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Abstract

Some 644 individual soil horizons from 169 sites in Scotland were analysed for Pb
concentration and isotopic composition. There were three scenarios: (i) 36 sites where both
top and bottom (i.e. lowest sampled) soil horizons were classified as organic in nature, (ii) 67
with an organic top but mineral bottom soil horizon, and (iii) 66 where both top and bottom
soil horizons were mineral. Lead concentrations were greater in the top horizon relative to the
bottom horizon in all but a few cases. The top horizon 2°°Pb/?’’Pb ratio was lesser (outside
analytical error) than the corresponding bottom horizon 2°°Pb/2Pb ratio at (i) 64%, (ii) 94%
and (iii) 73% of sites, and greater at only (i) 8%, (i1) 3% and (iii) 8% of sites. A plot of
208pb/207Ph vs. 2%Pb/2%Pb ratios showed that the Pb in organic top (i, i) and bottom (i)
horizons was consistent with atmospherically deposited Pb of anthropogenic origin. The
206ph/207Ph ratio of the organic top horizon in (ii) was unrelated to the 2°°Pb/?°’Pb ratio of the
mineral bottom horizon as demonstrated by the geographical variation in the negative shift in
the ratio, a result of differences in the mineral horizon values arising from the greater
influence of radiogenic Pb in the north. In (iii), the lesser values of the 2°°Pb/?*’Pb ratio for
the mineral top horizon relative to the mineral bottom horizon were consistent with the
presence of anthropogenic Pb, in addition to indigenous Pb, in the former. Mean
anthropogenic Pb inventories of 1.5 and 4.5 g m were obtained for the northern and
southern halves of Scotland, respectively, consistent with long-range atmospheric transport of
anthropogenic Pb (mean 2*°Pb/?’Pb ratio ~1.16). For cultivated agricultural soils (Ap), this

corresponded to about half of the total Pb inventory in the top 30 cm of the soil column.

Keywords: Pb, isotope ratios, organic soil, mineral soil, Scotland
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1. Introduction

Clair Patterson’s finding in the 1960s that more than 90% of the atmospheric Pb in the
northern hemisphere at that time was derived from anthropogenic sources such as car-exhaust
emissions (in the era of leaded petrol), coal combustion and metal ore smelting (Patterson,
1965; Murozumi et al., 1969) has subsequently been supported by many historical studies
based on the Pb analysis of cores from ice sheets, peat bogs and lake sediments (e.g. Boutron
et al., 1991; Shotyk et al., 1998; Renberg et al., 2001). Such studies have often included Pb
isotope analyses, which have provided valuable information on the relative contributions of
Pb from sources of differing Pb isotopic composition associated with various human
activities over the past few thousand years (e.g. Shirahata et al., 1980; Rosman et al., 1997;
Bindler, 2011). Based partly on the isotopic evidence (e.g. 2°°Pb/**’Pb ratios), it is widely
accepted that accumulations of Pb in ice, peat and sediment cores are anthropogenic in origin
and that they are the result of long-term and long-range atmospheric deposition (e.g. Steinnes
et al., 2005a; Zheng et al., 2007; Steinnes, 2009; Klaminder et al., 2011).

In Scotland, there have been numerous studies of the isotopic composition of sources of
Pb (Sugden et al., 1993; Farmer et al., 1999, 2000) and of Pb in peat, lake sediments, moss
and other terrestrial plants in the rural environment (e.g. Farmer et al., 1996, 1997, 2002,
2010, 2015; MacKenzie et al., 1997, 1998; Eades et al., 2002; Weiss et al., 2002; Patrick and
Farmer, 2007; Cloy et al., 2008; Kylander et al., 2009). With the exception of a few studies
on urban and suburban soils (e.g. Farmer et al., 2011; MacKinnon et al., 2011), most Pb
isotopic work on Scottish soils has focussed on the rural environment, in particular at the
Glensaugh field station and long-term monitoring site in the rural north east (e.g. Bacon et al.,
1992, 1995, 2004, 2006). Data for organic soils at Glensaugh, which is a site distant from any

point sources, show typical 2°’Pb/2°’Pb ratios to be 1.15-1.17 in surface horizons but 1.18-
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1.20 in deeper horizons (Bacon et al., 1992, 1995, 2004, 2006; Farmer et al., 2005). Long-
range atmospheric transport and deposition of Pb has been invoked in explanation, with
contributory sources including car-exhaust emissions (>***Pb/?*’Pb ratio ~1.08), Pb ore
smelting (~1.17) and coal combustion (~1.18) (Farmer et al., 1999, 2000, 2010). Hilltop peat
cores at Glensaugh have shown anthropogenic Pb inventories in the range 6-9 g m™, with
~40% deposited prior to 1900 and a further ~20% between 1900 and 1930 from ore
smelting/coal combustion during the UK industrial era, prior to the introduction of leaded
petrol, which was in use in the UK until its total ban in 2000 (Farmer et al., 2005).

There is, however, an alternative view that there is little evidence for long-range
atmospheric transport of Pb. While conceding the influence of human activities in and around
urban centres, a few large-scale soil surveys in both Europe and North America have
concluded that soil Pb contamination results principally from local point sources with only
minimal influence of long-range atmospheric transport (Reimann et al., 2009, 2011, 2012).
One such study provided Pb isotope data for European cultivated agricultural soils (Ap, 0-20
cm) that included ~ 50 soils for the whole of Scotland, collected on a 50 km grid (Reimann et
al., 2012).

The National Soil Inventory of Scotland (NSIS) was recently resampled on a 20 km
grid and samples taken from a range of soil horizons and depths. This exercise has provided
an ideal opportunity to carry out a much more detailed and systematic survey of the Pb status
of Scottish soils, in particular of the Pb isotope composition, to investigate the geographical
spread, extent and source of Pb contamination in Scotland. A similar country-wide survey has
recently been carried out in The Netherlands, where Walraven et al. (2013a, 2013b)
concluded that the Pb isotope composition of the additional Pb in ~350 rural topsoils (A, 0-20
cm) differed clearly from lithologically inherited Pb, as observed in the corresponding

subsoils (BC, C, 100-120 cm), and argued for an anthropogenic origin.
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The specific objectives of this project were to (i) determine the Pb isotopic composition
of soil profiles for which Pb concentrations had been measured as part of the recent NSIS
2007-09 Survey, (ii) establish the baseline Pb isotope composition of mineral soils and the
potentially anthropogenically influenced Pb isotope composition of both mineral and organic
soil horizons throughout Scotland, (iii) compare the Pb isotope composition of surface soil
horizons with that of bottom (i.e. lowest sampled) soil horizons and (iv) assess the causes and
extent of any observed variations in Pb isotope composition, including the magnitude of the

potential anthropogenic contribution.

2. Materials and Methods

2.1 National Soil Inventory of Scotland (NSIS)

The National Soil Inventory of Scotland (NSIS) consists of samples taken on a regular grid
pattern in 1978-88 (NSIS 1) and resampled in 2007-09 (NSIS 2). The grid was aligned with
the Ordnance Survey (OS) National Grid and 183 soil profiles were sampled between 2007
and 2009 at 20 km spacing. Fig. 1 shows the distribution among the OS zones (i.e. 100 km

grid squares) of the 169 soil profiles on which this paper was ultimately based.

2.2 Sampling

At each location a soil pit, rectangular in shape and sufficiently large to allow sampling
of each of the major horizons, was dug by spade to a depth of at least 75 cm. This was
sufficient to allow the description and sampling of the parent material at each location, where

possible. Supplementary Information (SI) Table 1 summarises the main soil groups and the
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number of soil horizons for the sites in each OS zone. A description of the different soil
horizons is given in SI Table 2.

Approximately 1-1.5 kg of relatively stone-free soil was collected from each horizon.
Samples were generally taken from a 10-cm depth band situated approximately in the middle
of the horizon or at depths thought to be appropriate where the thickness of the horizon was
judged to warrant more than one sample. In some situations where the horizon thickness was
less than 10 cm, the top and bottom sample depths were set to allow a representative and pure
sample to be collected from the horizon. Thin transition zones up to 6 cm thick were
generally excluded where boundaries were gradual or diffuse.

The soil material was loosened and extracted using a trowel or knife, collected in a
sampling tray held level with the lower boundary of the sample depth, and placed in a low
density polyethylene bag. In general, soils were sampled sequentially beginning with the

lowest horizon.

2.3 Sample preparation and analysis

2.3.1 Acid digestion

Soil samples were air-dried at 30°C and sieved (<2 mm). Ground soil samples (<2 mm, 0.25-
5 g) were initially moistened with ~0.5-1 mL of deionised (UHP) water and then digested in a
mixture of HCl and HNOs (aqua regia, 3:1) under reflux for 2 h (ISO 11466, 1995). If the
samples contained >0.5 g organic C, an additional 1 mL HNO3 was added before digestion
for every 0.1 g C above 0.5 g until the reaction stopped and all organic C had been oxidised.
In addition, organic samples were left to pre-digest prior to the reflux digestion, typically for

16-20 h.
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The digest was allowed to cool, filtered and made up to a known volume with 0.5 M

HNO;3 for analysis by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).

