPb/°’Pb ratios for soil and vegetation for transectsamd
T2 adjacent to the motorway and T3 and T4 adjaietiite minor road.
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Core Total Pb Petrol Pb Non petrol Pb
Inventory| % of Inventory| % of
total total

1 25.1 11.1 44 14.0 56

2 28.3 12.2 43 16.1 57

3 260 52 20 208 80

4 36.7 3.4 9 33.3 91
Carbeth 11.9 1.8 15 10.1 85
Auchincruive 1 10.2 0.3 3 9.9 93
Auchincruive 2 11.5 0.3 3 11.2 93

Table 3. Total Pb inventories (g3nand calculated petrol and non petrol inventoitessoil

cores 1 - 4 from the study site and for comparisiata for cores from Carbeth and

Auchincruive.
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Figure Captions
Figure 1. Study site location

Figure 2. Plot of®PbF°’Pb ratio against”®PbF°"Pb ratio for road dust samples from the
positions of transects T1, T2, T3 and T4. (01)céatks 2001 samples (10) indicates 2010
samples.

Figure 3. Plots of®Pb/°Pb against®®PbF°’Pb for soil samples from (a) T1, (b) T2, (c) T3
and (d) T4% petrol Pl Leadhills ore Average Scottish coal; closed circles 2001
samples, open circles 2010 samples; sample nurabenslicated in Table 1).

Figure 4. Mean Pb concentrations and calculaté@lpend non petrol Pb concentrations for
soil samples from (a) the motorway transects ahth@minor road transects.

Figure 5. Plots of*®Pb?°’Pb against®®Pb/°’Pb for vegetation samples from (a) T1, (b) T2,
(c) T3and (d) T4 & petrol P#,Leadhills orex Average Scottish coal ; closed circles 2001
samples, open circles 2010 samples; sample nurabénslicated in Table 1).

Figure 6. Variations in mean Pb concentrationgeigetation with distance from the
motorway: (a) total Pb, (b) petrol Pb and (c) netr@ Pb

Figure 7. Variations in mean Pb concentrationgeigetation with distance from the minor
roads: (a) total Pb, (b) petrol Pb and (c) nonghdtb

Figure 8. Plots of*®Pb?°’Pb against®®Pb/°’Pb for soil core samples from the positions of
transects T1 (Core 1), T2 (core 2), T3 (core 3) Bdcore 4). Lablels indicate core number
followed by depth: 1 (0-5 cm), 2 (5-10 cm) 3 (1@5-cm), 4 (15 -20 cm), 5 (20-25 cm) and 6
(25-30 cm) (% petrol Plw Leadhills oreX Average Scottish coal).

Figure 9. Pb concentration profiles for soil coceected at 7.5 m from the road at the

positions of (a) T1, (b) T2, (c) T3 and (d) T4.(@lotoncentratiom; Petrol Pbe; non petrol
Pbo).
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motorway: (a) total Pb, (b) petrol Pb and (c) netr@ Pb
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Figure 8. Plots of*®Pb?°’Pb against®®Pb/°’Pb for soil core samples from the positions of
transects T1 (Core 1), T2 (core 2), T3 (core 3) Bdcore 4). Labels indicate core number
followed by depth: 1 (0-5 cm), 2 (5-10 cm) 3 (1@5-cm), 4 (15 -20 cm), 5 (20-25 cm) and 6
(25-30 cm) (% petrol P& Leadhills oreX Average Scottish coal).
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Figure 9. Pb concentration profiles for soil coteected at 7.5 m from the road at the
positions of (a) T1, (b) T2, (c) T3 and (d) T4 (@lotoncentratiom; Petrol Pbe; non petrol

Pbo).
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