
Summary 

It has been shown that ICP-MS provides a reliable analytical 
method for the determination of lead isotopes in environmental and 
human biological material. A precision of %.2% obtained for 
individual isotope ratio measurements was sufficient to distinguish 
between the isotopic compositions of contemporary environmental 
materials including leaded petrol, atmospheric particulates, paint, 
street and house dusts, drinking water and coal, with mean isotope 
ratio ranges of 1.082-l-185 for 206Pb/207Pb, 2.342-2.466 for 
208Pb/207Pb and 2.080-2.170 for 20*Pb/206Pb. 

A considerable difference was observed between the typical 
isotopic compositions of leaded petrol and the lead content of 
domestic drinking water. This differrence was employed in a small 
study of adults’ and children’s teeth which estimated that the 
contibution of petrol lead to young children’s teeth was between 41 
and 72%. However, the wide range of isotopic compositions observed 
in paint and dust samples suggests that the relative contribution of 
different sources and routes of exposure could not be resolved easily 
using only stable lead isotopes as tracers in surveys of the general 
population. 

Compared with the potential difficulties in interpreting human 
isotope ratio data in terms of source and route exposure, the 
deconvolution of historical records of environmental lead input 
(principally to the atmosphere) preserved in lake sediments and 
peat bogs was shown to be more straightforward. In 21oP b -da ted 
cores from Loch Lomond, Round Loch of Glenhead and peat bogs in 
Scotland, there is evidence of a decrease in the 206Pb/207Pb ratio 
from a background value of 1.17-1.19 to 1.12-1.15 in recent layers. 
The onset of the decrease in the 206Pb/207Pb ratio was found to 
coincide with the introduction of leaded petrol in the 1920s. The 
growth in airborne car exhaust emissions of comparatively 206P b- 
depleted lead and the decline in atmospheric emissions from heavy 
industry and the burning of coal have strongly influenced the peat 
and sediment isotope ratio records. 
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Appendix l- 
Environmental Materials 

Appendix 1A Street dust sampling locations and collection 
dates. 

Code Collection 
date 

Street name Edinburgh 

postal area 

Dl 

D2 

D3 

D4 

D5 

D6 

D7 

D8 

D9 

DlO 

Dll 

D12 

D13 

D14 

D15 

D16 

D17 

D18 

D19 

D20 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

24.05.90 

27.05.90 

27.05.90 

27.05.90 

27.05.90 

27.05.90 

28.05.90 

28.05.90 

28.05.90 

Mayfield Road 

Cowgate 

St. Mary Street 

Princes Street 

Bernard Terrace 

West Mains Road 

Wax-render Park Road 

Foutainhall Road 

Wright’s Houses 

West Tollcross 

Jeffrey Street 

Hope Park Terrace 

Chalmer’s Crescent 

Leamington Terrace 

Observatory Road 

West Mains Road 

/Blackford Road 

(Traffic lights) 

Cluny Gardens 

Valleyfields Street 

Charterhall Road 

(bus stop) 

Sciennes Road 

Morningside Road 

EH9 

EHl 

EHl 

EH2 

EH5 

EH9 

EH9 

EH9 

EHlO 

EH3 

EHl 

EH8 

EH9 

EHlO 

EH9 

EH9 

EHlO 

EH3 

EH9 

EH9 

D21 28.05.90 EHlO 
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Addendix 1A continued Street dust sampling locations and 
collection date. 

Code 

D22 
D23 
D24 
D25 
D26 
D27 
D28 
D29 
D30 
D31 
D32 
D33 
D34 
D35 
D36 
D37 
D38 
D39 
D40 
D41 
D42 
D43 

D45 
D46 
D47 
D48 

Collection 
date 

18.07.90 
18.07.90 
18.07.90 
18.07.90 
18.07.90 
18.07.90 
18.07.90 
18.07.90 
18.07.90 
24.07.90 
18.07.90 
24.07.90 
24.07.90 
18.07.90 
18.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 
24.07.90 

Street name 

Marchmont Crescent 
Forrest Road 
West Bow 
Grange Loan 
Kilgraston Road 
Mortonhall Road 
Victoria Street 
High Street 
Oswald Road 
Broughton Street 
Candlemaker Row 
Queen Street 
Elm Row 
Hunter Square 
Dick Place 
Scotland Yard 
Barony Street 
Chambers Street 
Howe Street 
York Place 
Bellevue Crescent 
London Road 
Hill Place 
Albany Place 
Great King Street 
Drummond Place 
Heriot Row 

Edinburgh 
postal area 

EH9 
EHl 
EHl 
EH9 
EH9 
EH9 
EHl 
EHl 
EH9 
EHl 
EHl 
EH2 
EH7 
EHl 
EH9 
EH3 
EH3 
EHl 
EH3 
EHl 
EH3 
EH3 
EH8 
EHl 
EH3 
EH3 
EH3 
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Appendix 1B 
dates. 

House dust sampling locations and collection 

Code 

HDl 
HD2 
HD3 

HD5 
HD6 
HD7 
HD8 
I-ID9 

Collection date Street name Postal area 

June 1990 Morningside Road EHlO 
June 1990 Warrender Park Road EH9 
July 1990 Hope park Terrace EH8 
August 1990 West Preston Street EH8 
August 1990 Lawnmarket EHl 
April 1991 Mortonhall Road EH9 
April 1991 Clarebank Crescent EH6 
June 1991 McDonald Road EH7 
July 1991 Rosslyn Crescent EH9 

Appendix 1C Origins of paint samples and collection dates. 

Code Collection date- ’ Location Prison/house 

Pl 
P2 

P3 

P4 

P5 
P6 

P7 

P8 
P9 
PlO 

Pll 
P12 

P13 
P14 

P15 (modem) 

February 199 1 
11 

11 

July 1991 
11 

11 

March 1990 

April 1990 

August 199 1 
11 

,t 

II 

11 

,I 

November 1989 

Glasgow 
11 

11 

Perth 
(1 

I, 

Edinburgh 

Edinburgh 

Aberdeen 
,, 

II 

11 

It 

11 

Edinburgh 

Prison 
I, 

1, 

Prison 
t, 

11 

House 

House 

Prison 
11 

11 

11 

(1 

,, 

House 
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Appendix 1D 
collection dates. 

Drinking water sampling locations and 

Code Collection date Street name Postal area 

Wl 
w2 
w3 
w4 
w5 
W6 
w7 
W8 
w9 
WlO 
Wll 
w12 
w13 
w14 
w15 
W16 
w17 
W18 
w19 
w20 

April 1990 11 
11 
11 
II 
11 
,, 
8, 
a, 
f, 
,, 
11 
1, 
11 

July 1991 
May 1991 
June 1991 
April 1991 
April 1991 
May 1991 

Tantallon Place 
Malta terrace 
Jeffrey 
Claremont Road 
Tantallon Place 
Thornbum Road 
Laverockbank Terrace 
Restalrig Road 
Penicuik Road 
Lawnmarket 
Airlie Place 
Gladstone Terrace 
Mayfield Road 
West Savile Terrace 
Cluny Gardens 
Viewforth Gardens 
Henderson Row 
Fettes Row 
Dublin Street 
Buccleuch Place 

El 39 
El !I4 
El 31 
El 16 
El 39 
Elt 113 
El 35 
El 26 
EE 125 
EI -I1 
EI 13 
EI 8 
EI 8 
EI -I9 
EI I10 
El I10 
El Q 
EI 13 
EI 13 
EI 38 

Appendix 1E Origin, sex and age of the children who 
donated deciduous teeth, and the origin of the adult teeth. 

Code Age Sex Origin Edinburgh 
postal area 

Al 

A2 
A3 
A4 

Dept. Oral Medicine 
University of Edinburgh 

11 
I, 
11 

Cl 8 F Parkvale Place 
c2 8 M Prospect Bank 
c3 7 F Claremont Crescent 
c4 8 M West Mains Road 
c5 8 M Mayfield Road 
05 7 M Wilton Road 
c7 8 M Mayfield Gardens 

- information unavailable 

EH6 
EH3 
EH6 
EH9 
EH9 
EH16 
EH9 
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Abstract 

Lead emitted into the environment, primarily from the 
combustion of leaded petrol and industrial activities, such as metal 
smelting and coal burning, retains the isotopic signature of the ores 
from which it is derived. Accordingly, it is possible, at least in 
principle, to distinguish sources of lead pollution via isotope ratio 
measurements. In this study, inductively coupled plasma mass 
spectrometry (ICP-MS) was used to characterise and investigate the 
extent of variation of lead isotope ratios in contemporary and 
historical environmental materials in Scotland. Reliable analytical 
methods were established for atomic absorption spec trometric 
measurement of lead, ICP-MS determination of stable lead isotopes, 
208Pb, 207Pb and 206Pb, and gamma spectrometric assay of 
radioactive 210Pb in lake sediments and peat cores. 

Leaded petrol, atmospheric particulates and street dust 
sampled in central Edinburgh between February 1989 and 
December 1991 had mean 206Pb/207Pb ratios of 1.082% .024, 
1.092+0.011 and 1.109Xl.016, respectively. These isotope ratios 
were found to be depleted in 206Pb compared with a mean of 
1.16Oa.012 for tap water in contact with lead pipes and typical 
ratios of 1.17-l .19 for British lead ore deposits and coal. Paint, with 
an observed wide range of isotopic compositions (206Pb/207Pb ratio 
range of 1.083-l. 183 and 208Pb/207Pb ratio range of 2.363-2.592), 
appears to have significantly influenced house dust and some street 
dust isotopic signatures. Such overlaps and influences may hinder 
the quantitative apportionment of sources and routes of exposure in 
general population studies, especially for children. 

The identification of sources and the quantification of inputs of 
lead to the Scottish environment during the last 100-200 years was 
investigated using 2loPb-dated sediments from oligotrophic, 
eutrophic and acidified lochs and ombrotrophic peat cores. Pollutant 
lead fluxes to 210Pb-dated sediments from Round Loch of Glenhead 
tripled in magnitude from approximately 3mg/m2/y in the early 

iv 



1800s to reach a maximum of 32mg/m2/y in the early 1940s. A 
similar pattern of deposition was observed in sediments from Loch 
Lomond and 2loPb-dated peat cores, which reveal a lo-20 fold 
enhancement in the fluxes of lead deposited from the atmosphere 
since 1800 both at rural sites near the heavily populated and 
industrialised central belt and on a remote island off the north-west 
coast of Scotland. This has been accompanied, largely during the last 
50 years, by a significant reduction in the 206Pb/207Pb ratios from 
the 19th century values of 1.17-1.18 to 1.14-1.15, attributed to 
increasing contributions from car-exhaust emissions of particulate 
lead derived from alkyllead petrol additives manufactured from 
ores comparatively depleted in 206Pb. Trends in 206Pb/207Pb ratios 
of pollutant lead in Loch Lomond and Round Loch of Glenhead 
sediments were found to be consistent with atmospheric deposition 
records observed in peat, decreasing from 19th century values of 
1.17-1.19 to 1.12-1.14. The calculated relative contribution of petrol 
lead to post-1950 sediments from Loch Lomond of 50-75% is 
considerably higher than that determined for the same period in 
sediment from Round Loch of Glenhead (5-30%) and for a peat core 
from Flanders Moss, a rural location in Scotland (27-43%), and 
indicates the importance of localised inputs, especially near 
industrial centres. 
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Chapter 1 

Introduction 

1.1 Background 

Lead is distributed widely in the environment and is a natural 
trace constituent of most materials in the geosphere, biosphere, 
hydrosphere and atmosphere. The average crustal abundance of 
lead is 15mg/kg (Kesler, 1978), occurring primarily in potassium 
feldspars and micas in igneous rocks. The concentrations of lead in a 
variety of different rock types are listed in Table 1 .l. Lead also 
occurs in minerals such as galena (PbS), which, in oxidising 
conditions typical of the surface environment, decomposes to form 
lead minerals such as cerrusite, anglesite and pyromorphite (Table 
1.2), but only galena is sufficiently abundant to be mined 
commercially for lead (Kesler, 1978). 

Metallic lead has a low melting point which facilitates its 
extraction from ores, requiring only primitive furnaces, and the use 
of lead was consequently widespread in the cultures of many 
ancient civilizations (Nriagu, 1978; Harrison and Laxen, 1984). The 
ancient Egyptians used lead in pottery glazing, solder for making 
ornamental objects, anchors and weights for fishing nets. The largest 
pre-industrial use of lead was in the manufacture of aqueducts and 
water pipes by the Romans (Figure 1 .l). They also prepared food 
and wine in bronze pots lined with lead to prevent food spoilage as 
well as to sweeten the food and wine. World-wide production of lead 
escalated during the industrial revolution (Figure 1 .l). More recent 
uses of metallic lead include storage batteries and radiation 
shielding. Inorganic compounds of lead such as the oxides, sulphates, 
chromates and titanates, are constituents of pigments, paints and 
varnishes, whilst lead arsenate and borate have been used in 
plastics and insecticides (Stack, 1983). Lead oxide (PbO) is used in 
the manufacture of lead crystal, first produced three centuries ago, 



Table 1.1 Average concentrations of U, Th and Pb in igneous, 
sedimentary, and metamorphic rocks (Faure, 1986). 

Rock type U 
(w/kg) (mz:kg) 

Pb 
(mdkg) 

Chrondri tes 0.01 0.04 1.0 

Achondrites 0.07 0.36 0.4 

Iron meteorites 0.008 0.01 0.1 

Troilite 0.009 ? 5.9 - 

Ultramafic 0.014 0.05 0.3 
rocks 

Gabbro 0.84 3.8 2.7 

Basalt 0.43 1.6 3.7 

Andesite -2.4 -8 14.4 

Nepheline 8.2 17.0 14.4 
syenite 

3ranitic rocks 4.8 21.5 23.0 

Shale 3.2 11.7 22.8 

Sandstone 1.4 3.9 13.7 

Carbonate rocks 1.9 1.2 5.6 

Sranitic gneiss 3.5 12.9 19.6 

;ranulite 1.6 7.2 18.7 

2 



Table 1.2 Lead bearing ores and their percentage lead content 
(Wilson, 1921). 