2.3.2 Pb concentration by ICP-MS (James Hutton Institute)

Lead concentrations were determined by ICP-MS using the pulse count mode of an Agilent
7500ce instrument with octopole reaction system and nickel cones (Agilent Technologies,
Stockport, UK). The RF forward power was 1500 W, with argon gas flows of 0.9 and 0.1 L
min’! for carrier and makeup flows, respectively. All sample solutions were diluted with
high-purity water (18.2 MQ c¢m) from a Milli-Q water system (Millipore, Watford, UK) in
line using the Agilent ISIS system with a ratio of 1:10 and subsequently nebulised using a
Babington nebuliser. The spectrum analysis acquisition mode was used, with three points per
unit mass and integration times of 1 s per point for each of °°Pb, 2°’Pb and >°*Pb, and three
replicate runs per sample. Quantification of Pb was based on summation of counts per second
from all three measured isotopes for sample and Pb standard solutions, with '%°Re employed
as the internal standard during instrumental analysis. Quality Control solutions were run at a
frequency of every 20 samples to evaluate instrument performance, with digest test soils
regularly analysed within sample sets to ensure digest quality.

An in-house test sample of a mineral soil (‘Analytical Top Soil’) with indicative Pb
concentration (£ 1 standard deviation (s.d.)) of 42.3 + 3.0 mg kg ! (n=1430) was included in
each batch of samples and put through the complete analytical procedure including aqua
regia extraction and ICP-MS analysis. The measured Pb concentration (+ 1 s.d.) of this test

soil over the three years of the NSIS 2 project was 43.2 2.7 mg kg ™! (n=197).

2.3.3 Pb isotope ratios by ICP-MS (University of Edinburgh)
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Soil digest solutions were diluted to a Pb concentration of <25 pg L™! with high-purity water
(18.2 MQ cm) from a Milli-Q water system (Millipore, Watford, UK). Lead isotope ratios
(2%Pb/2"7Pb, 208Pb/27Pb and 2%®Pb/2*Pb) were then determined by quadrupole ICP-MS using
the pulse count mode of an Agilent 7500ce instrument with octopole reaction system and
nickel cones (Agilent Technologies, Stockport, UK). The RF forward power was 1540 W and
the reflected power 1 W. The argon gas flows were 0.82 and 0.20 L min™! for carrier and
makeup flows, respectively, and the peristaltic pumping rates into the Mira mist nebuliser 0.2
or 1.2 L min’!, respectively. The isotope analysis acquisition mode was used, with three
points per unit mass and integration times of 0.3 s per point for each of 2°°Pb, 2°’Pb and 2°*Pb,
and six replicate runs per sample. A Pb isotopic reference material from the National Institute
of Standards and Technology (NIST), SRM 981, was used for mass bias correction.

Mean analytical errors (1 s.d.) on 2°°Pb/?°"Pb, 2%*Pb/?°’Pb and 2°*Pb/?°°Pb ratios in the
soil samples (n=674) were = 0.004, + 0.008 and £ 0.007, respectively. Overall mean
analytical precision for Pb isotope ratio determination in duplicate soil sample solutions
(n=63) averaged + 0.3%. The mean isotope ratios (£ 1 s.d.) of 2%Pb/?"’Pb, 2%Pb/2*’Pb and
208pb/2%Ph determined in the in-house ‘Analytical Top Soil’ (n=12) as 1.174 + 0.004, 2.459 +
0.005 and 2.095 £ 0.007, respectively, were in good agreement with previously established
values of 1.175 £ 0.001, 2.451 £ 0.001 and 2.087 £ 0.002. For NIST SRM 1643¢ Water
Reference Material (n=49), used to check the consistency of inter-batch analytical runs, mean
values of 1.167 + 0.003, 2.450 + 0.005 and 2.099 + 0.004 were obtained for 2*°Pb/?’’Pb,

208pb/27Ph and 2%®Pb/2%Pb, respectively.

3. Results and Discussion



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

Of the 183 sites of NSIS 2, there were 175 for which material from at least two different soil
horizons was available and for which both Pb concentration and Pb isotope ratios were
obtained. Of these 175 sites, six were considered anomalous by virtue of an unusually high
(>1.44) or unusually low (<1.10) value of the 2°°Pb/?’Pb ratio determined in the lowest
sampled horizon of the soil profile. Consequently, they are considered separately, leaving

1609 sites for the bulk of this study (Fig. 1).

3.1 Soil Profiles of Pb concentration and **’Pb/*"’ Pb ratio

Figs. 2a-e present a typical Pb concentration and 2°°Pb/?’’Pb ratio profile for each of five
different categories of soil horizon sequences (cf. SI Table 2 for soil horizon descriptions)
based upon the nature of the uppermost and lowermost sampled soil horizon. The categories
were: (i) organic-organic (36 sites) (Fig. 2a), (ii) organic-mineral (67 sites) (Fig. 2b), (iii)
organic-mineral for OS zone NH, where the 2°°Pb/**’Pb ratio for the lowermost mineral
horizon was often high (up to 1.35) (Fig. 2¢), (iv) mineral (Ap)-mineral (42 sites) (Fig. 2d)
and (v) mineral (non-Ap)-mineral (24 sites) (Fig. 2e). There were 66 mineral-mineral sites in
total. The predominant trends at the 169 sites of all five categories were of (1) decreasing Pb
concentration (usually from the top soil horizon but occasionally (~15%) from the second top
horizon) with increasing depth and (ii) increasing 2*°Pb/>**’Pb ratio with increasing depth. Of
the 169 sites there were only 10 (i.e. 6%) where the 2°°Pb/?°’Pb ratio of the top soil horizon
was greater (outside 1 s.d. analytical error) than that of the corresponding bottom horizon,
compared with 134 (i.e. 79%) where it was lesser. The extent of the difference in individual
cases, however, depended upon which combination of organic or mineral uppermost and
lowermost soil horizons pertained and, indeed, upon factors such as geographical variation in

the 2°Pb/?*’Pb ratio of the lowermost soil horizon when it was mineral in nature (cf. Figs. 2a-
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e). The SI Figs. 1-6 provide six examples of each case including the six anomalous sites, an

example of which is shown in Fig. 2f.

3.22pp 207 ph ratios and Pb concentrations in top and bottom soil horizons

Fig. 3 presents histograms of the number of sites with values of 2°Pb/2"’Pb ratios, ranging by
0.01 increment from 1.10 to 1.36, corresponding to the three scenarios of top and bottom soil
horizon being organic and organic (Fig. 3a), organic and mineral (Fig. 3b) and mineral and
mineral (Fig. 3¢). Fig. 4 displays separate histograms of Pb concentrations for organic top,
organic bottom, mineral top and mineral bottom soil horizons at all sites as appropriate.

Individual horizons are considered in turn below.

3.2.1 Mineral bottom soil horizon
Of the 1609 sites, there were 133 where the bottom soil horizon was classified as mineral (A-1,
E-3, B-22, BC-35, C-72). The mean mineral bottom horizon depth range was 56-78 cm, with

a mean sample depth range of 65-75 cm.

3.2.1.1°%Pb/ Pb ratios
The 2°Pb/?*"Pb ratio ranged from 1.132 to 1.348 (Figs. 3b,c) with a mean value of 1.208
(median 1.196). The different main mineral bottom soil horizons (B, BC, C) exhibited similar
mean and median values of the 2°’Pb/?*’Pb ratio (Table 1).

There was, however, considerable geographical variation across Scotland, as shown by
consideration of values in each of the OS zones (SI Table 3). For example, of the 19 sites
with a mineral bottom 2°°Pb/2°’Pb value >1.25 (Fig. 3), eight were from NH (four >1.30), four

from NN (one >1.30), two from NJ and one from each of NM (one > 1.30) and NR.

10
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Excluding the Orkney and Shetland Islands (n=3), there appeared to be two main areas
(n=117), consisting of contiguous zonal groupings. In the first of these, comprising the six
zones NG, NH, NJ, NM, NN, NR (Fig. 1), where the mean values for the mineral bottom soil
horizons of the individual zones ranged from 1.201 (NM) to 1.257 (NH) (Fig. 5a, SI Table 3),
the overall mean value for the sites in the group (n=64) was 1.227 + 0.048 (median 1.225). In
the second grouping, comprising the five zones NO, NS, NT, NX, NY (Fig. 1), where the
mean values for the mineral bottom soil horizons of the individual zones ranged from 1.180
(NY) to 1.196 (NT) (Fig. 5a, SI Table 3), the overall mean value for the sites in the group
(n=53) was 1.189 £ 0.018 (median 1.187). A third grouping comprised the rest of the zones in
the north and lay on the fringes of the first main grouping, i.e. NF, NB, NC, ND, NK (Fig. 1).
The mean values for the mineral bottom soil horizons of the individual zones in this third
grouping ranged from 1.177 (NC) to 1.211 (ND) (Fig. 5a, SI Table 3), with an overall mean
value (n=13) of 1.188 £ 0.037 (median 1.176).