Ores 

Primary 
Galena 
Jamesonite 

Secondary 
Cerussite 
Anglesite 
Pyromorphi te 
Mimetite 

PbS 
Pb2Sb& 

PbC03 
PbS04 
PbsCl(AsO& 
PbsCl(AsO& 

% Lead content 

86.6 
50.8 

73.0 
68.3 
75.8 * 
69.6 



Figure 1.1 Historical prodtiction and consumption of lead 
(Nriagu, 1978). 
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with present-day crystal vessels containing 24-32% lead oxide 
(Graziano and Blum, 1991). It was the discovery of the anti-knock 
properties of tetra-ethyl lead in 1921 and the subsequent use of 
tetra-alkyl lead additives in petrol, however, that resulted in the 
widespread dispersal of lead to the environment and its 
controversial status as one of the major environmental pollutants of 
the 20th century (Nriagu, 1989). 

1.1.1 Environmental contamination with lead 

Anthropogenic global emissions of lead to the atmosphere in 
1983 (332xlOgg/y) were 28 times larger than natural sources, e.g. 
forest fires and weathering (12xlOgg/y) (Nriagu, 1989, 1991). The 
dominant source of atmospheric lead in 1983 was from vehicle 
exhaust emission of lead added to petrol, accounting for 75% of the 
total lead emissions. Other major sources were Pb, Cu-Ni and Zn-Cd 
production, steel and iron manufacturing and refuse incineration 
(Table 1.3). Detailed lead emission data relating to the early-1980s 
identified lead derived from alkyllead anti-knock compounds added 
to petrol as the dominant source of lead in the U.K. atmosphere and 
accounted for approximately 90% of the 759OxlOhg/y of lead 
emitted to the atmosphere (Jones et al., 1991). Lead in excess of 
natural levels has also been detected in the Antarctic glaciers 
(Boutron and Patterson, 1987), the Arctic atmosphere (Sturges and 
Barrie, 1989a), surficial ocean sediments (Veron et al., 1987), post 
industrial revolution pond and lake sediments (Shirahata et al., 
1980; Petit et al., 1984; Battarbee et al., 1985) and peat (Livett et aZ., 
1979; Schell et al., 1989). Murozumi et al. (1969) and Ng and 
Patterson (1981) observed that lead concentrations in deposited 
surface snow in Greenland were about 200 times greater than that 
of snow deposited in prehistoric times. More recent work by Boutron 
et al. (1991) has revealed a 7.5-fold decrease in the lead 
concentration of surface snow deposited since the late 1960s (Figure 
1.2). A similar reduction in lead concentrations has been observed in 
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Table 1.3 Worldwide emissions of lead to the atmosphere in 
1983 (106g/y) (Nriagu and Pacyna, 1988). 

Pb (106g/y) 

775-4650 
990-9900 

232-1740 
716-2150 

1700-3400 
11700-31200 
11050-22100 
5520-l 1500 

90-1440 

Source category 

Coal combustion 
-electric 
-industry and domestic 

Oil combustion 
-electric utilities 
-industry and domestic 

Pyrometallurgical 
non-ferrous metal production 
-mining 
-Pb production (6.2x 10gkg/y) 
-Cu-Zn production 
-Zn-Cd production 

Secondary non-ferrous 
metal production 

Steel and iron manufacturing 

refuse incineration 
.municipal 
sewage sludge 

Dhosphate fertilizers 

Cement production 

Vood combustion 

Mobile sources 

Miscellaneous 

rota1 emission 
Jledian value - 

1065-14200 

1400-2800 
240-300 

55-274 

18-14240 

1200-3000 

248030* 

3900-5 100 

288700-376000 
332350 

‘Calculated assuming that 45% of total petrol in the world has 0.15g 
Pb/l and the rest contains 0.4Og Pb/l. 
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rural herbage in the U.K. following the reduction of the maximum 
permissible lead content of petrol from 0.40 to O.l5g/l at the 
beginning of 1986 (Jones et al., 1991). 

1.1.2 Human exposure to lead 

Lead is toxic and has no known biological function. As a 
consequence of the wide dispersion of lead in the environment 
there are a number of pathways by which humans can be exposed 
to lead (Figure 1.3). Significant contributions to current body 
burdens of lead can be made by direct air inhalation, inhalation or 
ingestion of settled dust, and ingestion of contaminated food and 
water (Raab et al., 1987; Davies et al., 1990; Body et al., 1991). 
Grandjean and Jorgensen (1990) recently found that modern teeth 
contained lo-100 times more lead than 5000-year-old teeth from 
Nubia and 500-year-old teeth from Greenland. The results show 
that present-day lead exposure is significantly higher than natural 
exposure levels (Grand jean, 1988). 

The consequences” of lead poisoning, including colic, paralysis 
and visual disturbance, were observed by a Greek poet and 
physician, Nikander, in the 2nd century B.C. (Landrigan, 1990). Lead 
poisoning, particularly amongst aristocrats, has been suggested as a 
cause of the fall of the Roman Empire (Gilfillan, 1965). In Victorian 
England chronic occupational exposure to lead was observed in 
plumbers and white lead workers, and in 1899 lead poisoning was 
made a reportable disease in Britain (Lippmann, 1990). Very high 
exposure to lead can result in encephalopathy followed by coma and 
death. At relatively high levels of exposure, effects of lead may be 
observed on the kidney and may result in depression of endocrine 
functions and disturbance of both male and female reproductive 
functions. Haematological effects of lead include impairment of 

’ heme synthesis, the most significant component of which is the 
inhibition of the enzyme &aminolevulinic acid-dehydratase (ALA- 
D) which is extremely sensitive to lead (Quinn and Sherlock, 1990). 
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* Figure 1.3 Pathways of lead from the environment to and 
within man (Lippman, 1990). 
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Recent concern about exposure to environmental lead has 
focused on the low-level (sub-clinical) exposure of young children 
and its effects on behaviour, intelligence and attainment (Fulton et 
al., 1987). Neurophysiological impairment studies of children have 
related elevated blood and tooth lead levels (Needleman et al., 1979; 
Rabinowitz et al., 1992) to deficits in IQ, and exposure to lead in 
childhood has been associated with deficits in central nervous 
system functioning that persist into young adulthood (Figure 1.4) 
(Needleman et aZ., 1990). In this respect, teeth can provide a longer 
term record of lead absorbed by a person, while current exposure 
levelsa~btainable from analysis of blood and urine (Fergusson and 
Purchase, 1987). 

1.1.3 Current research needs 

Although intensive research has been devoted to the 
study of lead as a ubiquitous toxic pollutant, there is still 
considerable uncertainty about important aspects of the 
environmental chemistry of lead. For example, in the aquatic 
environment, the recent suggestion that lead is diagenetically 
remobilised in sediments (Ridgway and Price, 1987) conflicts with 
traditional pollution models and the principles of the widely applied 
radioactive 2loPb-dating method (Appleby et al., 1990). In addition, 
difficulties remain in establishing pollutant lead inventories and the 
relative magnitude of different sources and environmental routes of 
both environmental pollution and human exposure. The 
measurement of lead concentrations has been used extensively in 
studies of childhood exposure to lead (Raab et al., 1987; Laxen et al., 
1987; Quinn and Sherlock, 1990), where blood lead concentrations 
have been related to concentrations in potential sources such as 
house dust, drinki 

kdf 
water and paint. Concentration alone, however, 

is insufficient to/ etermhe the relative contributions of different 
sources to blood or tooth lead levels. The potential of using isotopic 
composition as a tracer of lead in the environment was recognised 
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Figure 1.4 The long-term effects of exposure 
lead in childhood (Needleman et al., 1990). 
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in the early 1970s (Ault et al., 1970), but the extent of its 
utilisation in environmental studies has been limited by the time- 
consuming sample preparation and slow analysis throughput of 
thermal ionisation mass spectrometry (TIMS). The recent 
development of inductively coupled plasma-mass spectrometry 
(ICP-MS) has greatly facilitated the study of sources and deposition 
patterns of pollutant lead by measurement of the radiogenic 
isotopes 206Pb, 207Pb and 20*Pb. 

1.2 Stable lead isotopes 

Lead has four stable isotopes 204Pb, 206Pb, 207Pb and 2o*P b 
with an average relative abundance in the earth’s crust of 
1:17:15:37. 206Pb, 207Pb and 2o*Pb are formed continuously as stable 
end products of the natural radioactive decay series of 23*U, 235U 
and 232Th respectively (Figure 1.5). 204Pb is not radiogenic and is 
used as a reference in geological lead dating methods. The 
206P b/207Pb ratio of the world’s most intensively mined ore deposits 
ranges from 1.04-1.39 (Chow et al., 1975). Individual values for 
selected world ore deposits are listed in Table 1.4, while Table 1.5 
lists 206Pb/207Pb (1.144-1.170) and 20*Pb/206Pb (2.088-2.121) 
ratios in the principal lead mining areas of Scotland during the 19th 
century. Variations in the 206Pb/207Pb ratios of ore deposits are 
related to their U and Th content and ages. In lead ore deposits 
which are 1,000 million years old 206Pb/207Pb ratios are -1.10 and 
in 30 million year old deposits 206Pb/207Pb ratios are -1.30 (Maring 
et al., 1987). 

1.2.1 Lead isotope geology 

Uranium and thorium exhibit markedly different geochemical 
behaviour under certain conditions so that different minerals and 
ores have significantly different U/Th ratios and consequently 
different stable lead isotopic composition. 
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Figure 1.5 The uranium and thorium natural decay series. 
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Table 1.4 206Pb/207Pb ratios in selected major lead bearing 
ores (Brown, 1962) 

Ore deposit 206P b/207P b 

Canada 
Buchans, Newfoundland 1.15 

Mexico 
Durango 1.20 
Taxaco 1.19 

Peru 
Casapalea 1.20 

Australia 
Mt. Isa 1.04 
Broken Hill 1.04 

U.S.A 
Mississippi Valley, Missouri 1.39 

Table 1.5 206P b/207Pb and 2o*Pb/206Pb ratios in principal lead 
mining areas in Scotland during the 19th century (Moorbath, 1962) . 

Location 206P b/207P b 20*Pb/206P b 

Dumfriesshire 
-Wanlockhead 1.170 2.090 

Argylls hire 
-Strontian 
-1slay (Mulreesh) 
-1slay (Ballygrant) 

1.172 2.08 1 
1.162 2.095 
1.168 2.088 

Perthshire 
-Tyndrum 1.144 2.121 

Kirkcudbrightshire 
-Minnigaff 1.170 
Percentage error on isotope ratios <+0.5 % 

2.096 
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The Holmes-Houtermans model (Faure, 1986) attempts to _ 
account for the isotopic evolution of “common” lead, that is to say 
lead which occurs in minerals with low U/Pb and Th/Pb ratios, in 
terms of a single-stage history in which lead evolved in a 
homogeneous reservoir having characteristic U/Pb and Th/Pb ratios 
until it was withdrawn from that reservoir in a single event to form 
a mineral such as galena. Provided the common lead mineral 
remains a closed system, the isotopic composition remains constant 
because the mineral contains little or no U or Th. The time of 
formation of a common lead deposit can be calculated using 
equations based on the Holmes-Houtermans Model and values for 
the primordial lead isotopic composition (i.e. the composition of lead 
in the Earth at the time of its formation) and the age of the Earth, 
which have been determined from analysis of lead in stoney and 
iron meteorites (Patterson, 1956). The primordial lead isotopic 
composition determined from an iron meteorite, Canyon Diablo, was 
206Pb/204Pb=9.307, 207Pb/204Pb=10.294 and 20*Pb/204Pb=28.476 
(Tatsumoto et aZ., 1973). The single-stage model of lead evolution 
was found to apply only to a small number of ore deposits, and lead 
in most metallic ore deposits yields single-stage model dates that do 
not agree with the geological ages of associated rocks. 

A two-stage model developed by Stacey and Kramers (1975) 
superseded the single-stage model and is based upon the proposal 
that common lead deposits evolved in two reservoirs having 
different U/Pb and Th/Pb ratios. In the two-stage model the 
evolution of lead started in the first reservoir, in the Earth’s mantle, 
with the primordial lead isotopic composition, 4.57~109 years ago. 
Later in the evolutionary history of the Earth around 3.7~109 years 
ago, the U/Pb and Th/Pb ratios changed by geochemical 
differentiation forming the second reservoir. Common lead minerals 
were formed by removal of lead from the second reservoir. This 
model yields dates for lead in galena and K-feldspar which are in 
better agreement with their geological ages than those calculated 
using the single-stage model. It should be noted, however, that for 
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U- and Th-bearing minerals, dates obtained by application of the 
two-stage model are not as reliable or as precise as those 
determined using the isotopic U-Pb, Th-Pb method (Friedlander et 
al., 1981) in which the decay of U and Th to Pb permits age 
determinations of zircons, monazite, sphene, apatite and certain 
other minerals containing U and Th. 

1.2.2 Lead ore deposits in Scotland and regional variations in 
isotopic compostion. 

Lead ores were mined in various parts of Scotland including 
Strontian and Islay in Argyllshire, Tyndrum in Perthshire, Minnigaff 
in Kirkcudbrightshire, Leadhills in Lanarkshire and Wanlockhead in 
Dumfriesshire during the last century. The earliest record of lead 
mining refers to the Leadhills district in 1239 (Wilson, 1921). Up to 
the 16th century many of the mines were worked principally for 
silver, until silver extraction became unprofitable and they were 
worked for lead alone. Unlike the mines at Wanlockhead, many of 
the small mines were not equipped with smelting facilities and the 
extracted ore was transported to either Holland or England. Table 
1.5 lists the 206P b/207Pb and 20*Pb/206Pb ratios in the main lead ore 
deposits, principally galenas, mined in Scotland (Moorbath, 1962). 
Table 1.6 contains a summary of Moorbath’s results for 71 different 
galena samples from Scotland and England. 

The regional variation in lead isotopic composition of lead and 
” other metal ores has been utilised in archaeological studies in which 

the origins of metal artefacts from the Bronze Age have been 
investigated by comparison of their lead isotopic compositions with 
those of ore deposits, since it is known that the isotope composition 
of an ore is not altered either by weathering or metallurgical 
processes (Stos-Gale, 1992). It is essential in such work to have high 
precision and accuracy in lead isotope analysis and a proper 
definition of the range of isotopic compositions found in each 
deposit. 

16 



Table 1.6 206Pb/207Pb and 20*Pb/2@6Pb ratios in galenas (PbS) 
in Scotland and England (Moorbath, 1969). 

No.of samples 
00 

Range Mean on-1 

206Pb/20’P b 
Scotland 27 1.110-1.186 
England 44 1.159-1.186 

2”8Pb/206P b 
Scotland 27 2.08 l-2.330 
England 44 2.074-2.106 
on-1 standard deviation on the mean of n. 

1.156 0.020 
1.175 0.006 

2.123 0.060 
2.089 * 0.007 
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1.2.3 Stable lead isotope ratio tracer studies 

The applications of stable isotope ratios as an environmental 
tracer of lead are growing in number, e.g. in identifying sources of 
childhood lead exposure (Tera et al., 1985; Rabinowitz, 1987), 
discriminating between regional sources of atmospheric lead 
(Maring et al., 1987; Sturges and Barrie, 1987, 1989), studying metal 
cycling processes in aquatic environments (Flegal et al., 1986a; 
Hamelin et al., 1990) and complementing the determination of 
heavy metal pollution histories in aquatic sediments (Hamilton and 
Clifton, 1979; Petit et al., 1984; Flegal et al., 1989b): In general, these 
studies have used the 206Pb/207Pb ratio for tracer purposes because 
of the accuracy that can be achieved by measuring isotopes of near- 
equal isotopic abundance using TIMS. In order for isotopic studies to 
be a useful tool in apportioning the relative contribution of different 
sources in studies of human exposure to lead, the sources must be 
isotopically distinguishable within the analytical capabilities of the 
method of choice. 

Stable isotope tracer methods have been used to document the 
specific sources and environmental pathways giving rise to lead 
exposure in humans. As a simple, comparatively straightforward 
example, Kowal et al. (1990) showed that the isotopic 
composition of lead in the tissues of members of the Sir John 
Franklin Expedition (1845-1848) in search of a North-West Passage 
closely matched that of the solder from food tins manufactured in 
the 1880s. They concluded that toxic lead levels thought to be 
responsible for the demise of the expedition members were derived 
from the tinned food. In three recent case studies of children 
admitted into hospital for treatment for lead poisoning, isotope 
ratios measured in the blood correlated directly with the isotopic 
composition (measured using TIMS) of lead paint taken from the 
homes of the children (Rabinowitz, 1987). In addition to leaded 
paint, sources of lead that can affect urban children have been 
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identified to include drinking water, soil and dust. A study 
investigating petrol derived lead in 14 young children in 
Washington, using lead isotope ratio analysis, estimated that lead 
derived from petrol constituted 0 to 57% of the blood lead burden 
(Tera, et al., 1985). In the Isotope Lead Experiment (ILE), a study 
carried out in a region of Northern Italy over a three year period, 
the alkyl lead additive in petrol was replaced by an isotopically 
distinct additive (Facchetti et al., 1982) with the objective of 
determining how much lead in human blood is derived from vehicle 
exhaust emissions. It was calculated that the petrol fraction of blood 
lead was in the range 24% to 27%. TIMS was used to determine the 
isotopic composition of lead in environmental and biological samples 
in this work and the experiment was consequently limited by the 
small number of samples that were analysed due to the slow sample 
throughput. 

In more recent studies in the late 1980s and early 1990s using 
lead isotope ratios as tracers of human exposure, the isotope ratios 
have increasingly been determined by ICP-MS. Campbell and Delves 
(1989) found that the difference between the 206Pb/207Pb ratio for 
U.K. petrol lead additive (1.064) and Victorian lead pipes (1.178) 
was l-2 orders of magnitude larger than the limit of accuracy of the 
measurement (0.2%) obtainable using ICP-MS. This, along with 
isotope ratio data for blood and teeth samples, led them to conclude 
that ICP-MS, which requires relatively simple sample preparation, 
could be used to make sufficiently precise and accurate 
measurements of lead isotope ratios in clinical and environmental 
samples to enable identification of the most likely sources of human 
lead exposure. Viczian et al. (1990) also found that the variation of 
206P b/207Pb and 208Pb/206Pb ratios in blood, paint, dust, sediment 
and soil (Massachusetts, USA) was sufficiently broad, 1.16-1.28 and 
1.95-2.15 respectively, to permit differentiation by ICP-MS. 

ICP-MS-determined 206Pb/207Pb ratios have been applied on a 
regional scale as a means of discriminating the origin and sources of 
lead in the atmosphere. Since the major contemporary source of 
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atmospheric lead pollution is from car exhaust emission (Table l.3), 
interpretation of atmospheric isotopic lead data is often complicated 
by temporal variations in the types of ores used in the manufacture 
of petrol lead additives worldwide (Sturges and Barrie, 1987). In 
investigations of atmospheric transfer pathways and fluxes of lead it 
is, therefore, necessary to determine the isotopic compositions of 
lead in source regions in conjunction with observations of the 
isotope ratios in environmental materials at the sites of deposition. 
This method of source discrimination of atmospheric particulates has 
been applied in North America and Canada where, fortuitously, the 
isotopic composition of atmospheric lead in the eastern United States 
(206P b/207P b= 1.196+0.007) was distinctly different from that in 
eastern Canada ( 206Pb/207Pb= 1.153+0.005), enabling the origins of 
lead in particulates at a rural site in eastern Canada to be 
apportioned (Sturges and Barrie, 1987, 1989). Similar isotopic tracer 
studies of atmospheric lead pollution have been carried out in 
Europe (Maring et al., 1987). Hopper e? al. (1991) predicted the 
isotopic signature of Arctic aerosols to be 1.156, close to the 
measured value of 1.160 using a chemical transport model and 
206P b/207Pb ratio measurements, determined by ICP-MS, for 
atmospheric particulates collected in southern Sweden, 
measurements of European petrol lead and literature values for the 
isotope ratios of economically significant lead ores used in Europe 
and back trajectory information of air masses. 

Stable lead isotope ratio measurements can complement those 
of lead and radiolead concentrations in studies of sedimentation 
processes in estuaries (Hamilton and Clifton, 1979; Elbaz-Poulichet et 
al., 1984), atmospheric lead deposition records in freshwater lake 
sediments (Petit et aZ., 1984; Keinonen et al., 1989; Flegal et al., 
1989b) and ocean water column processes (Flegal et al., 1986; Shen 
and Boyle, 1987; Flegal et al., 1989a). Isotopic ratios of lead in 
surface layers of a sediment core from a rural pond in Belgium, 
dated using 210Pb, showed a pattern that differed clearly from 
layers dated pre-1900 (Figure 1.6). The upper layers contained 
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Figure 1.6 Lead concentration and 206pb/207Pb ratio profiles 
in Willerzie pond sediments, southern Belgium (Petit et al., 1984). 
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increased lead concentrations of anthropogenic origin with a 
206P b/207Pb ratio of approximately 1.17 compared with a value of 
1.19 for this ratio in the sediment greater than 100 years old (Petit 
et al., 1984). A similar pattern of 206Pb/207Pb ratios was observed in 
Finnish lake sediments (Keinonen et al., 1989). From such sediment 
records, estimates of the anthropogenic lead transport into the lake 
sediments have been calculated and ratios used to identify and trace 
industrial lead inputs, e.g. in the Great Lakes (Flegal et al., 1989a). 

1.2.4 Techniques for the determination of stable lead isotopes. 

The recently developed technique of ICP-‘MS has greatly 
facilitated the multi-element and isotopic analysis of environmental 
samples and the accuracy and precision of the technique are well 
suited to pollution related stable lead isotope studies. TIMS has been 
used for the determination of lead isotopes in environmental 
research (Petit et aZ., 1984; Keinonen et al., 1989; Smith et al., 1990) 
and measures isotope ratios accurately and with a precision of 
3.01% relative standard deviation. The routine application of TIMS 
to environmental lead isotope studies has, however, been restricted 

bY time-consuming sample preparation and analysis. Although ICP- 
MS analysis is less precise, the degree of accuracy and precision 
(<*.5%) obtainable for the determination of lead isotopic ratios in 
environmental samples is adequate (Campbell and Delves, 1989). 
Furthermore, the much simpler sample preparation procedures and 
shorter analytical times give ICP-MS considerable practical 
advantages over TIMS. 

1.2.5 Principles of operation of ICP-MS 

The technique of ICP-MS, as its name implies, couples two well 
established technologies, namely an inductively coupled plasma 
(ICP) and a mass spectrometer (MS). A schematic diagram showing 
the main components of an ICP-MS is presented in Figure 1.7. The 
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Figure 1.7 Schematic diagram of an ICP-MS instrument 

(Houk, 1986) 
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ICP torch is a high energy source producing ions at a temperature of 
8000K (Tion) the masses of which are analysed using a quadrupole 
mass analyser. An ICP is an ideal source of ions because it provides 
sufficiently high temperatures in a controlled, uncontaminated 
environment for the conditioning and excitation of liquid, solid and 
gaseous samples. The following description of the principles of 
operation of an ICP-MS applies to the analysis of aqueous solutions 
using pneumatic nebulisation although other methods of sample 
introduction such as laser ablation or graphite furnace vaporisation 
can be used. 

Ion production 
. 

The sample is introduced into the plasma using pneumatic 
nebulisation at typical rates of 0.5-l .Oml/min. The plasma is 
initiated by an electrical discharge from a Tesla coil and is 
maintained by inductive coupling within a shielding box (A) (letters 
refer to Figure 1.7). Within the plasma, formation of singly charged 
ions is highly efficient. This efficiency can be calculated using the 
Saha equation (Houk, 1986) and for 54 elements the degree of 
ionisation is over 90% (Tien of 7500K and electron population in 
plasma of 2.5x1015cm-3). The analyte is carried through the plasma 
by argon gas and emerges from the mouth of the torch as a mixture 
of ions, atoms and residual molecular fragments. In the plasma, ions 
which are formed from the argon carrier gas (e.g. Ar+, ArO+ , ArH+ 
and Ar2+) and also from acids (e.g. ClN+, ClO+, C12+, SO2+, PN+ and PO+) 
can ultimately cause isobaric interferences with some isotopic 
masses (Houk, 1986). 

Ion extraction. 

The ICP operates at atmospheric pressure, whereas the 
operating pressure of the MS is 3.7x10-6mbar. The pressure is 
reduced across the ion sampling interface (B) which consists of a 
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shallow, water cooled sampling cone with a central aperture of 
l.Omm, at a distance of 1Omm from the plasma torch. A second, 
sharp angled skimmer cone with an aperture of 0.75mm is located 
behind the sampling cone and is positioned to transmit as much of 
the sample beam as possible. Both the sampling and skimmer cones 
are made from titanium nitride-coated nickel which has high 
durability. The pressure in ‘the expansion chamber behind the 
sampling cone is maintained at 2.7mbar by a rotary vacuum pump 
(C) and the intermediate pressure behind the skimmer cone is 
further reduced to lo-4mbar using a vapour pump (D). The 
expansion of the gas in the zone between the sampler and the 
skimmer cone increases the mean free path, thereby stopping 
reactions between plasma species and maintaining the composition 
of the extracted gas. The rotary pump removes most of the gas and 
only a small fraction passes through the skimmer cone (10-d%). 

Mass analysis. 

The ions pass from the skimmer into an electrostatic ion 
analyser (E) which collects and focuses them into the quadrupole 
mass analyser (F). A solid metal baffle minimises the amount of 
photon emission from the plasma reaching the detector of the 
quadrupole mass analyser. An oscillating electric field is produced 
within the analyser by applying radio frequency (rf) and direct 
current (dc) voltages across alternate diagonal pairs of the four rods 
of the quadrupole mass analyser. For any given set of voltages 
applied to the mass analyser there exists a stable trajectory for only 
one mass/charge ratio through the mass analyser. The selection of 
particular masses for detection is achieved by altering the relative 
magnitudes of the rf and dc voltages applied across the rods of the 
mass analyser to produce the oscillating electric field (Delves, 1988). 
Ions which pass through the mass analyser are detected by an 
electron multiplier (G) and the data are collected in a multichannel 
analyser. 

25 



Isotope ratios can be measured by ICP-MS using two different 
measurement schemes, namely scanning or peak jumping. The 
scanning mode involves scanning repeatedly over a pre-selected 
mass range and the multichannel analyser collects data over a 
particular time period. In this scheme, peak areas are measured and 
data obtained are averaged over all of the scans. In the peak 
jumping mode preselected masses are sequentially stepped for 
defined dwell times. Only the peak heights at the masses of interest 
are measured and no time is spent scanning between the selected 
masses. On the basis of a comparison of these two measurement 
schemes for the determination of lead isotope ratios in 
environmental samples, Dean et al. (1987) indicated that the 
preferred method was the scanning mode, which gave better 
accuracy and precision than peak jumping, provided sufficient 
sample solution and time were available. 

1.3 Radioactive lead 

There are 21 known isotopes of lead (Robbins, 1978) of which 
17 are radioactive (Table 1.7). Twelve of the radioisotopes are 
produced artifically and are not naturally occu@ng, and, with the 
exception of 205Pb, have short-half lives. There are five naturally 
occurring radioisotopes, of which 214Pb, 211Pb and 210Pb are 
members of the uranium decay series, while 2 l2Pb is part of the 
thorium decay series (Figure 1.5) and 209Pb occurs in extremely low 
levels in uranium ores. The longer half-life (22.26~) of 21oP b 
relative to the other natural radioisotopes has facilitated its use as a 
tracer of geochemical processes and in geochronology (Santschi and 
Honeyman, 1989). 

26 



Table 1.7 The isotopes of lead (Robbins, 1978). 

Isotope 
( mass 
number) 

Half-life Principal source 

194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 * 
206 
207 
208 
209” 
210* 
211* 
212” 
213 

llmin 
17min 
37min 

2.4h 
1.5h 

21.5h 
9.4h 

3xwy 
52.lh 
stable 

1.4 x 107 y 
stable 
stable 
stable 

3.3h 
22.26 y 
36.lmin 

10.6h 
10.2min 

p.a. 
p.a. 
p.a. 
p.a. 
p.a. 
p.a. 
p.a. 
p.a. 
p.a. 
p.a. 

common 

2p3iati 
235~ 
232T h 
237Np 
238~ 
235~ 
232T h 
p.a. 

214* 26.8min 238~ 

*Naturally occurring radioactive lead isotopes. 
p.a. Produced artificially 
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1.3.1 
cores. 

Radiometric dating of freshwater lake sediment and peat 

226Ra (half-life 1600~) decays in soils and rocks to form a 
gaseous nuclide 222Rn (half-life 3.825d), a fraction of which diffuses 
into the atmosphere where it decays to form 2 loPb. There is 
consequently a direct input of ‘unsupported 2*OPb’ to lakes and peat 
deposits by direct deposition and the lead is rapidly transported to 
the sediment (Figure 1.8). In addition to this direct input from the 
atmosphere, 210Pb can also reach lakes indirectly via the catchment 
and from dissolved 226Ra and 222R n in the water column, providing a 
source of unsupported 210Pb which is again rapidly removed to the 
sediment (Robbins, 1978; Oldfield and Appleby, 1984). A component 
of the total 210Pb in lake sediment samples is formed in situ by the 
decay of 226Ra and is termed the ‘supported 210Pb’. The activity due 
to unsupported 210Pb is determined by measuring the activity of 
226Ra (which is assumed to be in secular equilibrium with the 
supported 210Pb) and subtracting it from the total 210Pb activity. A 
correction for ‘supported 210Pb’ is in general not necessary for peats 
due to their low mineral content and the fact that atmospheric 
deposition of 22613, is negligible. 