The rock types of stones in the 19 mineral bottom soils which had 2°Pb/?’Pb ratios
>1.25 were predominantly granite or schists (e.g. quartz-mica schists). The typically greater
values of the 2°Pb/?"’Pb ratio for the bottom mineral soils of the NG, NH, NJ, NM, NN, NR
group compared with the rest of Scotland are attributable to the accumulation of radiogenic
Pb in these soils resulting from the radioactive decay of 2**U (half-life = 4.47 x 10° years and
235U (half-life = 0.70 x 10? years) present in uraniferous minerals in these soils, in addition to
primordial Pb. Values of the 2°°Pb/?°’Pb ratio as high as 1.35-1.39 have been found in bottom
sediments of freshwater lakes in the granitic terrain of the Cairngorm and Grampian
Mountains (Yang et al., 2007; Farmer et al., 2015), which are located primarily in OS zones

NH, NJ, NN and upper NO.

3.2.1.2 Pb concentrations

11
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The mean Pb concentration (range 1.3-133 mg kg™, n=133) for the mineral bottom soil
horizon (Fig. 4d) was 13 (median 9.1) mg kg!, with similar mean and median values for the
different main mineral bottom soil horizons (Table 1).

In contrast to the 2°Pb/2°’Pb results, there did not appear to be much geographical
variation in Pb concentration across Scotland as demonstrated by mean and median values for
individual OS zones with n>10 (Fig. 6a, SI Table 4). Furthermore, of the 15 sites with a
mineral bottom Pb concentration >20 mg kg™! (Fig. 4), one was from NC, two from ND, one
from NH, one from NK (one >100 mg kg!), one from NM, two from NN, two from NO (one
>100 mg kg '), one from NR, one from NS and three from NT. In the first grouping (NG,
NH, NJ, NM, NN, NR, n=64), established above as having an elevated mean 2*°Pb/**’Pb ratio
of 1.227 (median 1.225), the mean Pb concentration was 9.9 (median 7.9) mg kg'!. In the
second grouping (NO, NS, NT, NX, NY, n=53), for which the mean 2°°Pb/?"’Pb ratio was
1.189 (median 1.187), the mean Pb concentration was 14 (median 10) mg kg™ [12 (median
10) mg kg™! when one value of 121 was excluded]. In the third grouping comprising the rest
(NF, NB, NC, ND, NK, n=13), but excluding the Orkney and Shetland Islands, the mean Pb
concentration was 23 (median 8.9) mg kg™!' [14 (median 8.5) mg kg™! when one value of 133

was excluded].

3.2.2 Mineral top soil horizon

Of the 169 sites, there were 66 where the uppermost soil horizon was classified as mineral
(Ap-42, uncultivated A-21, E-1, B-2). The mean mineral uppermost soil horizon depth range
for all A (n=63) was 0-25 cm with a mean sample depth range of 6.2-15.8 cm. For cultivated
Ap horizons, the corresponding mean ranges were 0-29 cm and 6.9-16.9 cm; for other A, they
were 1-18 cm and 4.7-13.6 cm; and, overall (n=66), the mean ranges were 1-26 cm and 6.9-

16.6 cm.

12
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3.2.2.1°%PblPb ratios

The 2%Pb/2Pb ratio ranged from 1.153 to 1.236 (Fig. 3c) with a mean value of 1.176
(median 1.174), with similar corresponding mean values for all A uppermost horizon samples
(n=63) and their sub-sets Ap (n=42) and other A (n=21) (Table 1).

There appeared to be some geographical variation, as shown by consideration of values
for the OS zones (Fig. 5b, SI Table 3). For example, of the eight sites with a mineral
uppermost horizon 2°Pb/?’Pb value >1.19 (Fig. 3), five were from NJ (two >1.20), one from
HY (one > 1.20), one from ND and one from NH. Excluding the Orkney and Shetland Islands
(n=2) and combining the two most northerly contiguous zones established for the mineral
bottom soil horizon, i.e. NF, NB, NC, ND, NK (n=3) and NG, NH, NJ, NM, NN, NR (n=23),
where the mean values for the mineral top soil horizons of the individual zones ranged from
1.169 (NK) to 1.195 (ND) (Fig. 5b, SI Table 3), the overall mean value for the group (n=26)
was 1.183 £ 0.018 (median 1.179). In the second grouping, the most southerly contiguous
zones established for the mineral bottom soil horizon, i.e. the five zones NO, NS, NT, NX,
NY (n=38), where the mean and median values for the mineral top soil horizons of individual
zones ranged from 1.165 (NS) to 1.175 (NT) (Fig. 5b, SI Table 3), the overall mean value for
the group (n=38) was 1.171 + 0.007 (median 1.172). Alternatively, taking the northernmost
zones as HU, HY, NB, NC, ND, NF, NG, NH, NJ, NK, the mean 2°°Pb/?°’Pb value (n=19)
was 1.188 = 0.017 (median 1.184) (mean sample mid-point depth = 11.8 cm) compared with
a mean value (n=47) of 1.172 + 0.010 (median 1.172) for the southernmost zones NM, NN,

NO, NR, NS, NT, NX, NY (mean sample mid-point depth = 11.7 cm).

3.2.2.2 Pb concentrations

13
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The mean Pb concentration (range 3.5-329 mg kg'!, n=66) for the mineral top soil horizon
(Fig. 4c) was 41 (median 27) mg kg'!, with similar mean and median values for the different
main mineral top soil horizons of all A, Ap and other A (Table 1).

As with the 2°Pb/2"7Pb results, there appeared to be some geographical variation, as
shown by consideration of values for the OS zones (Fig. 6b, SI Table 4). Only 11% (2/19) of
samples from the northernmost OS zones of HU, HY, NB, NC, ND, NF, NG, NH, NJ, NK
(mean 39 + 74 mg kg [or 22 + 23 mg kg'! when one value of 329 mg kg™! was excluded],
median 17 mg kg!) had Pb concentration > 50 mg kg™!, compared with 28% (13/47) for the

southernmost zones NM, NN, NO, NR, NS, NT, NX, NY (mean 42 + 34 mg kg'!, median 30

mg kg™).

3.2.3 Organic top soil horizon

Of the 169 sites, there were 103 where the uppermost soil horizon was classified as organic
(LF, F, LFH, FH - 24 in all; H-10; O-69). The mean organic top soil horizon depth range was
0-6 cm for LF, F, LFH, FH, 3-11 cm for H and 2-19 cm for O, with corresponding mean
sample depth ranges of 0.9-5.7 cm, 3.8-9.7 cm and 5.6-14.5 cm, respectively. Overall, the
mean organic top horizon soil depth range was 1.4-15.3 cm, with a mean organic top soil

sample depth range of 4.3-12.0 cm.

3.2.3.1°%Pb/ Y Pb ratios

The 2°Pb/**"Pb ratio ranged from 1.105 to 1.202 (Figs. 3a,b) with a mean value of 1.156
(median 1.159) and mean values for the different organic top soil horizons of 1.135 (median
1.136) for LF, F, LFH, FH, 1.154 (median 1.154) for H and 1.163 (median 1.164) for O

(Table 1). With respect to O top samples from different depths, the mean 2°°Pb/**’Pb value
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where the mid-point of sample depth was <4 cm (n=8) was 1.147 £ 0.013; <10 cm (n=47)
1.161 £ 0.013;>10 cm (n=22) 1.167 £ 0.006; >18 cm (n=7) 1.170 + 0.006.

Although at first glance there appeared to be some geographical variation across
Scotland, on the basis of mean organic top soil horizon 2°°Pb/?°’Pb values for the OS zones,
ranging from 1.130 (NK) and 1.139 (NO) to 1.164 (ND) and 1.171 (NS) (Fig. 5c, SI Table 5),
this was largely explicable on the basis of the nature of the organic top soil horizon sampled
and the mean sample depth. For example, 83% of NO samples were LF-H (i.e. non-O) and
the mean sample depth (n=6) was 4.6 cm. The zones with the next lowest mean 2°°Pb/?°’Pb
values (1.142-1.160) were NJ, NH, NN, NT and NM, with mean sample depths of 7.1, 5.6,
6.2, 6.4 and 5.3 cm, respectively, and to which LF-H horizons contributed 75, 44, 41, 56 and
33% of samples, respectively. In contrast, 0% of NS samples (mean 1.171) were LF-H and
the mean sample depth (n=5) was 16.2 cm. The zones (excluding HY and HU for Orkney and
Shetland) with the next highest mean 2°°Pb/2°’Pb values (1.163-1.164) were ND, NR, NX,
NB and NC, with mean sample depths of 12.8, 9.9, 16.3, 9.1 and 11.1 cm, respectively, and
to which LF-H horizons contributed 0, 25, 25, 0 and 0% of samples, respectively. The zone
with the lowest mean 2°°Pb/?’Pb value, NK (1.130) had a mean sample depth (O horizon) of

just 2.5 cm.

3.2.3.2 Pb concentrations
The mean Pb concentration (range 4.3-580 mg kg™, n=103) for the organic top soil horizon
(Fig. 4a) was 77 (median 43) mg kg! (Table 1), with mean values (mg kg™!) for the different
organic top soil horizons of 57 (median 43) for LF, F, LFH, FH, 102 (median 52) for H and
80 (median 42) for O (Table 1).

In contrast to the 2°°Pb/?’Pb results, there did appear to be considerable systematic

geographical variation, north to south, in the Pb concentration data (Fig. 6¢, SI Table 4). Only
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5.5% (3/55) of samples from the northernmost OS zones of HU, HY, NB, NC, ND, NF, NG,
NH, NJ, NK (mean 38 = 32 mg kg™, median 32 mg kg™') had concentrations >100 mg kg!,
compared with 27% (7/26) from the more centrally located zones NM, NN, NO (mean 113 +
135 mg kg!, median 63 mg kg™') and 50% (11/22) from the southernmost zones NR, NS, NT,

NX (mean 133 + 99 mg kg'!, median 109 mg kg™).

3.2.4 Organic bottom horizon
Of the 169 sites, there were 36 where the bottom soil horizon was classified as organic (O-
36). The mean organic bottom soil horizon depth range was 43-90 cm with a corresponding

mean sample depth range of 61-72 cm.

3.2.4.1°%Pb/ Pb ratios

The 2°Pb/**"Pb ratio ranged from 1.135 to 1.226 (Fig. 3a), with a mean value of 1.175
(median 1.177) (Table 1). For samples taken from profiles with O bottom horizons, the mean
206pb/207Ph value was 1.172 £ 0.017, 1.181 £ 0.019 (or 1.174 £ 0.011 when two values of
1.216 and 1.226 were excluded) and 1.171 + 0.017 for samples with mid-point sample depths
of <50 cm (n=9), 50-79 cm (n=15) and >80 cm (n=12), respectively.

On the basis of mean organic bottom soil horizon 2**Pb/?’Pb values for individual OS
zones, there appeared to be little geographical variation (Fig. 5d, SI Table 5). The mean
206pb/297Ph values for the northernmost zones of HU, NB, NC, ND, NF, NG, NH, NJ (n=20)
of 1.176 + 0.022 (median 1.178) (or 1.171 £ 0.016 (median 1.176) when two values of 1.216
and 1.226 were excluded) were comparable with the mean value of 1.174 &+ 0.012 (median

1.177) for the southernmost zones of NM, NN, NO, NR, NS, NT, NX (n=16).

3.2.4.2 Pb concentrations
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The mean Pb concentration (range 1.4-36 mg kg™, n=36) for the organic bottom soil horizon
(Fig. 4b) was 7.5 (median 4.3) mg kg™! (Table 1). In contrast to the 2°°Pb/?*’Pb results, there
did appear to be considerable systematic geographical variation, north to south, in the Pb
concentration data (Fig. 6d, SI Table 4). None (0/20) of the samples from the northernmost
OS zones of HU, NB, NC, ND, NF, NG, NH, NJ (mean 3.8 + 1.8 mg kg!, median 3.25 mg
kg) had concentrations > 8 mg kg!, compared with 50% (8/16) from the southernmost

zones of NM, NN, NO, NR, NS, NT, NX (mean 12 + 10 mg kg!, median 7.6 mg kg™').

3.3 Comparison of top and bottom soil horizon **°Pb/"’ Pb ratios

3.3.1 Organic top and organic bottom soil horizons

Of the 36 sites with an organic top and organic bottom soil horizon, the Pb concentration was
always greater in the former (Fig. 7). There were 23 sites (i.e. 64%) where the top 2°Pb/>’’Pb
ratio was lesser (outside 1 s.d. analytical error) than that of the bottom horizon and only three
(i.e. 8%) where the latter was lesser (outside 1 s.d.) than the former, the other 10 (i.e. 28%)
having top and bottom horizon values within 1 s.d. of each other (Fig. 7). This 1s also
reflected in Table 2, which shows the mean values by OS zone of corresponding top and
bottom 2°*Pb/*°’Pb ratios and the mean difference between the paired 2*°Pb/**’Pb ratios of the
two horizons. The overall mean difference (top minus bottom) for the 36 sites was -0.014
(Table 2).

The finding of increasing 2°’Pb/**’Pb ratios with increasing depth in organic soils such
as peat is in line with established trends in cores from ombrotrophic peat bogs from around
Scotland (Farmer et al. 1997; MacKenzie et al. 1997, 1998; Cloy et al., 2008) and reflects
temporal changes in sources of anthropogenic Pb deposited from the atmosphere, as shown in

the plot of 2%Pb/2"’Pb vs. 2%Pb/?’Pb (Fig. 8). The more recent influence of car-exhaust
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emissions, containing Pb from leaded petrol (to which Australian Pb of 2°°Pb/?*’Pb ratio
~1.04 was a major contributor), relative to Pb from Scottish ore mining/smelting and coal
burning can be clearly seen in the organic top horizon. The best-fit lines through the organic

top and organic bottom data, however, are of similar gradient, 1.047 and 1.010, respectively

(Fig. 8).

3.3.2 Organic top and mineral bottom soil horizons

Of the 67 sites with an organic top and mineral bottom soil horizon, the Pb concentration was
greater in the former in all but five (two outside analytical error) cases (Fig. 9), although the
direct comparison of concentrations is of rather limited value in view of the approximately
order of magnitude difference in dry bulk density between these two horizons. There were 63
sites (i.e. 94%) where the top horizon 2**Pb/?°’Pb ratio was lesser (outside 1 s.d. analytical
error) than the bottom horizon value and only two (i.e. 3%) where the latter was lesser
(outside 1 s.d.) than the former, the other two (i.e. 3%) having top and bottom horizon values
within 1 s.d. of each other (Fig. 9). This is also reflected in Table 3, which shows the mean
values by OS zone of corresponding top and bottom 2°Pb/**’Pb ratios and the mean
difference between the paired 2°°Pb/?’’Pb ratios of the two horizons. The overall mean
difference for the 67 sites was -0.066 (Table 3), but the magnitude varied noticeably with OS
zone. Those with the greatest mean 2°°Pb/?"’Pb ratio for the mineral bottom horizon, e.g. NG,
NH, NJ, NN and NR (Fig. 5a, SI Table 3), had the largest mean differences of -0.064, -0.109,
-0.080, -0.077 and -0.089, respectively, between the paired 2*°Pb/?°’Pb ratios for the organic
top and mineral bottom horizon (Table 3). Indeed, when the mean differences were computed
for the three distinct OS zone groupings established in 3.2.1.1, the -0.084 + 0.052 for NG,
NH NJ, NM, NN and NR (n=41) was much greater than the -0.045 £+ 0.023 for NO, NS, NT,

NX and NY (n=15) and -0.028 £ 0.040 for NF, NB, NC, ND, NK (n=10). In contrast, the
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corresponding mean differences in 2°°Pb/?°’Pb ratio between organic top and organic bottom
horizons for these three zonal groupings were very similar at -0.015 + 0.014 (n=12), -0.018 +
0.017 (n=9) and -0.014 + 0.023 (n=14), respectively.

The plot of 2%Pb/2"7Pb vs. 2°°Pb/2’’Pb (Fig. 10) again demonstrates the influence of
anthropogenic sources of Pb upon the 2°’Pb/?’Pb ratio of the organic top horizon Pb (cf. Fig.
8). Indeed the equation for the best-fit line through the organic top horizon data in Fig. 10
(2%Pb/27Pb = 1.223 + 1.050 2%Pb/2"7Pb, 1?=0.939) is near-identical to that in Fig. 8
(2%Pb/27Pb = 1.227 + 1.047 2°Pb/**"Pb, 1*=0.899) and differs from the corresponding best-fit
line (***Pb/?"Pb = 1.436 + 0.883 2°°Pb/2"’Pb, r*=0.697) through the mineral bottom data.

Fig. 9 also shows quite clearly the lack of relationship between the 2°°Pb/2"’Pb ratios of
organic top and mineral bottom horizons, although there is a tendency for some of the values
to be closer in magnitude when the mineral bottom horizon is A, E or B, i.e. perhaps in

receipt of some downwardly transported anthropogenic Pb (cf. 3.3.4).