There are two 2loPb-dating schemes, namely the constant 
initial concentration (c.i.c.) and constant rate of supply (c.r.s.) models 
(Appleby and Oldfield, 1978; Oldfield and Appleby, 1984) used to 
date aquatic sediments and peat, with a chronology over the last 
loo-150 years. The c.i.c. model is based upon the assumption that 
there is a constant initial unsupported 210Pb concentration in the 
sediments, and the c.r.s. model is based on the assumption that there 
is a constant net rate of supply of 210Pb from the lake waters to the 
sediments, irrespective of changes which have o&u-red in the net 
dry-mass sedimentation rate. In both the models it is assumed that 
the radionuclide is immobilised after deposition, within undisturbed 
sediments or peat (Robbins et al., 1978; Appleby et al., 1990; Cole et 
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Figure -1.8 Pathways by which 2 l*Pb reaches lake sediment 

(Oldfield and Appleby, l-984). 
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_ al., 1990; Hermanson, 1990). When it is assumed that there has been 
a constant flux of 210Pb to the sediments and a constant dry-mass 
sedimentation rate (SR), the unsupported 2 *oPb concentration 
plotted on a logarithmic scale against the cumulative dry-mass 
results in a linear profile. The sedimentation rate (SR) is obtained 
from the gradient of the profile which is equal to -~/SR, where 
h=ln2/22.26y. The c.i.c and c.r.s models have also been applied 
successfully to non-linear profiles in sediments (Krishnaswami et al., 
197 1; Petit, 1974) and in peats (El-Daoushy et al., 1982; Cole et aZ., 
1990) to determine sedimentation rates. Fluxes (mg/cmz/y) of 
stable lead, for a given depth increment were determined by 
multiplying the concentration by the sedimentation * rate and 21oP b 
fluxes were determined by multiplying the inventory (Bq/cm2) by h, 
the decay constant. A 2loPb-chronology for a sediment or a peat core 
is calculated by dividing the cumulative weight to various depth 
intervals (g/cm2) by the sedimentation rate (g/cmz/y). 

The interpretation of 210Pb profiles and the determination of 
sedimentation rates can be assisted by radiocaesium activity 
measurements in sediment (Pennington et al., 1976; Edgington et al., 
1991) and peat cores (Schell et al., 1986). The radiocaesium nuclides 
13%~ and137Cs are artificial in origin. 137Cs (half life 30.23~) is a 
nuclear fission product which has been introduced into the 
environment during the last 35 years as a result of atmospheric 
nuclear weapons testing in the 195Os-1960s and accidental and 
controlled releases from nuclear reprocessing plants and power 
stations, such as the world’s most serious civil nuclear power 
accident at the Chernobyl reactor in the Ukraine on the 26th April 
1986. The average global inventory of weapons testing 137Cs was 
1.9x103Bq/m2 compared with O.l-l.Ox104Bq/m2 for Chernobyl 
de position in Western Europe (Santschi and Honeyman, 1989). 13%~ 
(hilf life=2.05y) was also released in Chernobyl fallout, but was not 
present in weapons testing fallout because it is produced by the 
time-dependent process of neutron activation (MacKenzie and Scott, 
1984). The Chernobyl 134Cs/137Cs activity ratio of about 0.55 at the 
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time of release (Horrill et al., 1988) can be used to estimate the 
separate contributions of 137Cs from weapons testing and from 
Chernobyl fallout to aquatic sediments and peats. 137Cs activities in 
clay rich sediments can be used for verifying 210Pb sediment 
chronologies provided it has been deposited relatively rapidly from 
the water column and immobilised in the sediment. There is 
evidence that these criteria are not always met and it is apparent 
that 137Cs diffusion in organic rich sediments (Torgersen and 
Longmore, 1984; Bryant et al., 1991) and peat bogs (Schell et aZ., 
1989) can invalidate its use as a chronological marker. 

Radiometric dating provides considerable potential for 
investigation of pollutant deposition records in sediments and peats. 
In the case of lead, the combination of radiometric dating and stable 
lead isotope measurements in addition to total lead concentrations 
presents a powerful method for studies of geochemical processes 
(Section 1.2.3). 

1.3.2 Techniques for the determination of radiolead. 

210Pb is usually determined by one of three methods: alpha 
(a), beta (p-) or gamma (y) spectrometry. Alpha spectrometry 
requires intensive sample preparation to produce suitably thin 
sources (Friedlander et al., 1981). The 2loPb activity is determined 
by counting the activity of its higher energy a -emitting 
granddaughter 21oPo (half-life 138.4 days). To ensure that 210Pb and 
21oPo are in secular equilibrium, measurements of the 21oPo a 
activity are generally spaced over a period of months (Hermanson, 
1990). Since p- decay gives a non-specific, continuous energy 
distribution of p- particles, spectroscopic identification of individual 
nuclides without chemical separation is not possible. p- analysis of 
210Pb involves detection of 21oBi, which grows in with a half-life of 
5.0 days and comparatively little time is consequently required to 
attain partial equilibrium between 210Pb and 210Bi. Gamma emission 
as a result of nuclear de-excitation accompanies the p- decay of 
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2loPb, 137Cs and l34Cs and the a decay of 226Ra. Gamma photon 
energies are mono-energetic for any given transition and can 
therefore be used to identify individual radionuclides directly and 
simultaneously with minimal sample preparation. Consequently, y 
spectrometry is often the preferred analytical method for these 
radionuclides in environmental materials, such as sediments and 
peats (Oldfield et aZ., 1989). 

1.4 Aims 

As a result of environmental retention of lead (e.g. in soils and 
dusts) from past releases and of the legacy of past ‘domestic uses 
(e.g. in pipes and paints) (Royal Commission, 1983; Rutter and Jones, 
1983), humans may still be significantly exposed to the element. An 
assessment of the environmental impact of recent lead pollution 
controls, notably the reduction of the maximum permitted lead 
content of U.K. petrol from 0.40 to O.l5g/l in 1986 and the increased 
use of non-leaded petrol, and identification and apportionment of 
sources of human exposure are of considerable importance, 
especially in view of the claimed effects on the intelligence and 
behaviour of young children at sub-clinical levels (Needleman et al., 
1990; Rabinowitz et al., 1992). 

Lead enters the environment from many sources and is 
dispersed along a variety of pathways. In view of the numerous 
potential routes by which humans can potentially be exposed to lead 
(Figure 1.3), it is important to establish the fate of lead deposited in 
the terrestrial and aquatic environments. The Scottish environment, 
in which lochs and peat abound, provides a suitable location for 
isotopic tracer studies of the environmental chemistry of lead, 
facilitated by ICP-MS determinations of stable lead isotopes. 
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The aims of this research were: 

(i) to establish reliable analytical procedures for the 
determination of lead, 21oPb and stable isotopes of lead in 
environmental and human biological material by atomic absorption 
spectrometry, gamma spectrometry and ICP-MS, 

(ii) to establish the range and variability of lead concentrations 
and isotope ratios in environmental materials in Scotland, 

(iii) in the light of contemporary environmental data, to 
interpret atmospheric deposition records contained in 2loPb-dated 
peat profiles, evaluate the relative contributions of major pollutant 
sources to total lead inventories using stable lead isotope ratios and 
establish fluxes and inventories of 210Pb, 

and (iv) to investigate historical inputs and geochemical behaviour 
of lead in recent lake sediments via similar isotopic studies and a 
comparison of lead fluxes and inventories with those established in 
peat profiles. 
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Chapter 2 

Sample Collection, Preparation and Analysis. 

2.1 Fieldwork techniques and sample preparation 
procedures. 

In the following section the fieldwork techniques and sample 
preparation procedures used for different environmental materials 
(e.g. leaded petrol, atmospheric particulates, street and house dusts, 
paint, drinking water, samples from a disused lead mining area and 
coal), human teeth samples, freshwater loch sediments and peat 
cores are described. 

2.1.1 Petrol 

lOOm1 samples were transferred directly from the petrol 
pump into 125ml polythene bottles between February 1989 and 
December 1991 and lead was extracted from each sample using the 
method of Price (1979). The extraction procedure was carried out in 
a fume cupboard by solvent extraction of the lead from the petrol 
samples into an aqueous solution. A 2Sml sub-sample of petrol was 
pipetted into a 1OOml separating funnel containing 5ml of aqueous 
l.OM iodine monochloride, followed by 12.5ml of 2, 2, 4-trimethyl 
pentane (99% spectrophotometric grade, Aldrich). The flask was 
stoppered and shaken for three minutes. The lower, aqueous layer 
was transferred to a 1OOml beaker and the remaining organic layer 
was washed with 2Sml portions of de-ionised water. The washings 
were transferred to the beaker containing the aqueous layer. The 
aqueous solution was evaporated almost to dryness on a hotplate 
and then transferred to a 1OOml volumetric flask, where it was 
made up to volume using 2% v/v (0.32M) nitric acid (Aristar). 
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Iodine monochloride preparation. 

112ml of 25% potassium iodide (KI(s), Pb content lo.O002% 
w/w) solution was added to 112ml of hydrochloric acid (sp. gr. 1.18) 
in a 500ml beaker and allowed to cool to room temperature. 18.75g 
of potassium iodate (KIO3 (s), Pb content 10.0005% w/w) crystals 
were added slowly to the cooled solution and stirred thoroughly 
until a clear, orange coloured solution was obtained. The solution 
was then diluted to 250ml using de-ionised water. All the chemicals 
used in this preparation were analytical grade and were obtained 
from May & Baker. 

All the water used in the sample collection and analytical 
procedures was de-ionised and purified by reverse osmosis and ion- 
exchange to a resistivity of 18.3Mfi (Millipore Milli-QSP reagent 
water system). Unless stated, the nitric acid used in the analytical 
procedures was Aristar grade (BDH). 

2.1.2 Atmospheric particulates 

Atmospheric particulate samples were collected approximately 
9m above Hope Park Terrace, a busy street in central Edinburgh, on 
dry days. A membrane filter with a pore size of 0.45um (Millipore, 
HAWP 037 00) was secured in a filter unit to a window ledge which 
had been wiped clean of dust. The unit was attached to an electric 
pump (Millipore, General Electric, 5KH33EN25T) and after 8 hours 
the membrane filter was removed from the unit and leached with 
1 Oml of 10% v/v (1.6M) nitric acid for 12 hours. The solution was 
evaporated almost to dryness and transferred, using 2-3ml of water, 
to a 3Oml polythene container, where it was diluted to 1Oml using 
de-ionised water. 
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2.1.3 Street dust 

Dust samples were collected from roadside gutters in central 
Edinburgh in May and July 1990 during spells of dry weather. A 
dusting brush (which was cleaned between samples using de-ionised 
water and Kimwipe tissues) and self-sealing polythene bags were 
used to collect the samples. In the laboratory the samples were 
dried at 3OOC for 12 hours before being sieved through a 2mm mesh 
aluminium sieve. Approximately 0.5-l.Og of each dust sample was 
weighed into a 1OOml Pyrex beaker and digested using 30ml of hot 
8M Aristar nitric acid at 9OOC for 2-3 hours on a hotplate. After 
digestion the samples were allowed to cool and any remaining solid 
material was removed by gravity filtration using Whatman 40 
(1 lcm) ashless filter papers. The sample solutions were evaporated 
almost to dryness before being transferred with washings using de- 
ionised water to 1OOml volumetric flasks and made up to volume 
using 2% v/v nitric acid . 

2.1.4 House dust 

House dust samples were collected by the individual home 
owners or tenants of 50-100 year old flats and houses in central 
Edinburgh during June-August 1990 and April-July 1991, from the 
dust collection bag of the vacuum cleaner used to clean the 
household. Samples were placed in self-sealing polythene bags and 
later sieved (<2mm) in the laboratory, after which O-l-0.5g sub- 
samples were weighed into 1OOml Pyrex beakers and subjected to 
the same extraction procedure as for the street dust, and made up to 
volume in 50ml volumetric flasks. 
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2.1.5 Paint 

The paint samples were obtained from prisons in Scotland 
where the flaking of paint from walls with multi-layered paint 
enabled investigation of the isotope signature of obsolete lead-based 
paints. A modern paint sample was obtained from the interior of a 
post-war house in Edinburgh. Approximately 0. lg of each sample 
was taken and treated using the same procedure as for the street 
dust. No attempt was made to separate the layers of paint. 

2.1.6 Drinking water 

As drinking water samples were collected by members of the 
public, a simple and convenient protocol was adopted. The first pass 
of water out of the kitchen cold tap in the morning was collected in a 
125ml acid-cleaned polythene bottle with a screw top. In the 
laboratory the samples were acidified with 0.1 ml of 16M nitric acid 
at least 24 hours prior to analysis. 

2.1.7 Samples from a disused lead mining area 

Samples were collected from the immediate area of the 
disused lead mines in Wanlockhead, SW Scotland (OS grid ref. NS 
873 129) on 27 February 1990. A water sample was collected 
directly using an acid-clean 125ml polythene bottle. from a stream 
flowing through the village and sediment was scooped into a self- 
sealing polythene bag using a spatula. A small piece of rubble was 
collected from a slagheap and stored in a self-sealing bag. The solid 
samples were treated in a similar manner to the street dust and the 
water sample was acidified with 0. lml of 16M nitric acid at least 24 
hours prior to analysis. 
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2.1.8 Coal 

Coal samples were collected from domestic coal bunkers in 
Edinburgh and East Croachy, north-central Scotland, in February 
1989 and July 1991. Sub-samples of approximately 1 g were 
weighed into 30ml Pyrex beakers and ashed at 4OOOC in an oven for 
12 hours. The ash weight of each sample was determined and then 
lead was extracted using 20ml of hot 8M nitric acid on a hotplate for 
2-3 hours. The same procedure as used for the street dust was then 
followed. 