3.3.3 Mineral top and mineral bottom soil horizons

Of the 66 sites with a mineral top and mineral bottom soil horizon, the Pb concentration was
greater in the former in all but five (two outside analytical error) cases (Fig. 11). There were
48 (i.e. 73%) where the top 2°Pb/>"’Pb ratio was lesser (outside 1 s.d. analytical error) than
the bottom value and only five (i.e. 8%) where the latter was lesser (outside 1 s.d.) than the
former, the other 13 (i.e. 20%) having top and bottom horizon values within 1 s.d. of each
other (Fig. 11). This is reflected in Table 4, which shows the mean values by OS zone of
corresponding top and bottom 2°Pb/2°’Pb ratios and the mean difference between the paired
206pb/297Pb ratios of the two horizons. The overall mean difference for the 66 sites was -
0.021, but the magnitude varied noticeably with OS zone (Table 4). Those with the highest

mean 2°°Pb/2’Pb ratio for the mineral bottom horizon, e.g. NG, NH, NJ and NM (cf. Fig. 5a,
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SI Table 3), had the largest mean differences of -0.033, -0.050, -0.029 and -0.040,
respectively, between the paired 2°°Pb/?’’Pb ratios for the mineral top and mineral bottom
horizon (Table 4). Indeed, when the mean differences were computed for the three distinct
OS zone groupings established in 3.2.1.1, the -0.029 + 0.031 for NG, NH, NJ, NM, NN and
NR (n=23) was greater than the -0.015 + 0.012 for NO, NS, NT, NX and NY (n=38) and -
0.007 £ 0.022 for NF, NB, NC, ND, NK (n=3), although much less than the corresponding
differences for the sites with organic top and mineral bottom soil horizons (cf. 3.3.2). This
can be attributed to (i) the presence in the mineral top horizon of some indigenous Pb in the
mineral lattice of greater 2°°Pb/?’Pb ratio than the anthropogenic Pb deposited from the
atmosphere which constitutes the Pb in the organic horizons and (ii) the preponderance of
samples from NO, NS, NT, NX and NY (38/66, i.e. 58%), which have a lesser mean mineral
bottom 2°°Pb/?°"Pb ratio (cf. Table 4), in the mineral top and mineral bottom scenario than is
the case in the organic top and mineral bottom scenario where samples from NG, NH, NJ,
NM, NN and NR (41/66, i.e. 62%) predominate (cf. Table 3).

The plot of 2°Pb/?*’Pb vs. 2°°Pb/2°’Pb (Fig. 12) shows the influence of anthropogenic
Pb upon the gradient (0.763) in the mineral top horizon when compared with the gradient

(0.644) for the mineral bottom horizon data.

3.3.4 Intermediate horizons

For those sites where the A horizon was above only two other soil horizons (n=29), the mean
difference between the °Pb/?°’Pb ratios of the A and middle horizon was -0.020 + 0.015,
with the A value lesser (outside 1 s.d. analytical error) in 83% of cases. In contrast, the value
for the middle horizon was within 1 s.d. of the value for the bottom horizon in 69% of cases,
with only a further 14% lesser and 17% greater and an overall mean difference of 0.000 +

0.009. In profiles with four sampled horizons (n=23), the mean differences between the
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206p/297P ratios for A-second, second-third and third-bottom horizons were -0.017 + 0.019,
-0.002 £ 0.017 and -0.001 £ 0.008, respectively.

For comparison, the sites where there was an organic horizon (not necessarily the
uppermost organic horizon) directly above at least three mineral horizons (n=42) were
divided into two groups based upon the range of values of the 2°°Pb/2"’Pb ratio for the
lowermost mineral horizon: (i) <1.200, (ii) >1.200. In scenario (i) (n=20), the mean
differences between the 2°°Pb/2’Pb ratios for organic-second, second-third and third-bottom
horizons were -0.017 £ 0.016, -0.007 £0.011 and -0.001 £ 0.007, respectively. In scenario
(i1) (n=22), the corresponding mean differences were -0.043 £ 0.020, -0.018 + 0.022 and -
0.008 £ 0.015, respectively. The larger differences in scenario (ii) reflect the greater bottom
206pb/297Pb ratio, which directly influences the 2°°Pb/?°’Pb ratios of the second and third (both
mineral) horizons and makes it easier to discern some downward transport of anthropogenic
Pb (of much lower 2°°Pb/?"’Pb ratio) from the organic and second (predominantly E, eluvial)
horizons to the third (B) horizon (cf. 3.3.2, Fig. 9). Transport of anthropogenic Pb from
organic soil horizons to mineral soil horizons has been well documented elsewhere. This may
be substantial, as reported for forest floors in the north-eastern USA (Miller and Friedland,
1994; Kaste et al., 2003; Richardson et al., 2014) and Scandinavia (Brénnvall et al., 2001;
Steinnes and Friedland, 2005; Steinnes et al., 2005b), less so for Mediterranean (Teutsch et
al., 2001) and Dutch (Walraven et al., 2014) roadside soils and to only a very limited extent
in the peaty topsoils of the intensively studied small organic-rich upland catchment at

Glensaugh, Scotland (Vinogradoff et al., 2005; Bacon et al., 2006; Graham et al., 2006).

3.4 Anthropogenic Pb inventories
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519  Anthropogenic Pb inventories were calculated for each site. Each sample Pb concentration
520  was extrapolated to the whole of the appropriate horizon and the depth interval and dry bulk
521  density used to convert concentration (mg kg!) to inventory (g m2). All Pb in the organic
522 horizons (L, F, H, O) was taken to be anthropogenic. For mineral horizons, a correction to the
523  measured concentration was made for ‘baseline’ Pb, taken to be the Pb concentration in the
524  lowermost mineral horizon. Excluding seven sites (17-68 g m, mean 32 + 18 g m) where
525  the anthropogenic Pb inventory was >15 g m™, the mean value for each OS zone is listed in
526  SITable 6 and displayed in Fig. 13.

527 The range of mean values for each OS zone from HU to NM was 0.6-2.2 g m™, with an
528  overall average of 1.5 = 1.2 g m™, sites with organic (n=58), Ap (n=13) and A (n=8) top

529  horizons exhibiting comparable mean values of 1.5+ 1.2, 1.7+ 1.7and 1.2+ 0.7 gm>,

530 respectively. Cloy et al. (2008) reported 1.2 g m™ (post-1800 AD) for a dated peat core

531  collected in 2004 from Turclossie Moss (OS zone NJ).

532 For the remaining zones, NN-NY, the range of mean values was 3.3-6.2 g m™, with an
533  overall average of 4.5 = 3.0 g m™. The sites with organic (n=44), Ap (n=24) and A (n=15) top
534  horizons were again in good agreement at 4.5 +3.3,4.6+3.0and 4.2+ 0.7 gm?,

535  respectively. For dated peat cores collected in the 21% century, Farmer et al. (2015) reported
536  3.70 g m? (post-1610 AD) for Great Moss (NN), while Cloy et al. (2008) found 2.1-3.6 g m?
537  (post-1800 AD) for Flanders Moss (NS), 2.5-4.3 g m™ (post-1800 AD) for the Red Moss of
538  Balerno (NT) and 2.7-5.0 g m™ (post-1800 AD) for Carsegowan Moss (NX).

539 Considering all sites with mineral top horizons together (n=60, i.e. excluding six sites
540  >15 g m?), the anthropogenic Pb accounted for 43% and 56% of the total Pb inventories for
541 HU-NM and NN-NY, respectively, to the depth of anthropogenic Pb penetration (mean ~30
542  cm) as determined by consideration of Pb concentration and 2°°Pb/?*’Pb ratio in each soil

543  profile. The mean 2°Pb/?"’Pb ratio calculated for anthropogenic Pb at such sites in HU-NM
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and NN-NY was 1.158 £ 0.019 and 1.161 £ 0.014, respectively, with an overall average
value of 1.160 £ 0.016, in good agreement with the mean value of 1.164 + 0.012 established
for total anthropogenic Pb at sites (excluding one site >15 g m2) with organic top horizons.
Taking these mineral top and organic top horizon sites together, the 2°°Pb/?*’Pb ratio of
anthropogenic Pb lay between 1.140 and 1.179 at 89% of sites.

Similarly, for sites with a specifically Ap mineral top horizon (i.e. excluding six sites
>15 g m™2), the anthropogenic Pb accounted for 36% (HU-NM) and 51% (NN-NY) of the
total Pb inventories to a mean depth of ~30 cm and had a calculated mean 2°°Pb/?*’Pb ratio of
1.159 + 0.018. So far as Scotland is concerned, therefore, these findings are contrary to the
conclusion of Reimann et al. (2012) that the atmospheric Pb contamination of the northern
hemisphere as demonstrated using ice cores, lake sediments or peat bogs contributes little to

the total Pb inventory of European agricultural soils.

3.5 Anomalous sites

3.5.1 Unusual **’Pb/”” Pb profiles
The very high value (1.576) of the organic bottom horizon (Oa2) 2°°Pb/?’Pb ratio for Uist
(NF) (SI Fig. 6a) was probably the result of the inclusion of some mineral dust (of high
206pp/297Pb ratio) in the bottom horizon, as the value of the dry bulk density was 0.813 g cm™,
some 4-5 times greater than the corresponding values for the three overlying horizons, Osl1,
Os2 and Oal.