2.1.9 Human teeth 

Adult teeth were obtained from the Oral Medicine Department, 
Edinburgh University and deciduous teeth (‘milk teeth’) of children 
between 8-9 years of age, were collected in three Edinburgh 
primary schools, Broughton Primary School, Leith Primary School 
and Sciennes Primary School. The teeth were soaked in 10% v/v 
hydrogen peroxide (BDH) overnight to remove blood and grease. 
Each tooth was rinsed in de-ionised water, heated in 2% v/v Decon 
solution in a water bath at 8OOC for 30 minutes and then rinsed 
again with de-ionised water, before drying in a drying cabinet for 3- 
4 days at 3OcC (Delves et al., 1982). When the adult teeth were dry 
they were heated at 6OOC in an oven to separate the enamel from 
the dentine. After drying, each tooth (enamel or dentine fraction of 
an adult tooth) was weighed into a preweighed 5ml beaker and lml 
of 8M nitric acid was pipetted into each beaker. The teeth were 
dissolved in hot 8M nitric acid at 8OOC on a hotplate and the 
solutions evaporated to dryness. The residues were ashed at 46OOC 
for 16 hours in a muffle furnace. The partly ashed teeth were 
heated and dissolved again in 0.5ml of hot 8M nitric acid (8OOC) and 
the above procedure repeated. After the second ashing step the ash 
from each tooth was weighed and then dissolved in 0.2ml of 16M 
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nitric acid. The solutions were transferred to 1Oml volumetric flasks 
using Pasteur pipettes. 

Solvent extraction of lead from human teeth. 

To each lOm1 volumetric flask containing dissolved ashed 
tooth, 2.0ml of 10% m/v ammonium citrate solution was added, 
prepared from citric acid (May & Baker) (previously made lead- 
free) and ammonia solution, 35~1 of BDH 4.5 indicator solution and 
then adjusted to pH 4.5 using ammonia solution and concentrated 
(16M) nitric acid. 1 ml of 10% m/v ammonium pyrolidine 
dithiocarbamate (APDC) solution (Aldrich) was used to complex 
Pb(I1) in solution. The complex was extracted into l.Oml of 2 
methyl-2-pentanone (Aldrich), by shaking the flasks for 60 seconds 
and leaving the phases to separate. The organic layer was 
transferred from each flask using a Pasteur pipette into a clean 5ml 
beaker. The organic solvent was slowly evaporated to dryness at 40- 
5 OOC on a hotplate and the residues redissolved in 100~1 of 
concentrated (16M) nitric acid. The solutions were transferred. with 
washings using de-ionised water to 5ml volumetric flasks, which 
were made up to volume with de-ionised water. 

Preparation of lead-free acid ammonium citrate. 

Acid ammonium citrate was prepared using the method of 
Delves and Vinter (1966). To approximately 500ml of de-ionised 
water, 200g of citric acid and a few drops of phenol red indicator 
(BDH) solution were added. Approximately 200ml of ammonia 
solution (BDH) (S.G. 0.88) were added until a pink solution was 
obtained (pH 9.8). When the solution was cool, approximately 75ml 
portions of 0.01% w/v dithizone (Aldrich) in chloroform (May & 
Baker), were added until the organic phase became green. 75ml 
portions of chloroform were then added until the aqueous layer was 
colourless, removing excess dithizone. The chloroform was decanted 
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from the container and the ammonium citrate solution was 
transferred to a lOOOm1 flask containing 25ml of concentrated nitric 
acid, where it was made up to volume using de-ionised water. 

2.1.10 Freshwater loch s’kdiments 

Freshwater loch sediments were collected using one of the 
three following corers; the Jenkin Surface-Mud Sampler (Ohnstad 
and Jones, 1982), Mini-Mackereth (Mackereth, 1969), the modified 
Kajak corer (Brinkhurst et al., 1969). Once the cores had been 
collected they were transported to the shore for sectioning. The 
sediment was sliced into lcm or 0.2cm sections using stainless steel 
or perspex slicers. The sections were removed from the slicer into 
tapered polythene bags which were whirled rapidly in a circular 
motion to move the sediments to the bottom of the bags. Excess air 
was squeezed from the bag and a knot secured at the top of the bag. 
The slicing apparatus was cleaned between each section using loch 
water. The sediment sections were stored in cool boxes for 
transportation back to the laboratory where the sections of wet 
sediment were squeezed from the tapered polythene bags into 
preweighed polythene beakers and reweighed to obtain the wet 
weight. The sections were dried at 3OOC in a drying cabinet for 
approximately 2-3 weeks and reweighed to obtain their dry weight, 
after which they were ground using a pestle and mortar (glass), 
starting with the deepest section and working upwards to minimise 
cross contamination effects between the processing of each section. 
The pestle and mortar were wiped clean using Kimwipe tissues and 
replaced by a clean pestle and mortar after five samples had been 
ground. Duplicate aliquots of O.l-0.5g were digested using the same 
procedure as described for the street dust in Section 2.1.3. 
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2.1.11 Peat 

Using a stainless steel spade, a pit was dug, an incision made 
into the bottom of a vertical face and a block of peat (- 20cm x 20 x 
20cm) cut and levered out. The peat was sectioned using a stainless 
steel knife into 2cm slices and transported back to the laboratory in 
polythene bags. The sections of peat were dried at 3OOC and then 
weighed to obtain the section dry weight. Starting with the deepest 
section from the core, the samples were sieved (<2mm) and 
duplicate aliquots (-lg) digested as described for street dust in 
Section 2.1.3. 

2.1.12 Acid washing procedure 

In order to minimise ‘blank’ contribution to the lead analysis 
the following acid washing procedure was used to clean all the 
glassware and plastic ware (polypropylene funnels and polythene 
bottles) used in sample collection and analytical procedures 
described in this chapter. 

1. After use all glassware was washed thoroughly using an 
approximately 0.1% Decon solution and rinsed thoroughly 
using water. 
2. The glassware was then transferred to 5000ml Pyrex 
beakers containing 8M nitric acid (Normapur AR 69% nitric 
acid, May & Baker, diluted using de-ionised water) and heated 
on a hotplate in a fume cupboard to a temperature of 9OW for 
2-3 hours (the plastic ware was left at room temperature for 
12 hours). 
3. After allowing the acid bath to cool the contents were rinsed 
with de-ionised water and transferred to another 5000ml 
beaker containing de-ionised water and heated to 9OW for 2-3 
hours. 

41 



4. The water baths were allowed to cool before rinsing the 
contents with de-ionised water and transferring to a drying 
cabinet. 
Reagent blanks were run during all the experimental 

procedures described in Sections 2.1.1-2.1.11. 

2.2 Analytical techniques 

In this section the analytical procedures and techniques are 
described for determining lead concentrations, stable isotope ratios 
and radionuclides in the materials for which sampling procedures 
are described in the previous Section 2.1. 

2.2.1 Determination of lead concentrations by flame and 
graphite furnace atomic absorption spectrometry. 

Lead concentrations were determined by flame (FAAS) and 
graphite furnace atomic absorption spectrometry (GFAAS) which are 
widely used analytical techniques for trace metal analysis. The 
theory and applications of FAAS (Ebdon, 1982; Walsh, 1991) and 
GFAAS (James et al., 1991; L’vov, 1991) are well documented and 
consequently the following section describing the analytical 
procedures is limited to a description of the instrumentation and 
operating conditions used. 

2.2.2 Instrumentation for atomic absorption spectrometry 

A Pye Unicam SP-9 800 (FAAS) and a Perkin Elmer PE-306 
spectrometer attached to an HGA-400 furnace system with an AS-l 
autosampler (20~1 sub-sample injected) connected to a 
potentiometric recorder (RE 511, Venture) (GFAAS) were used to 
determine lead concentrations. 
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atomic absorption 2.2.3 Flame and graphite furnace 
spectrometric analysis procedures 

Standards were prepared for FAAS ana 
Spectrosol Standards (BDH) by serial dilution 

is from lOOOmg/l 
us ing 2% v/v nitric 

acid. A range of standards over 0.5-4.0mg/l was prepared and run 

at the beginning of the analysis procedure until consistent 
absorbances were obtained. The final absorbance measured was the 
mean of three consecutive determinations of a sample solution with 
a precision generally c&5.0%, calculated automatically by the data 
handling system attached to the spectrometer. The typical 
absorbances obtained for lmg/l and 5mg/l standards were 0.038 
and 0.180 absorbance units. The standards were run regularly 
throughout the procedure and a mean absorbance for each standard 
was calculated and, if there was a linear relationship between the 
absorbances and the concentrations, the equivalent lead 
concentration for a given sample was calculated by interpolation 
using the absorbances of standards immediately preceding and 
following the sample. If there proved not to be a linear relationship 
a calibration curve was plotted of absorbance versus concentration 
and the equivalent lead concentration for a sample was read directly 
from the graph. Standard additions were performed on the different 
matrices of the environmental materials sampled, but no significant 
enhancement or suppression of the absorption reading was 
observed. The reproducibility of the results was monitored by 
repeating a sample from a previous run. A betweenrun precision 
was on average c&5.0%. 

The operating conditions for the determination of lead in the 
sample solutions and other metals measured in peat are shown in 
Table 2.1. The background correction (continuum source, deuterium 
arc lamp) was used for the analysis lines of Zn and Pb because at 
shorter wavelengths (<300nm) non-specific absorption can be a 
problem (Ebdon, 1982). 
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Table 2.1 FAAS operating conditions. 

Flame 
Air/Acetylene 

Metal 

Zn 
Pb 
cu 
Fe 

Mn 

Wavelength Background Lamp 
(nm> correction current 

(Deuterium lamp) (mA) 
213.9 4-6 
217.0 5-8 
324.8 Iv3 2-4 
346.6 No 7- 11 
403.1 No 6-9 

Table 2.2 GFAAS operating conditions for the determination of 
lead concentrations. 

Wavelength 283.3nm 

Stage Temp.(OC) Ramp time Hold time 
( 1 ( > 

Drying 120 ; 2: 
Ashing 500 1 20 

Atomizing 2100* 1 5 
Clearing 2700 1 3 

*Stop flow (Argon) 

Table 2.3 Lead concentrations and stable isotope ratios 
determined in a National Bureau of Standards, certified petrol 
reference, NBS-SRM 1638a. 

Number Cont. 
of samples (mg/l) (On-* mdl) 

Certified 
Measured 

527 
4 500 30.0 I 

2061207 208/207 208/206 
On-1 On-1 on- 1 

206/207 208/207 208/206 
Measured 1.296 2.498 1.927 0.003 0.004 0.005 

On-1 (mg/l) is the standard deviation on the mean concentration 
determined for n samples. 
on-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 

for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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The drinking water samples were analysed for lead using a 
slotted tube atom trap (STAT) which increases the residence time of 
atoms in the flame and the sensitivity by a factor of three compared 
with the conventional method using only a single-slot burner. 

A similar procedure for analysis using the GFAAS was followed 
as described for FAAS and standards were prepared in the range 
0.02-0.2mg/l. The GFAAS was optimised for lead under the 
operating conditions shown in Table 2.2. Peak heights were 
measured from the chart recorder paper and lead concentrations 
determined as described for FAAS. GFAAS was only used to 
determine lead concentrations in the human teeth samples. 

The limits of detection (Ebdon, 1982) for FAAS and GFAAS 
were determined to be O.O3mg/l using a STAT and O.O03mg/l 
respectively. 

2.2.4 
methods 

Determination of the efficiencies of the lead extraction 

The efficiency of the organic solvent extraction of lead from 
the petrol samples was determined by extracting lead from a 
certified reference petrol NBS-SRM 1638a. The extraction was found 
to have an efficiency of 95% (Table 2.3). The measured 206Pb/207P b 
ratio of 1.296ti.003 is similar to values of 1.221+0.009 reported for 
industrial leads of the United States (Sturges and Barrie, 1987). The 
efficiency of the nitric acid digest described for freshwater loch 
sediments in Section 2.1 .lO was determined by measurement of 
reference sediment standards, National Institute of Standards and 
Technology (NIST, USA) SRM 1645 and International Atomic Energy 
Agency (IAEA, Vienna) SL-1. Lead concentrations determined were 
within the certified standard error for both the reference sediments 
(Table 2.8). There are no certified reference materials for teeth, but 
the IAEA produce an animal bone powder H-5 which has a certified 
value of 3.lmg/kg (2.6-3.7mg/kg, 95% confidence limit). Lead was 
extracted from the animal bone standard using the same procedure 
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as was described for the teeth (Section 2.1.9) and a value of 
4.1q.4mg/kg (n=5) was determined, which agrees, within error, 
with the extreme upper value of the 95% confidence limit of the 
certified standard (3.7mg/kg). 

2.2.5 Determination of stable lead isotope ratios using 
inductively coupled plasma-mass spectrometry 

The principles of the operation of ICP-MS and application in 
stable lead isotope determination in environmental research are 
discussed in Chapter 1. In Sections 2.2.6-2.2.9, the operating 
conditions of the ICP-MS, data acquisition and quality control of the 
stable isotope ratio data are described. 

2.2.6 
analysis 

Instrumentation and sample preparation for ICP-MS 

Stable lead isotope ratios were determined using a VG 
Plasmaquad PQ 1 fitted with a Fassel type torch, sample changer 
(Ismatee SA MS-Reglo, Gilson 222) and an IBM PC-AT data 
acquisition and analysis system. 

Sample solutions were presented for ICP-MS analysis with 
lead concentrations in the range lOO-5OOug/l, less than 0.1% 
dissolved solids and in 2% v/v nitric acid. The lead concentration of 
the samples had previously been determined by AAS and samples 
were diluted where appropriate using 2% v/v nitric acid. 

2.2.7 ICP-MS operating conditions used in the scanning and 
peak-jumping modes. 

The ICP-MS operating conditions used in the determination of 
the stable lead isotope ratios are shown in Table 2.4. Initially, 
isotope ratios were measured using the peak-jumping mode over 
ten runs per sample, requiring a data acquisition time of 
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Table 2.4 ICP-MS operating conditidns. 

ICP-MS operating conditions 
Forward r.f. power (W) 1350 
Reflected power (W) 5 
Coolant gas flow-rate (l/min) 12 
Auxiliary gas flow-rate (l/min) 0.5 
Nebuliser gas flow-rate (l/min) 0.75 

ICP-MS interface 
Plasma sampling Cone-load coil 

separation of 1Omm 

Sampling cone Titanium nitride coated 
nickel 

Orifice inner diameter 

Skimmer cone orifice 
inner diameter 

1 .OOmm 

0.75mm 

Table 2.5 Scanning and peak-jumping mode conditions. 