The very high value (1.441) of the mineral bottom horizon (Bh) 2°°Pb/?’’Pb ratio for
South Culblean Hill (NJ) (SI Fig. 6b), which is in the eastern Grampian Mountains where the
underlying rock is granite, almost certainly resulted from the presence of radiogenic Pb

elevated in 2°°Pb relative to 2°’Pb, as found elsewhere in the north in this study (cf. Figs. 3c,
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5, SI Fig. 3), a view supported by the high, but less extreme, value of 1.342 for the overlying
E(h) horizon (SI Fig. 6b).

At the other four sites — Lewis (NB), Skye (NG), Lochan na Bearta (NH) and Mull
(NM) (SI Figs. 6¢-f) — the 2°°Pb/?*’Pb ratio uncharacteristically declined from top to bottom
horizon, to values of 1.077 (Oa2), 1.050 (BCg), 1.100 (BC) and 1.043 (Ah), respectively.
These sites are in NW Scotland and, although not characteristic in general of 2°Pb/2’Pb
profiles there, could perhaps be indicative of local effects of mineralisation or contamination.

That such apparently anomalous values as those above can occur is supported by the
findings of a recent regional-scale geochemical survey of soil O and C horizon samples in
Nord-Trondelag, Central Norway (Reimann et al., 2015). There, 2°°Pb/?’Pb ratios in the O
horizon as low as 1.0399, compared with a median value of 1.1512 for O horizon samples
and with minimum and maximum values for C horizon samples of 1.0658 and 1.9630,

respectively, were reported.

3.5.2 Large anthropogenic Pb inventories

The large estimated anthropogenic Pb inventories (>15 g m™) not included in the calculation
of mean inventories for individual OS zones (Fig. 13, SI Table 6) related, with one exception
(NN, Bruach Burn, Oa, 24.2 g m), to sites with uppermost Ap horizons, i.e. Rhum (NG,
18.3 g m?), Kincardine (NJ, 67.6), Arbirlot (NO, 21.8), Pappert (NS, 42.9), Borrowstoun
(NT, 29.8) and Heathhall 85 (NY, 17.3). The average anthropogenic 2°Pb/?"’Pb ratio for
these Ap sites was 1.169 £ 0.007. Apart from Bruach Burn, the organic sites with the largest
estimated anthropogenic Pb inventories were Meluncart (NO, 10.6 g m™), Stobieside (NS,
13.9), Caddonhead (NT, 10.7), Forest of Ae (NT, 10.1) and Wood of Auchleand (NX, 14.0).
The site vegetation included from Sphagnum moss peat bogs to heather moors and coniferous

woodlands. The average anthropogenic 2°’Pb/?’’Pb ratio for these six sites was 1.166 + 0.012
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(1.170 + 0.006, excluding Caddonhead), very similar to the six Ap sites of elevated
anthropogenic Pb inventory. Meluncart (NO, 10.6 g m™) is very close to the long-term
monitoring station at Glensaugh (NO), for which a mean value of 7.4 = 1.5 g m™ (range 6-9 g
m2) was recorded for four hilltop peat cores (Farmer et al., 2005). On the basis of the
inventory of naturally occurring radioactive 2!°Pb, it has been suggested that this could be an
area of enhanced deposition of Pb as a result of occult deposition at altitude. Elsewhere,
factors such as enhanced trapping, e.g. by the leaves of trees, and subsequent leaf fall could
contribute to elevated inventories of Pb in forests. More generally, variations in deposition
efficiency might also be expected as a result of site topography relative to prevailing wind

direction.

4. Conclusions

The measurement of Pb isotopic composition in 644 samples from individual horizons of 169
soil profiles for which Pb concentrations had previously been determined as part of the

National Soil Inventory of Scotland (2007-09) established the following:

(1)  the Pb isotope composition of mineral bottom soils (i.e. the lowest sampled mineral
horizons) varied geographically and was especially influenced by the presence, in more
northerly soils on granitic rocks, of radiogenic Pb that resulted in greater 2°°Pb/>’Pb
ratios of up to 1.35 compared with typical values of 1.17-1.20 in more southerly soils;

(i) the Pb isotope composition of both organic top soil horizons and organic bottom soil
horizons (i.e. the lowest sampled organic horizons) was consistent with past

atmospheric deposition of Pb from a range of anthropogenic emission sources;
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(iii) the lesser 2°°Pb/2’’Pb ratios and greater Pb concentrations of organic top soil horizons

(iv)

™)

(vi)

bore no relation to those of underlying mineral bottom soil horizons (i.e. the lowest
sampled mineral horizons);

the lesser 2°°Pb/?*’Pb ratios but greater Pb concentrations of mineral top soil horizons
relative to mineral bottom soil horizons (i.e. the lowest sampled mineral horizons) were
consistent with the presence of additional anthropogenic Pb;

based on calculations using measured Pb concentrations and 2°Pb/2"’Pb ratios for the
soil profiles, the estimated anthropogenic Pb soil inventory was found to vary
geographically from an average of 4.5 g m™ in the south to 1.5 g m™ in the north,
comparable to values previously determined for ombrotrophic peat bogs and freshwater
lake sediments and indicative of long-range atmospheric transport;

anthropogenic Pb accounted for ~50% of the total Pb inventory to a depth of ~30 cm in

cultivated agricultural soils (Ap).

Acknowledgements

We thank the many staff at the former Macaulay Land Use Research Institute who assisted in

the NSIS resampling process and, in particular, Caroline Thomson and Gillian Green, who

handled the initial soil preparation. We are also grateful to landowners and managers for the

permission for access and all associated help and to Lianna Wilson at The University of

Edinburgh for laboratory and analytical assistance. We acknowledge the financial support of

the Rural & Environment Science & Analytical Services Division of the Scottish

Government.

References

26



642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

Bacon, J.R, Berrow, M.L., Shand, C.A., 1992. Isotopic composition as an indicator of origin
of lead accumulations in surface soils. Intern. J. Environ. Anal. Chem. 46, 71-76.

Bacon, J.R, Berrow, M.L., Shand, C.A., 1995. Isotopic characterisation of lead in the Scottish
upland environment. Intern. J. Environ. Anal. Chem. 59, 253-264.

Bacon, J.R., Hewitt, LJ., Cooper, P., 2004. Origins of lead associated with different reactive
phases in Scottish upland soils: an assessment made using sequential extraction and
isotope analysis. J. Environ. Monit. 6, 766-773.

Bacon, J.R., Farmer, J.G., Dunn, S.M., Graham, M.C., Vinogradoff, S.I., 2006. Sequential
extraction combined with isotope analysis as a tool for the investigation of lead
mobilisation in soils. Application to organic-rich soils in an upland catchment in Scotland.
Environ. Pollut. 141, 469-481.

Bindler, R., 2011. Contaminated lead environments of man: reviewing the lead isotopic
evidence in sediments, peat, and soils for the temporal and spatial patterns of atmospheric
lead pollution in Sweden. Environ. Geochem. Health 33, 311-329.

Boutron, C.F., Gorlach, U., Candelone, J.-P., Bolshov, M.A., Delmas, R.J., 1991. Decrease in
anthropogenic lead, cadmium and zinc in Greenland snows since the late 1960s. Nature
353, 153-156.

Brénnvall, M.-L., Bindler, R., Emteryd, O., Renberg, 1., 2001. Vertical distribution of
atmospheric pollution lead in Swedish boreal forest soils. Water, Air, Soil Pollut: Focus
1, 357-370.

Cloy, J.M., Farmer, J.G., Graham, M.C., MacKenzie, A.B., Cook, G.T., 2008. Historical

records of atmospheric Pb deposition in four Scottish ombrotrophic peat bogs: An isotopic
comparison with other records from western Europe and Greenland. Global. Biogeochem.

Cycles 22:GB2016, do1:10.1029/2007GB003059.

27



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

Eades, L.J., Farmer, J.G., MacKenzie, A.B., Kirika, A., Bailey-Watts, A.E., 2002. Stable lead
isotopic characterisation of the historical record of environmental lead contamination in
dated freshwater lake sediment cores from northern and central Scotland. Sci. Total.
Environ. 292, 55-67.

Farmer, J.G., Eades, L.J., MacKenzie, A.B., Kirika, A., Bailey-Watts, A.E., 1996. Stable lead
isotope record of lead pollution in Loch Lomond sediments since 1630 A.D. Environ. Sci.
Technol. 30, 3080-3083.

Farmer, J.G., MacKenzie, A.B., Sugden, C.L., Edgar, P.J., Eades, L.J., 1997. A comparison
of the historical lead pollution records in freshwater lake sediments and peat cores from
central Scotland. Water, Air, Soil Pollut. 100, 253-270.

Farmer, J.G., Eades, L.J., Graham, M.C., 1999. The lead content and isotopic composition of
British coals and their implications for past and present releases of lead to the U.K.
environment. Environ. Geochem. Health 21, 257-272.