Scanning .r 

Mass range 
Number of channels 
Dwell time per channel (ps) 
Number of sweeps 

Peak-jumping 

Points per peak 
Number of peak-jump sweeps 

Lead isotope 
204 
206 

202.00 - 211.13 
512 

80 
1600 

5 
20 

Peak-jump dwell(t.ts ) 
10240 
10240 

207 10240 
208 10240 
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approximately 15 minutes. Sample solutions were pumped at 
0.7ml/min using continuous flow nebulisation through a Meinhard 
nebuliser. The number of runs per sample was reduced from ten to 
five, after statistical analysis of the data, using the Minitab program 
(Thomas, et al., 1980), showed that there would not be a significant 
loss in precision. This resulted in an increased sample throughput. 
For a period of eighteen months from January 1990-June 1991, 
isotope ratios were measured using the peak-jumping mode. A ( 
period of instrument instability prompted a change to the scanning 
mode, which has been shown to have better precision for lead 
isotope ratio measurements than peak-jumping mode (Dean et al., 
1987), but a slower sample throughput. The conditions for scanning 
and peak-jumping modes used in the periods January 1990-June 
199 1 and July 1991 -August 1992 respectively are shown in Table 
2.5. 

2.2.8 The acquisition procedure for lead isotope ratio data 
used in the scanning &zd peak-jumping modes. 

A blank solution prepared from the same reagents as used for 
dissolution of samples was run at the beginning of the analysis and a 
.spectrum for the blank solution was subtracted automatically from 
the sample spectra by the IBM PC-AT data handling system, which, 
using the multi-tasking software, performed simultaneous 
acquisition and manipulation of the data. This method corrects for 
continuum noise and reagent blank, and can also be used to estimate 
memory effects. Such effects can be observed when a blank solution 
is run after a sample at any point during the analysis procedure and 
are due to excess analyte from the previous sample volatilising from 
the walls of the spray chamber. 

Preceding each set of four samples a 2OOug/l solution of the 
NIST SRM 981 lead standard (“Common Lead Isotopic Standard”) 
was run followed by a wash to preclude memory effects. The blank 
corrected lead isotope ratios (Rm) were compared with the certified 
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values (R,) (I-Iinners et al., 1987) for each of the isotope ratios 
206Pb/207Pb, 208Pb/207Pb and 208P b/206Pb. Even after blank 
correction the isotope ratios measured by the ICP-MS can differ 
from the certified values of a standard because of the phenomenom 
of mass fractionation. This mass fractionation is a characteristic of 
the mass spectrometer, which has different sensitivities to different 
masses of the isotopes. 

The following procedure for mass fractionation correction of 
measured isotope ratios was performed automatically by the 
computer software. A bias factor (BF=RrrJRC) was calculated for each 
of the isotope ratios. The bias factors were used to correct isotope 
ratios measured in the four samples that immediately followed the 
certified standard (SRM 981) in the analysis procedure. After each 
set of four samples, another sample of the standard solution (SRM 
981) was analysed and the procedure described above was 
repeated, and the bias factors recalculated. Each blank-corrected 
sample isotope ratio was multiplied by the appropriate bias factor to 
correct the samples for the phenomenon of mass fractionation. 

2.2.9 Quality control. 

The precision and accuracy of the isotope ratio results were 
monitored using a quality control scheme which consisted of: - 

(a) running a sample of a stock solution of 2OOpg/l Spectrosol 
lead at the beginning and end of an analysis run, 
(b) repeating samples from previous analysis runs, 

and (c) measuring isotope ratios in certified standards. 
Table 2.6 shows the isotope ratios 206Pb/207Pb, 20*Pb/207Pb and 
208Pb/206Pb determined for the repeated analysis of a 2OOpg/l lead 
standard solution prepared from a Spectrosol Standard (lOOOmg/l 
lead) over an eighteen month period. The mean and standard 
deviation for five consecutive runs (on-l) are shown for each isotope 
ratio. There is no significant difference between the mean of the 
standard deviations of the individual analyses and the long term 
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- Table 2.6 Lead isotope ratios measured in a 2OOpg/l Spectrosol 
lead standard using the peak-jumping mode during the period 
January 1990 and June 1991. 

Analysis 206/207 208/207 
Date 

208/206 on- 1 on- 1 on- 1 
206/207 208/207 208/206 

17.01.90 1.157 2.439 2.108 0.001 0.002 0.003 
1.156 2.444 2.115 0.002 0.003 0.004 

18.01.90 1.159 2.438 2.104 0.002 0.002 0.003 
1.156 2.441 2.112 0.002 0.003 0.004 

14.02.90 1.156 2.437 2.107 0.003 0.003 0.005 
1.156 2.440 2.111 0.002 0.002 0.006 

15.02.90 1.157 2.437 2.105 0.00 1 0.00 1 0.005 
1.154 2.434 2.110 0.002 0.002 0.004 

14.03.90 1.155 2.439 2.112 0.003 0.003 0.002 
1.155 2.429 2.099 0.007 0.013 0.019 

15.03.90 1.156 2.439 2.107 0.002 0.002 0.004 
1.155 2.435 2.107 0.004 0.008 0.004 

11.04.90 1.155 2.434 2.108 0.00 1 0.005 0.004 
1.153 2.442 2.110 0.00 1 0.003 0.003 

12.04.90 1.155 2.447 2.119 0.003 0.002 0.005 
1.153 2.440 2.108 0.00 1 0.003 0.003 

09.05.90 1.154 2.436 2.111 0.002 0.005 0.005 
1.154 2.439 2.111 0.00 1 0.002 0.001 

10.05.90 1.155 2.439 2.113 0.003 0.006 0.003 
1.154 2.441 2.112 0.001 0.002 0.002 

06.06.90 1.154 2.439 2.113 0.002 0.005 0.002 
1.159 2.440 2.117 0.003 0.003 0.003 

07.06.90 1.155 2.438 2.111 0.002 0.003 0.003 
1.154 2.442 2.116 0.00 1 0.004 0.004 

14.08.90 1.157 2.440 2.108 0.002 0.006 0.003 
1.153 2.438 2.108 0.003 0.006 0.003 

on-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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Table 2.6 continued Lead isotope ratios measured in a 
2OOpgg/l Spectrosol lead standard using the peak-jumping mode 
during the period January 1990 and June 1991. 

Analysis 
Date 

15.08.90 

10.10.90 
14.10.90 

07.11.90 

08.11.90 

05.12.90 

06.12.90 

10.02.91 

11.02.91 

25.03.91 

26.03.91 

11.06.9 1 

12.06.91 

13.06.91 

Mean (x) 
Jn-1% 
:n=54) 

206/207 208/207 208/206 on- 1 on- 1 On-1 
206/207 208/207 208/206 

1.155 2.437 2.111 0.002 0.004 0.002 
1.153 2.441 2.116 0.001 0.002 0.002 
1.155 2.439 2.112 0.001 0.004 0.004 
1.155 2.439 2.111 0.001 0.004 0.001 
1.157 2.441 2.107 0.001 0.007 0.005 
1.154 2.432 2.107 0.002 0.006 0.004 
1.154 2.436 2.112 0.003 0.004 0.003 
1.153 2.433 2.110 0.003 0.004 0.005 
1.153 2.432 2.101 0.002 0.007 0.006 
1.159 2.447 2.112 0.002 0.008 0.006 
1.154 2.441 2.116 0.002 0.003 0.004 
1.160 2.446 2.109 0.002 0.001 0.003 
1.153 2.438 2.107 0.003 0.004 0.003 
1.154 2.443 2.116 0.003 0.005 0.003 
1.153 2.432 2.110 0.002 0.005 0.002 
1.158 2.435 2.104 0.004 0.006 0.008 
1.159 2.436 2.108 0.002 0.002 0.004 
1.155 2.435 2.107 0.001 0.002 0.003 
1.158 2.437 2.108 0.002 0.004 0.00 1 
1.155 2.441 2.113 0.003 0.005 0.003 
1.150 2.441 2.111 0.004 0.003 0.005 
1.157 2.458 2.124 0.001 0.005 0.003 
1.161 2.439 2.110 0.002 0.002 0.003 
1.158 2.435 2.102 0.001 0.004 0.003 
1.155 2.438 2.110 0.003 0.004 0.004 
1.159 2.437 2.106 0.001 0.002 0.003 
1.158 2.440 2.107 0.002 0.005 0.005 
1.159 2.433 2.104 0.004 0.009 0.003 

1.156 2.439 2.110 0.002 0.004 0.004 
0.2 0.2 0.2 

,Tr.,-- .n - ~ 
on-1 206/207 is the standard deviation on the mean LUoPb/Lu7Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
on-l% is the relative standard deviation on the mean of n isotope 
ratios. 



standard deviation calculated for 54 separate analyses of Spectrosol 
solution. The three isotope ratios were measured with a precision of 
x+0.2% and Figure 2.1, where the individual isotope ratios are plotted 
against time, illustrates good instrumental stability over the 
eighteen month period. The frequencies of the individual isotope 
ratios determined in the 2OOpg/l Spectrosol lead standard are shown 
in Table 2.7 and Figure 2.2. 

Table 2.8 contains isotope ratios measured for NIST SRM 1645 
(river sediment) and IAEA SL-1 (lake sediment) certified standards. 
Data reported by Viczian et al. (1991) for the 206Pb/207Pb and 
20*Pb/206Pb ratios determined by ICP-MS in these two reference 
sediments agree to within 0.1% of the certified values except for the 
206P b/207Pb ratio measured in the SRM 1645 standard which agrees 
within 0.4%. The mean 206Pb/207Pb and 20*Pb/206Pb ratios 
measured in the present work for the standards are less accurate 
than Viczian’s results, being at best within 0.3% of the certified 
value for the 206Pb/207Pb ratio and at worst within 0.6% for the 
20*Pb/206Pb ratio. The precision on 206Pb/207Pb and 20*Pb/206P b 
ratios determined during a run, for three determinations (non- 
consecutive) with five replicates, were approximately 0.3% and 0.6% 
respectively compared with a precision of around 0.9% for three 
determinations performed consecutively with six replicates reported 
by Viczian et al. 

Table 2.9 contains isotope ratio results for the repeated 
analysis of various environmental samples. The mean isotope ratios 
determined in LLe-1 (7-8) and LLe-1 (O-l) were measured with a 
precision of c-.2%, the same precision with which isotope ratios 
were determined in the 2OOp.g/1 Spectrosol lead solution (Table 2.6). 
The precision of isotope ratios determined for environmental 
materials was independent of the sample matrices analysed. In 
general the reproducibility of results for the different 
environmental samples was best for 206Pb/207Pb ratios which, for 
successive analysis runs one month apart, agreed within the 
standard deviation of individual results. 
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Figure 2.1 (a) 206Pb/207Pb, (b) 20*Pb/207Pb and (c) 
20*Pb/206Pb ratios versus- analysis date determined in 2OOpg/l 
Spectrosol lead standard solution. 
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Table 2.7 Frequencies of lead isotope ratios measured in a 
2OOpg/l Spectrosol lead standard between January 1990 and June 
1991. 

206/207 Frequency 208/207 Frequency 208/206 Frequency 
206/207 208/207 208/206 

1.150 1 2.429 1 2.099 1 
1.151 0 2.430 0 2.100 0 
1.152 0 2.43 1 0 2.101 1 
1.153 8 2.432 3 2.102 1 
1.154 9 2.433 2 2.104 3 
1.155 13 2.434 2 2.105 1 
1.156 5 2.435 4 2.106 1 
1.157 6 2.436 3 2.107 8 
1.158 4 2.437 5 2.108 7 
1.159 6 2.438 5 2.109 1 
1.160 1 2.439 9 2.110 7 
1.161 1 2.440 5 2.111 6 

2.441 7 2.112 6 
2.442 2 2.113 3 
2.443 1 2.114 0 
2.444 1 2.115 1 
2.445 0 2.116 4 
2.446 1 2.117 1 
2.447 2 2.118 0 
2.458 1 2.119 1 

2.124 1 
Mean isotope ratios are shown in bold type. 
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Figure 2.2 Histograms of (a) 206Pb/207Pb, (b) 20*Pb/207Pb and 
(c) 2o*P b/206Pb ratios determined in iOOpg/l Spectrosol lead 
standard solution. 
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Table 2.8 Total lead concentrations and isotope ratios 
measured in NIST SRM 1645 (river sediment) and IAEA SL- 1 (lake 
sediment) certified standard reference materials. 

Cont. 206/207 208/207 208/206 on-l on-l on-l 
ken- 1 (ma/ka) 206/207 208/207 208/206 

NIST SRM 1645 

Certified 
values 

71ti28 1.226 2.472 2.016 

Viczian 701+13 1.221 2.019 0.012 0.014 
et al., 1990 

05.12.90 712A25 1.221 2.461 2.015 0.002 0.007 0.006 
25.03.90 1.221 2.452 2.006 0.003 0.005 0.004 
17.11.91 1.215 2.466 2.030 0.004 0.006 0.004 
17.11.91 1.215 2.450 2.012 0.00 1 0.002 0.004 
06.04.92 1.218 2.470 2.027 0.003 0.003 0.005 
11.05.92 1.221 2.492 2.040 0.00 1 0.002 0.00 1 
04.06.92 1.220 2.486 2.038 0.003 0.005 0.002 
04.06.92 1.219 2.482 2.037 0.002 0.003 0.006 
Mean(x) 1.218 2.465 2.022 0.003' 0.015 0.013 
Dn- 1% 0.2 0.6 0.6 

[AEA SL-1 

Certified 37.7k7.4 1.215 2.469 2.032 
values 
Viczian 33.1ti.o 1.214 2.035 0.012 0.020 
ft al., 1990 

16.12.90 33.23.1 1.215 2.476 2.035 0.001 0.007 0.006 
14.08.91 1.212 2.499 2.063 0.002 0.005 0.004 
14.08.91 1.209 2.487 2.039 0.002 0.004 0.006 
14.08.91 1.205 2.496 2.047 0.004 0.004 0.006 
11.05.92 1.207 2.472 2.049 0.007 0.012 0.006 
14.06.92 1.215 2.485 2.045 0.003 0.008 0.006 
tiean (ii) 1.211 2.484 2.045 0.004 0.011 0.010 
Sn-1% 0.3 0.4 0.5 

on-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
on-l% is the relative standard deviation on the mean of n isotope 
ratios. 
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Table 2.9 Lead isotope ratio data for repeated analysis of 
various environmental samples. 