Farmer, J.G., Eades, L.J., Graham, M.C., Bacon, J.R., 2000. The changing nature of the
206ph/207Ph isotopic ratio of lead in rainwater, atmospheric particulates, pine needles and
leaded petrol in Scotland 1982-1998. J. Environ. Monit. 2, 49-57.

Farmer, J.G., Eades, L.J., Atkins, H., Chamberlain, D.F., 2002. Historical trends in the lead
isotopic composition of archival Sphagnum mosses from Scotland (1838-2000). Environ.
Sci. Technol. 36, 152-157.

Farmer, J.G., Graham, M.C., Vinogradoft, S.I., Bacon, J.R., Dunn, S.M., MacKenzie, A.B.,
2005. Isotopic characterisation of the historical lead deposition record at Glensaugh, an
organic-rich, upland catchment in rural N.E. Scotland. Sci. Total Environ. 346, 121-137.

Farmer, J.G., Eades, L.J., Graham, M.C., Cloy, J.M., Bacon, J.R., 2010. A comparison of the
isotopic composition of lead in rainwater, surface vegetation and tree bark at the long-term

monitoring site, Glensaugh, Scotland, in 2007. Sci. Total Environ. 408, 3704-3710.

28



692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

Farmer, J.G., Broadway, A., Cave, M.R., Wragg, J., Fordyce, F.M., Graham, M.C.,
Ngwenya, B.T., Bewley, R.J.F., 2011. A lead isotopic study of the human bioaccessibility
of lead in urban soils from Glasgow, Scotland. Sci. Total Environ. 409, 4958-4965.

Farmer, J.G., MacKenzie, A.B., Graham, M.C., Macgregor, A., Kirika, A., 2015.
Development of recent chronologies and evaluation of temporal variations in Pb fluxes
and sources in lake sediment and peat cores in a remote, highly radiogenic environment,
Cairngorm Mountains, Scottish Highlands. Geochim. Cosmochim. Acta 156, 25-49.

Graham, M.C., Vinogradoff, S.I., Chipchase, A.J., Dunn, S.M., Bacon, J.R., Farmer, J.G.,
2006. Using size fractionation and Pb isotopes to study Pb transport in the waters of an
organic-rich upland catchment. Environ. Sci. Technol. 40, 1250-1256.

IOS (International Organization for Standardization), 1995. Soil quality — Extraction of trace
elements soluble in aqua regia. ISO 11466.

Kaste, J.M., Friedland, A.J., Shurup, S., 2003. Using stable and radioactive isotopes to trace
atmospherically deposited Pb in montane forest soils. Environ. Sci. Technol. 37, 3560-
3567.

Klaminder, J., Farmer, J.G., MacKenzie, A.B., 2011. The origin of lead in the organic
horizon of tundra soils: atmospheric deposition, plant translocation from the mineral soil
or soil mineral mixing? Sci. Total Environ. 409, 4344-4350.

Kylander, M.E., Weiss, D.J., Kober, B., 2009. Two high resolution terrestrial records of
atmospheric Pb deposition from New Brunswick, Canada, and Loch Laxford, Scotland.
Sci. Total. Environ. 407, 1644-1657.

MacKenzie, A.B., Farmer, J.G., Sugden, C.L., 1997. Isotopic evidence of the relative
retention and mobility of lead and radiocaesium in Scottish ombrotrophic peats. Sci. Total

Environ. 203, 115-127.

29



716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

MacKenzie, A.B., Logan, E.M., Cook, G.T., Pulford, I.D., 1998. Distributions, inventories
and isotopic composition of lead in 2!°Pb-dated peat cores from contrasting
biogeochemical environments: implications for lead mobility. Sci. Total Environ. 223,
25-35.

MacKinnon, G., MacKenzie, A.B., Cook, G.T., Pulford, I.D., Duncan, H.J., Scott, E.M.,
2011. Spatial and temporal variations in Pb concentrations and isotopic composition in
road dust, farmland soil and vegetation in proximity to roads since cessation of use of
leaded petrol in the UK. Sci. Total Environ. 409, 5010-5019.

Miller, E.K., Friedland, A.J., 1994. Lead migration in forest soils: response to changing
atmospheric inputs. Environ. Sci. Technol. 28, 662-669.

Murozumi, M., Chow, T.J., Patterson, C.C., 1969. Chemical concentrations of pollutant lead
aerosols, terrestrial dusts and sea salts in Greenland and Antarctic snow strata. Geochim.
Cosmochim. Acta 33, 1247-1294.

Patrick, G.J., Farmer, J.G., 2007. A lead isotopic assessment of tree bark as a biomonitor of
contemporary atmospheric lead. Sci. Total Environ. 388, 343-356.

Patterson, C.C., 1965. Contaminated and natural environments of man. Arch. Environ. Health
11, 344-360.

Reimann, C., Englmaier, P., Flem, B., Gough, L., Lamothe, P., Nordgulen, @., Smith, D.,
2009. Geochemical gradients in soil O-horizon samples from southern Norway: Natural
or anthropogenic? Appl. Geochem. 24, 62-76.

Reimann, C., Smith, D.B., Woodruff, L.G., Flem, B., 2011. Pb-concentrations and Pb-isotope
ratios in soils collected along an east-west transect across the United States. Appl.

Geochem. 26, 1623-1631.

30



739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

Reimann, C., Flem, B., Fabian, K., Birke, M., Ladenberger, A., Négrel, P., Demetriades, A.,
Hoogewerft, J., the GEMAS Project Team, 2012. Lead and lead isotopes in agricultural
soils of Europe — the continental perspective. Appl. Geochem. 27, 532-542.

Reimann, C., Schilling, J., Roberts, D., Fabian, K., 2015. A regional-scale geochemical

survey of soil O and C horizon samples in Nord-Trondelag, Central Norway: Geology
and mineral potential. Appl. Geochem. 61, 192-205.

Renberg, 1., Bindler, R., Brannvall, M.-L., 2001. Using the historical atmospheric lead-
deposition record as a chronological marker in sediment deposits in Europe. Holocene 11,
511-516.

Richardson, J.B., Friedland, A.J., Kaste, J.M., Jackson, B.P., 2014. Forest floor lead changes
from 1980-2011 and accumulation in the mineral soil across the northeastern U.S. J.
Environ. Qual. 43, 926-935.

Rosman, K.J.R., Chisholm, W., Hong, S.M., Candelone, J.P., Boutron, C.F., 1997. Lead
from Carthaginian and Roman Spanish mines isotopically identified in Greenland ice
dated from 600 BC to 300 AD. Environ. Sci. Technol. 31, 3413-3416.

Shirahata, H., Elias, R.W., Patterson, C.C., 1980. Chronological variations in concentrations
and 1sotopic compositions of anthropogenic atmospheric lead in sediments of a remote
subalpine pond. Geochim. Cosmochim. Acta 44, 149-162.

Shotyk W., Weiss, D., Appleby, P.G., Cheburkin, A.K., Frei, R., Gloor, M., Kramers, J.D.,
Reese, S., Van der Knaap, W.O., 1998. History of atmospheric lead deposition since
12,370 14C yr BP from a peat bog, Jura Mountains, Switzerland. Science 28, 1635-1640.

Steinnes, E., 2009. Comment on ‘‘Geochemical gradients in soil O-horizon samples from
southern Norway: Natural or anthropogenic?’’ by C. Reimann, P. Englmaier, B. Flem, L.

Gough, P. Lamothe, @. Nordgulen, and D. Smith. Appl. Geochem. 24, 2019-2022.

31



763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

Steinnes, E., Friedland, A.J., 2005. Lead migration in podzolic soils from Scandinavia and
the United States of America. Can. J. Soil Sci. 85, 291-294.

Steinnes, E., Aberg, G., Hjelmseth, H., 2005a. Atmospheric deposition of lead in Norway:
Spatial and temporal variation in isotopic composition. Sci. Total Environ. 336, 105-117.

Steinnes, E., Sjobakk, T.E., Donisa, C., Brannvall, M-L., 2005b. Quantification of pollutant
lead in forest soils. Soil Sci. Soc. Am. J. 69, 1399-1404.
Sugden, C.L., Farmer, J.G., MacKenzie, A.B., 1993. Isotopic ratios of lead in contemporary
environmental material from Scotland. Environ. Geochem. Health 15, 59-65.
Teutsch, N., Erel, Y., Halicz, L., Banin, A., 2001. Distribution of natural and anthropogenic
lead in Mediterranean soils. Geochim. Cosmochim. Acta 65, 2853-2864.
Vinogradoff, S.I., Graham, M.C., Thornton, G.J.P., Dunn, S.M., Bacon, J.R., Farmer, J.G.,
2005. Investigation of the concentration and isotopic composition of inputs and outputs of
Pb in waters at an upland catchment in NE Scotland. J. Environ. Monit. 7, 431-444.
Walraven, N., van Gaans, P.F.M., van der Weer, G., van Os, B.J.H., Klaver, G.Th., Vriend,
S.P., Middleburg, J.J., Davies, G.R., 2013a. Lithologically inherited variation in Pb
isotope ratios in sedimentary soils in The Netherlands. Appl. Geochem. 37, 228-241.