Sample Date 206/207 208/207 208/206 On-1 On-1 On-1 
206/207 208/207 208/206 

Lake 
sediment 
LLe- 1 28.11.89 
(7-B) 19.12.89 

17.01.90 
14.02.90 
10.05.90 

Mean (X) 1.152 2.434 2.114 
On-1 % 0.1 0.1 0.3 

Lake 
sediment 28.11.89 
LLe- 1 14.08.90 
(0-l) 10.10.90 

08.11.90 
06.12.90 
12.06.91 

Mean (SE) 1.147 
un-1 % 0.2 

Street dust 11.10.90 1.074 
D29 07.11.90 1.076 

Peat 
FM 12-14 11.10.90 

08.11.90 

Leadhills 
spoilheap 29.11.89 1.172 2.470 2.109 

0.003 
0.002 
0.002 
0.002 
0.004 

0.001 

0.002 
0.002 
0.002 
0.002 
0.003 
0.002 

0.002 

0.001 
0.002 

0.002 
0.002 

0.002 0.006 

0.005 

0.003 
0.004 

0.002 
0.005 

0.005 
20.12.89 1.171 2.454 2.100 0.003 0.005 0.004 

1.150 2.430 2.119 
1.153 2.43 1 2.109 
1.152 2.437 2.117 
1.152 2.435 2.114 
1.152 2.435 2.112 

1.147 2.428 2.117 
1.146 2.432 2.122 
1.147 2.426 2.116 
1.147 2.426 2.116 
1.144 2.434 2.122 
1.148 2.419 2.108 

1.165 2.437 2.091 
1.167 2.463 2.107 

2.428 2.117 
0.2 0.2 

2.345 2.177 
2.353 2.186 

0.007 
0.004 
0.004 
0.004 
0.004 

0.003 

0.004 
0.006 
0.00 1 
0.00 1 
0.006 
0.003 

0:oos 

0.003 
0.005 

0.001 
0.004 

0.005 
0.003 
0.002 
0.002 
0.004 

0.004 

0.005 
0.004 
0.004 
0.004 
0.004 
0.006 

on-1 206/207 is the standard deviation on the. mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
on-1 % is the relative standard deviation on the mean isotope ratio of 
n separate determinations of a sample solution. 
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The precision of lead isotope ratio measurements has been 
shown to be affected by the concentration of lead in solution 
(Hinners et al., 1987). To determine if there was a significant effect 
on precision in the range lOO-5OOpg/l isotope ratios were measured 
in a series of NIST SRM 1645 samples diluted in the range 68- 
6 8 2p g/l. Table 2.10 shows that there is no significant loss in 
precision on individual isotope ratio determinations over this 
concentration range, but there is a systematic decrease in the 
estimation of 2o*Pb with increasing concentration, probably because 
20*Pb is the most abundant isotope (Chapter 1) and its signal 
becomes non-linear at high lead concentrations before the other 
isotopes are affected. 

2.2.10 Gamma spectrometry 

Gamma (y) spectrometry was used to determine the activities 
of 210Pb, 226Ra, 134Cs and 137Cs in freshwater loch sediment and peat 
samples. The principles of the detection technique are outlined 
below. 

In y decay, electromagnetic radiation is emitted as a nucleus 
undergoes transition from its higher energy state(s) to lower excited 
states or the ground state. There are three modes of interaction of y- 
rays with matter, namely: the photoelectric effect, Compton 
scattering and pair production. For lower energy y-rays the 
photoelectric effect occurs most often, where interaction with an 
atom results in the ejection of an electron from the atom and the 
complete disappearance of the y-ray. The probability of the 
photoelectric effect occurring is related to E-712 at low energies 
(E<lMeV) and eventually to l/E at higher energies of the y-ray, and 
approximately to 25 (2, atomic number) of the absorber. In Compton 
scattering, only part of the energy of the y-ray is lost in ejection of 
an electron from the atom and the y photon is scattered from its 
original path with a reduced energy. The probability of Compton 
scattering is directly related to the number of electrons per unit 
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Table 2.10 Lead isotope ratios measured in solutions of NIST 
SRM 1645 river sediment standard reference material with lead 
concentrations ranging from 68-682pg/l. 

Cont. 206/207 208/207 208/206 
(cLg/l) 

on-1 on-1 on- 1 
206/207 208/207 208/206 

68 1.216 2.485 2.043 0.002 0.004 0.006 
136 1.217 2.48 1 2.039 0.004 0.002 0.005 
272 1.218 2.487 2.037 0.003 0.006 0.003 
340 1.217 2.471 2.030 0.001 0.004 0.002 
408 1.220 2.475 2.028 0.002 0.007 0.005 
476 1.223 2.474 2.022 0.002 0.004 0.003 
544 1.214 2.460 2.020 0.002 0.005 0.004 
688 1.221 2.465 2.017 0.003 0:005 0.003 

on-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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path length of the absorber material (and hence proportional to 2) 
and inversely proportional to the y energy (0.6-4.OMeV range). 
Compton scattering results in the production of a continuum of 
scattered y-ray energies and is subject to a finite maximum transfer 
of energy to the electron when the y photon is scattered through 
1800. The third mode of interaction of y photons with matter is less 
common than the other two and occurs only for y-rays of energy 
greater than 1.02MeV. In this case, y-rays are transformed to matter 
in the production of an electron-positron pair. If the incident 
radiation has an energy above l.O2MeV, residual energy is given to 
the electron-positron pair as kinetic energy. Pair production is 
always followed by annihilation of the positron, with simultaneous 
emission of two 0.51MeV photons. The electrons ejected during 
interaction of y radiation with matter cause ionization and detection 
of this ionization is the basis of the detection method. 

High purity germanium detectors are semiconductors and 
interaction of y radiation by the photoelectric effect, Compton 
scattering or pair production causes promotion of electrons into the 
conduction band. The number of electrons that migrate into the 
conduction band is proportional to the energy of the incident 
radiation. A charge pulse is collected by application of a high voltage 
to the crystal and the size of the pulse is in turn proportional to the 
energy of the radiation. Ge detectors are operated at very low 
temperatures (liquid nitrogen temperature=77K) because thermal 
energy at room temperature is sufficient to promote electrons to the 
conduction band. Ge detectors typically have resolutions, defined as 
the full width of the photopeak at half its vertical maximum 
(FWHM), of better than 2keV. A typical y-ray spectrum of a 
radionuclide obtained from a high purity germanium detector has 
the following basic features, a photoelectric peak under which lies a 
broad Compton continuum distribution and annihilation peak at 
O.511MeV. The spectrum of a high-energy y-ray will, in addition to a 
full-energy photopeak at energy E, also contain a single-escape peak 
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at E=0.5 11MeV and a double-escape peak at E=l.O22MeV due to the 
annihilation of the positron formed in pair-production. 

2.2.11 Instrumentation for gamma spectrometry 

A Tennelec n-type germanium detector (35% relative 
efficiency; FWHM resolution 1.8keV at 1333keV) with a thin 
aluminium window was used to measure the gamma emissions of 
210Pb at 46.5keV, 226Ra at 186.7keV, 137Cs at 661.6 keV and 134Cs at 
604.7 and 795.8keV. The detector was surrounded by a 10cm lead 
shield fitted with a graded cadmium-copper lining to suppress 
background interference. The analysis system comprised an EG and 
G Ortec 919 ADCAM unit interfaced with an IBM compatible PC and 
spectra were analysed using the Ortec programme MINIGAM 2. A 
background count was determined over two weeks prior to analysis 
and background spectra were recorded throughout the period of 
research. Typical background activities are listed in Table 2.11. 

2.2.12 Preparation of loch sediment and peat samples for 
direct gamma spectrometry 

The high resolution of the detector allowed simultaneous 
determination of the radionuclides of interest. Minimal sample 
processing was required for either the sediment or peat samples, 
which were simply dried and ground, but the use of a well defined 
counting geometry and calibration standards were required for both 
samples. 

Sediment 

Two different sample geometries were used for gamma 
spectrometric analysis of loch sediment: either pelletised or loose 
powder in polycarbo&te containers. The method adopted depended 
on the amount of dried sediment available in each section, with 
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Table 2.11 Background count rate over two weeks for 21oP b 
(46.5keV), 134Cs (795.8keV), 137Cs (661.6keV) and 226Ra (186.7keV). 

Radionuclide Count rate 10% I 

=oP b 
134cs 
*ws 
226R a 

(c.p.s) 
6.90x10-3 
1.04x10-3 
1.44x10-2 
1.16x10-2 

7.9 
41.5 
20.2 

4.8 
c.p.s - counts per second 
10% relative uncertainty based upon lo counting statistics. 
(r = N1/2 (N = total number of counts) 
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samples being pelletised if greater than 5g was available. The 
production of pellets was not practicable with smaller sample 
weights. Dried sediment was ground to a fine powder, as described 
in Section 2.l.lOmd weighed into a preweighed polycarbonate 
container to determine a rough weight to ensure that there was 
sufficient sediment to be pelletised. A sediment sample was 
transfered to a hollow metal cylinder (internal diameter -4.5cm) and 
was pressed into a pellet under 10 tonnes pressure using a 
hydraulic press. This was repeated for each section, starting with the 
deepest and working sequentially up the core. Between each section 
the pressing equipment was wiped clean with tissues. The pellets 
were reweighed in their containers to determine the ‘exact weight of 
the pellet. The width of each pellet was measured with a micrometer 
to ensure that they had the same geometry for presentation to the 
detector. A lid was placed on the container which was wrapped in 
clingfilm (polyvinylchloride) to prevent sediment escaping and 
causing cross-contamination of samples or contamination of the 
detector. The detector can was also wrapped in polythene which 
could be removed in the event of contamination. Samples were 
counted individually and placed directly on the end cap (plastic) of 
the detector in order to obtain maximum detection efficiency and 
counted for a period of 48 hours to obtain suitable counting 
statistics. 

For sediment sections with weights of less than 5g of dried 
material, the powdered sediment was weighed into polycarbonate 
containers with an inner diameter of 24mm and depth 25mm for 
gamma spectrometric analysis. The height of the sediment in the 
container was kept constant for all of the samples, in order to 
maintain a uniform counting geometry, and the containers were 
again wrapped in clingfilm to prevent contamination. 
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Peat 

A preweighed polycarbonate container of inner diameter 
46mm and depth 39mm was filled with dried, sieved peat (<2mm) 
from a 2cm section of a core. The peat was loosely packed into the 
container and levelled off at the top of the container. The container 
plus sample was reweighed to obtain the sample weight. A lid was 
placed on the container and clingfilm was wrapped around the 
whole of the container to prevent any material escaping from the 
container and contaminating the detector or other samples. This 
procedure was repeated for each section in a given peat core to 
ensure that all the samples had uniform geometry for presentation 
to the detector. Sample containers were placed directly on the 
plastic end cap of the detector in order to obtain the maximum 
detection efficiencies and were counted for a period of 48 hours to 
obtain suitable counting statistics. 

The reproducibility of the radionuclide data was determined 
by counting a peat sample on three separate occasions. The relative 
standard deviations on the mean activities for the radionuclides 
were c&2% (Table 2.12). 

2.2.13 Gamma detection efficiency calibrations for loch 
sediment and peat samples. 

When preparing standards to determine the detection 
efficiency of radionuclides of interest it is essential that the matrix 
of the standard should match the composition of the samples as 
closely as possible (Miller, 1987; Bjurman et al., 1987), so that the 
density and average 2 value, which determine self-absorption (the 
process by which radiation emitted by a sample may be stopped 
within it), are similar in the samples and standards. 
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Table 2.12 (a) Reproducibility of 21uPb, 134Cs and (b) 137C s 
radionuclide data in a peat sample. 

(a) 

count 2lOPb 10% 134Cs (Bq) 10% 134Cs (Bq) 10% 
(Bq) (604.7keV) (795.8keV) 

1 8.083~10-~ 6.3 1.384~10-~ 19.1 1.350x10-3 23.5 
2 g.oo4xlo-3 5.6 1.412~10-~ 17.4 1.378~10’~ 21.4 
3 8.768x 10-3 6.0 1.372~10-~ 19.8 1.342x10-3 23.6 

W 

~1 * 
lo (%) is the relative uncertainty based upon lo counting statistics. 

Table 2.13 Reproducibility of 210Pb spiked loose sediment. 

Code Standard Activity Error (%) 
weight (a) (Bq/g) 

R Pb-1 2.1484 4.20x 1O-2 1.8 
R Pb-2 1.8678 4.84~10-~ 2.8 
R Pb-3 2.0216 4.78x 1O-2 2.1 

Error (%) is the relative uncertainty based upon lo counting 
statistics. 

Table 2.14 Reproducibility of Cs/Ra spiked loose sediment 
(134Cs 604.7 and 795.8keV) . 

Code Standard Activity Error Activity Error 
weight (g) 134cs (%I 134cs (%I 

(604.7keV) (795.8keV) 
(Bq/g) (Bq/g!) 

R Cs/Ra-1 2.2617 2.59 0.4 1.78 0.5 
R Cs/Ra-2 2.2072 2.53 0.4 1.70 0.4 
R Cs/Ra-3 2.1050 2.56 0.2 1.74 0.2 

Error (%) is a fully propagated error based upon lo counting 
statistics. 
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Loch sediments 

For loch sediments efficiency calibration was achieved by 
using material from 70cm depth in a core from Loch Lomond, which 
did not contain radiocaesium or ‘unsupported’ 210Pb, assumed to 
represent background, as the spike matrix for the standards. The 
finely ground sediment was weighed into a preweighed plastic bowl 
and lOm1 of a standard solution containing 631Bq of 21uPb was 
pipetted into the bowl after which it was slurried with 1OOml of de- 
ionised water using a spatula, which was cleaned by washing with 
de-ionised water into the bowl to remove as much of the spiked 
sediment as possible. The bowl was placed in a freeze dryer 
(Edwards Modulyo 4K, Highvac International) for 72 hours to 
completely dry the spiked sediment. The same procedure was 
followed for the preparation of a bulk quantity of sediment spiked 
with 134Cs, 137Cs and 226Ra using 1Oml each of solution containing 
1865Bq of 1%~ (16.03.89), 3541Bq of 137Cs (14.10.89) and 227Bq of 
226Ra solutions. Both pellet and loose sediment standards were 
prepared to cover the range of the sediment sample weights, using 
the procedure described in Section 2.2.12. 