Walraven, N., van Gaans, P.F.M., van der Weer, G., van Os, B.J.H., Klaver, G.Th., Vriend,
S.P., Middelburg, J.J., Davies, G.R., 2013b. Tracing diffuse anthropogenic Pb sources in
rural soils by means of Pb isotope analysis. Appl. Geochem. 37, 242-257.

Walraven, N., van Os, B.J.H., Klaver, G.Th., Middelburg, J.J., Davies, G.R., 2014. The lead
(Pb) isotope signature, behaviour and fate of traffic-related lead pollution in roadside soils
in The Netherlands. Sci. Total Environ. 472, 888-900.

Weiss, D., Shotyk, W., Boyle, E.A., Kramers, J.D., Appleby, P.G., Cheburkin, A.K., 2002.
Comparative study of the temporal evolution of atmospheric lead deposition in Scotland

and eastern Canada using blanket peat bogs. Sci. Total Environ. 292, 7-18.

32



788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

Yang, H., Linge, K., Rose, N., 2007. The Pb pollution fingerprint at Lochnagar: The
historical record and current status of Pb isotopes. Environ. Pollut. 145, 723-729.

Zheng, J., Shotyk, W., Krachler, M., Fisher, D., 2007. 15,800 years of atmospheric lead
deposition on Devon Ice Cap, Nunavut, Canada: natural and anthropogenic enrichment,
isotope composition, and predominant sources. Global Biogeochem. Cycles 21:GB2027,

do0i:10.1029/2006GB002897.

33



813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

FIGURE LEGENDS

Figure 1. Map of Scotland with the Ordnance Survey (OS) National Grid imposed and the
corresponding diagrammatic version showing the distribution among individual OS zones of

the 169 soil profile sites considered in this study.

Figure 2. Six selected profiles of Pb concentration (open circle) and 2°°Pb/?*’Pb ratio (closed
circle) vs soil horizon and depth: (a) Forest of Ae (OS zone NT), organic top to organic
bottom; (b) Balhomish (NO), organic top to mineral bottom; (¢) Drumguish (NH), organic
top to mineral bottom (of high 2°°Pb/?*’Pb ratio); (d) Balcalk (NO), Ap mineral top to mineral
bottom; (e¢) Chanlock (NS), A mineral top to mineral bottom; (f) Mull (NM), organic top to

mineral bottom (anomalous site).

Figure 3. Histograms of number of samples with 2°°Pb/2’Pb ratios in 0.01 intervals from
1.10-1.36 for three scenarios: (a) organic top horizon with organic bottom horizon; (b)

organic top with mineral bottom; (¢) mineral top with mineral bottom.

Figure 4. Histograms of number of samples with Pb concentrations in 10 mg kg™ intervals (0-
90 mg kg!) and 100 mg kg intervals (100-600 mg kg™!) for (a) organic top, (b) organic

bottom, (c) mineral top and (d) mineral bottom horizons.

Figure 5. Diagrammatic OS National Grid Maps of Scotland showing mean 2°°Pb/*"’Pb ratio

by OS zone for (a) mineral bottom, (b) mineral top, (c) organic top and (d) organic bottom

horizons.
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Figure 6. Diagrammatic OS National Grid Maps of Scotland showing mean Pb concentration
by OS zone for (a) mineral bottom, (b) mineral top, (c) organic top and (d) organic bottom

horizons.

Figure 7. Plots of Pb concentration (logarithmic scale) and of 2°°Pb/?"’Pb ratio, organic

bottom horizon vs organic top horizon (for paired samples, n=36)

Figure 8. Plots of 2%*Pb/2"Pb ratio vs 2°Pb/>"’Pb ratio for organic top and organic bottom
horizons (for paired samples, n=35, i.e. excluding Aisir (NC)). The best-fit line through the
organic top data (n=35) is 2°Pb/?’Pb = 1.227 + 1.047 2°Pb/?""Pb, r’=0.899; and through the
organic bottom data (n=32, i.e. excluding two Lewis (NB) and one Uist (NF) samples) is
208pp/207Ph = 1.274 + 1.010 2°Pb/?*7Pb, 1>=0.621). Mean isotopic ratio values, with 1 s.d.
error bars, are shown for leaded petrol (circle), Wanlockhead Pb (inverted triangle) ore and

UK coal (square) (cf. Farmer et al., 1999, 2000).

Figure 9. Plots of Pb concentration (logarithmic scale) and of 2°°Pb/?*’Pb ratio, mineral
bottom horizon vs organic top horizon (for paired samples, n=67). Closed circles represent

mineral bottom samples from A, E and B horizons and open circles from BC and C horizons.

Figure 10. Plots of 2%*Pb/2’Pb ratio vs 2°Pb/>*’Pb ratio for organic top (shown on two scales
for 2°Pb/2"Pb ratio) and mineral bottom horizons (for paired samples, n=67). The best-fit
line through the organic top data is 2**Pb/?’Pb = 1.223 + 1.050 2*°Pb/**’Pb, r°=0.939; and
through the mineral bottom data is 2**Pb/**’Pb = 1.436 + 0.883 2°°Pb/>*’Pb, 1’=0.697. Mean
isotopic ratio values, with 1 s.d. error bars, are shown for leaded petrol (circle), Wanlockhead

Pb ore (inverted triangle) and UK coal (square) (cf. Farmer et al., 1999, 2000).
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Figure 11. Plots of Pb concentration (logarithmic scale) and of 2°*Pb/?"’Pb ratio, mineral
bottom horizon vs mineral top horizon (for paired samples, n=66). Closed circles represent

mineral top samples from E and B horizons and open circles from A horizons.

Figure 12. Plots of 2%Pb/2"’Pb ratio vs 2°°Pb/?*’Pb ratio for mineral top and mineral bottom
horizons (for paired samples, n=65, i.e. excluding Torridon (NG)). The best-fit line through
the mineral top data is 2**Pb/2°’Pb = 1.563 + 0.763 2°°Pb/?’Pb, 1?=0.523; and that through the

mineral bottom data is 2°*Pb/2?’Pb = 1.723 + 0.644 2°°Pb/?"’Pb, r?=0.505.

Figure 13. Diagrammatic OS National Grid Map of Scotland showing the mean

anthropogenic Pb inventory (g m?) by OS zone.

36



899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

SUPPLEMENTARY INFORMATION (SI)

SI FIGURE LEGENDS

SI Figure 1. Six selected profiles of Pb concentration (open circle) and 2°°Pb/2°’Pb ratio
(closed circle) vs soil horizon and depth for organic top to organic bottom sites: (a) Sallachy
(OS zone NC), (b) Dalganachan (ND), (c) Strathrusdale (NH), (d) Fealar Lodge (NO), (e)

Loch Lyon (NN), (f) Forest of Ae (NT).

SI Figure 2. Six selected profiles of Pb concentration (open circle) and 2°°Pb/?°"Pb ratio
(closed circle) vs soil horizon and depth for organic top to mineral bottom sites: (a) Langwell
Ullapool (OS zone NC), (b) Kintessack (NJ), (¢c) Mid-Lorn (NN), (d) Edradour (NO), (¢)

Wormscleuch (NT), (f) Balhomish (NO).

SI Figure 3. Six selected profiles of Pb concentration (open circle) and 2°°Pb/2°’Pb ratio
(closed circle) vs soil horizon and depth for organic top to mineral bottom (of high
206ph/207Ph ratio) sites (all OS zone NH): (a) Strathbran, (b) Garve, (c) Attadale, (d)

Dochfour, (e) North Lochaber, (f) Drumguish.

SI Figure 4. Six selected profiles of Pb concentration (open circle) and 2°°Pb/2°’Pb ratio
(closed circle) vs soil horizon and depth for Ap mineral top to mineral bottom sites: (a)
Findon (OS zone NH), (b) Kincardine (NJ), (c) Westpark (NS), (d) Balcalk (NO), (e)

Silverburn (NT), (f) Shawhill (NY).
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SI Figure 5. Six selected profiles of Pb concentration (open circle) and 2°°Pb/?°"Pb ratio
(closed circle) vs soil horizon and depth for A mineral top to mineral bottom sites: (a)
Bohally Wood (OS zone NN), (b) Keig (NJ), (c) Chanlock (NS), (d) Langhope (NT), (e)

Glenlee (NX), (f) Craigton Row (NX).

SI Figure 6. Six selected profiles of Pb concentration (open circle) and >°Pb/?’Pb ratio
(closed circle) vs soil horizon and depth for six anomalous sites, all with organic top: (a) Uist
(OS zone NF), organic bottom; (b) S. Culblean Hill (NJ), (c) Lewis (NB), (d) Skye (NG), (e)

Mull (NM), (f) Lochan na Bearta (NH).
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