The standards were counted for approximately 2 hours to 
obtain suitable counting statistics. When standards for sediment 
cores from lochs with higher organic to mineral ratios than the Loch 
Lomond sediment were being prepared, the spiked sediment was 
mixed thoroughly with a suitable amount of cellulose to increase the 
proportion of organic to mineral material. The organic carbon 
content of sediment samples was determined by CHN (carbon, 
hydrogen and nitrogen) analysis using a Perkin Elmer 2400 
Elemental Analyzer (Bryant, pers. comm., 1991). “Blanks” for 
pelletised and loose sediment samples were prepared in the same 
manner as the samples from unspiked deep sediment and counted 
for 48 hours. 
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The reproducibility i.e. the homogeneity of the spiked 
sediments used to prepare the standards was investigated by 
counting three sub-samples of similar weight, from the 210Pb and 
Cs/Ra bulk sediment spike. The activities determined for the 21oP b 
spike sub-samples agreed within &7.7% and for the Cs/Ra, 134C s 
(604.7keV and 795.8keV) activities agreed within <+2.1% showing 
good reproducibility for counting (Tables 2.13 and 2.14). 

All the standards were prepared from primary standards 
supplied by Amersham International which were certified to better 
than +l% accuracy for the radionuclide content. 

Peat standards 

Considerable problems were encountered in obtaining a 
sample matrix suitable for determination of detection efficiencies for 
peat samples. Initally cellulose was chosen because its Z value is 
similar to that of the peat but it was found to be too dense relative 
to the samples. This problem was overcome by mixing vermiculite 
(size of granules <4mm) with the cellulose, forming a mixture 
approximately 75% v/v cellulose. In order to maintain the same 
counting geometry, similar containers were used for the counting of 
both standards and samples. A layer approximately 8mm deep of 
vermiculite and cellulose mixture was placed in a preweighed 
container and dotted with standard spike solution using five drops 
with a total volume of O.lml dispensed from an automatic pipette. 
The spiked material was dried in a drying cabinet at 6OOC after 
which a thin sheet of polythene (diameter 46mm) was placed on top 
of the spiked layer to hold it in position. This procedure was 
repeated for additional layers to produce a series of standards (of 
known weight) for 21*Pb and for 134Cs plus *37Cs, spanning the 
weight range of the peat samples. Standards were not prepared for 
22613, because it was below the detection limit (defined as three 
times the uncertainty on the Compton continuum over the position 
of the photopeak) in the peat samples. The standards were counted 
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for approximately 2 hours to obtain suitable counting statistics. A 
series of blanks prepared from unspiked cellulose and vermiculite 
covering the range of the standard weights was counted for 48 
hours. 

The accuracy of the y counting technique was determined by 
measuring 21uPb and 226R a in the IAEA-marine sediment SD-A-l 
reference material (01.01.87). Pellets of the reference sediment 
material were prepared in the same manner as described for the 
loch sediments in Section 2.2.12 and counted for 72 hours. The 21oP b 
and 226Ra measurements agreed within their uncertainties of the 
95% confidence limit of the certified concentrations (Table 2.15). A 
suitable reference material was not available for peat. 

2.2.14 Calculation of detection efficiencies in gamma 
spectrometry. 

The total detection efficiency (E) for detection of gamma 
radiation is defined as 

where 
E=C/D x 100% 

C = observed photopeak counting rate 
D = absolute disintegration rate of the. source. 

The spectra were analysed using the Ortec software package, 
MINIGAM 2. The measured activity of a radionuclide in a given 
sample was background-and efficiency-corrected to obtain the 
activity of the sample at the time of detection (At). To obtain the 
activity of the sample at the time of collection (Ao) the activity was 
calculated using the following equation, 

At = A, e-At 
where t is time and h is the decay constant (Ehmann and Vance, 
1991). 

The efficiencies for detection of 2luPb, 134Cs and 137Cs for 
pelletised standards, varying in weight between approximately 5g 
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Table 2.15 Determination of (a) 21oPb and (b) 226Ra in IAEA- 
marine sediment SD-A-l (01.01.87). 

(a) 210Pb certified activity 70Bq/kg, 58-88 (95% confidence limit) 

Pellet weight 
) 

4.4662 

Activity Error 
(Bq/kg!) (Bq/ka) 

73 24 
9.7862 74 18 

14.8028 82 12 
19.0428 90 10 

(b) 226313, certified activity 74.9Bq/kg, 55-85Bq/kg (95% confidence 
limit) 

Pellet weight Activity Error 
(a> (Bslka) (Bq/kg) 

4.4662 113 47 
9.7862 97 23 

14.8028 82 12 
19.0428 71 13 

Error (Bq/kg) is a fully propagated error based upon lo counting 
statistics. 

Table 2.16 210Pb (46.5keV) detection efficiencies determined 
for sediment pellet standards. 

Pellet weight Efficiency (%) 
(g> 2 1 OPb (46.5 keV) 

Error (%) 

4.954 1 0.76 2.9 
10.4436 0.66 1.2 
15.3492 0.63 0.9 
20.3324 0.47 0.9 

Error (%) is a fully propagated error based upon lo counting 
statistics. 
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and 20g are shown in Tables 2.16-2.18 and are plotted against pellet 
weight in Figures 2.3a-d. Table 2.19 contains efficiencies determined 
for the loose cellulose and spike sediment mixture standards. 

The efficiencies determined for the detection of 210Pb, 134C s 
and 137Cs (Table 2.20-2.22) in the peat standards are summarised in 
Table 2.23. It is apparent that, over the range of weights used, there 
was no discernible trend in efficiencies due to the low Z value of the 
materials used to make the standards. Given that the probability of 
photoelectric effect (P-E.) occurring is directly proportional to Zs, the 
self-absorption should be very small. Any self-absorption should be 
most pronounced for 210Pb than for 134Cs or 137Cs, since the 
probability of P.E. is directly proportional to E-712. Thus a slight 
decrease in detection efficiency for 2 loPb and effectively constant 
values for the Cs isotopes are observed. The observations 
demonstrate that for a low Z value material like peat, geometry is 
the dominant factor in controlling detection efficiency (not self- 
absorption). 

2.3 Conclusions 

1. Reliable analytical procedures were established for the 
measurement of lead, 2 1 OPb and stable isotopes of lead in 
environmental and human biological materials using AAS, y 
spectrometry and ICP-MS respectively. 

2. Lead concentrations determined in petrol (NBS-SRM 1638a), 
river sediment (NIST SRM 1645), lake sediment (IAEA SL-1) (Table 
2.8) and animal bone powder (IAEA H-5) certified standards, agreed 
within error of the certified values. 

3. Mean isotope ratios for the repeated analysis of various 
environmental samples were determined with a precision of <a .2%. 
There was no significant difference between the mean of the 
standard deviations of the individual analyses and the long term 
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Table 2.17 134Cs (604.7 and 795.8keV) detection efficiencies 
determined for sediment pellet standards. 

Pellet weight Efficiency (%) Error Efficiency (%) Error 
(g) 1y4Cs (604.7keV) (So) * 34Cs (795.8keV) (%I 

5.2 109 0.38 0.3 2.63 0.4 
10.3683 0.36 0.1 2.47 0.1 
15.4959 0.35 0.1 2.47 0.1 
20.2872 0.34 0.1 2.40 0.1 

Error (%) is a fully propagated error based upon lo counting 
statistics. 

Table 2.18 137Cs (661.6keV) and 226Ra (186.7keV) detection 
efficiencies determined for sediment pellet standards. 

Pellet weight Efficiency (%) Error (%) Efficiency (%) Error (%) 
(g) 13’cs 226R a 

(661.6keV) (186.7keV) 
5.2109 4.00 0.4 0.39 3.8 

10.3683 3.73 0.1 0.47 8.0 
15.4959 3.68 0.1 0.47 7.1 
20.2872 3.36 0.1 0.46 4.5 

Error (%) is a fully propagated error based upon lo counting 
statistics. 
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- Table 2.19 Detection efficiencies for 210Pb (46.5keV), 134C s 
and 22iRa (186.7keV) in (604.7 and 795.8keV), 137Cs (661.6keV) 

loose spiked sediment standards. 

Standard weight Efficiency (%) Error(%) 
(a> 

2 1 OPb (46.5keV) 
2.3 102 0.83 1.99 
3.2619 0.66 2.55 

lj4Cs (604.7keV) 
2.3965 
3.73 14 

5.84 0.28 
2.52 0.16 

134Cs (795.8keV) 
2.3965 
3.73 14 

4.00 3.14 
1.72 0.18 

l37Cs (661.6keV) 
2.3965 
3.7314 

5.94 0.31 
2.60 0.23 

226Ra (186.7keV) 
2.3965 
3.2619 

is a Error (%) 
statistics. 

0.55 19.9 
0.53 24.9 

fully propagated error based upon 10 counting 

73 



Table 2.20 2*uPb (46.5keV) detection efficiencies determined 
for varying weights of spiked 1:3 v/v cellulose and vermiculite 
mixture. 

Code Weight (a) Efficiency(%) Error (%) 
P. Pb - 1 21.3553 0.4 1.7 
P. Pb - 2 22.0077 0.4 1.6 
P. Pb - 3 23.9353 0.3 2.2 
P. Pb - 4 26.7697 0.3 1.2 
P. Pb - 5 30.8505 0.3 1.1 

Depth of standards 39mm 
Error (%) is a fully propagated error based upon 
statistics. 

1 o counting 

Table 2.21 134Cs (604.7 and 795.8keV) detection efficiencies for 
varying weights of 1:3 v/v cellulose and vermiculite mixture, 

Code Efficiency (%) Error (%) Efficiency (‘70) Error (%) 
134Cs (604.7keV) 134Cs (795.8keV) 

P. cs - 1 2.3 1.2x10-2 1.6 0.6 
P. cs - 2 2.0 1.3x10-2 1.4 0.8 
P. cs - 3 2.4 1.4x10-2 1.7 0.9 
P. cs - 4 2.0 1.3x10-2 1.5 0.8 
P. cs - 5 2.1 1.4x10-2 1.5 0.7 

Depth of standards 39mm 
Error (%) is a fully propagated error based upon lo counting 
statistics. 

Table 2.22 137Cs (661.6keV) detection efficiencies for varying 
weights of spiked 1:3 v/v cellulose and vermiculite mixture. 

Code Weight (g) Efficiency (%) Error (%) 
137cs 

P. Cs - 1 17.9722 2.1 0.9 
P. cs - 2 22.0804 1.9 1.1 
P. cs - 3 26.3744 2.3 1.0 
P. cs - 4 27.0397 2.0 1.1 
P. Cs - 5 31.3744 2.0 1.0 

Depth of standards 39mm 
Error (%) is a fully propagated error based upon lo counting 
statistics. 
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Table 2.23 Mean detection efficiencies for 210Pb, 134Cs, and 
*37Cs in the peat standards. 

Radionuclide Efficiency Error% 
% 

210Pb 0.3 12.9 
(46.5keV) 
134cs 
~@$.JkeV) 2.2 7.6 

(1;;;s7keV) 2.0 7.1 

5661.6keV) 1.5 7.1 

Error (%) is a fully propagated error 
statistics. 

based upon lo count ing 
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standard deviation calculated for 54 separate analyses of a 2OOpg/l 
Spectrosol lead standard (Table 2.6). 206Pb/207Pb and 208Pb/206P b 
ratios determined for NIST SRM 1645 (river sediment) and IAEA 
SL-1 (lake sediment) certified standards in general agreed within 
0.1% of the certified values (Table 2.8) 

4. 21uPb concentrations measured in a marine sediment (IAEA 
SD-A-l) reference material agreed within their uncertainties of the 
95% confidence limit of the certified value (Table 2.15). 
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Chapter 3 

3.1 

Stable Lead Isotope Ratios in Environmental 
Materials from Scotland. 

Introduction 

Lead has been released and dispersed in the environment as 
a consequence of human activities throughout history (Chapter 1). 
Although the reduction of the maximum permitted lead content of 
U.K. petrol from 0.4g/l to O.l5g/l in 1986 has reduced the input of 
lead to the British environment, humans, particularly young 
children, may still be significantly exposed to the element 
(Needleman, 1990) as a result of its environmental retention (e.g. in 
soils and dusts). Pollutant lead from different sources such as 
industrial emissions and car exhaust fumes retains the original 
isotopic signature of the lead ore from which it was derived, 
although mixing of ores during industrial processes could potentially 
obscure this. Thus, analysis of radiogenic lead isotopes can, in 
principle, be used to distinguish different sources of lead in pollution 
and human exposure studies. It is, however, important to establish 
the range and variability of lead isotope ratios in environmental 
materials and pollutant sources, since these are, at present, poorly 
understood (Keinonen, 1992). In this chapter 206Pb/207P b , 
208P b/207Pb and 20*Pb/206Pb ratio data for a variety of 
environmental materials from Scotland are presented. 

3.2 Results 

The environmental materials studied in this chapter were 
petrol, atmospheric particulates, street dust, house dust, paint, 
drinking water, coal, lead ore related samples and human teeth. The 
origins and sampling locations of the environmental materials studied 
are listed in Appendix I. The methods for sample pretreatment and 
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analysis of lead concentrations determined by AAS and radiogenic 
lead isotope ratios ( 206Pb/207Pb, 20*Pb/207Pb and 208Pb/206P b) 
measured using ICP-MS in the different environmental materials are 
described in detail in Chapter 2. 

Lead concentrations and isotope ratios determined in the 
environmental materials are listed in Tables 3.1-3.10. Lead 
concentrations were determined for duplicate sub-samples of the 
materials with a relative standard deviation (on-l% ) of <&lo%. Lead 
isotope ratios were generally determined with a precision of s.2 % . 
The mean values and ranges of the ratios for the various materials 
are summarised in Tables 3.11 and 3.12. The mean lead isotope 
ratios for all of the environmental materials studied are within the 
range 1.082- 1.185 for 206Pb/207Pb, 2.342-2.466 for 208Pb/207Pb and 
2.080-2.170 for 208P b/206Pb (Table 3.11) (Figures 3-l-3.3). The 
range of 206P b/207Pb ratios is approximately +-9% of the mid-range 
value and &5.0% and ti.O% for 208Pb/207Pb and 208Pb/206Pb ratios, 
respectively. The precision of W.2% obtained for individual lead 
isotope ratio measurements is therefore sufficient to distinguish 
between the isotopic compositions of the environmental materials 
studied. The larger the difference in isotope ratio value between 
materials the more useful the ratio will be in discriminating 
between sources and the narrower the isotope ratio ranges of 
individual materials the more characteristic will be their isotopic 
compositions and therefore potentially more useful in source 
discrimination studies. 

In Figure 3.2, showing 208Pb/207Pb versus 206Pb/207Pb ratios, 
the age of the lead in the samples increases from the top-right to the 
bottom-left and, in Figure 3.3, from the bottom-right to the top-left 
in the graph of 208Pb/206Pb versus 206Pb/207Pb ratios. The influence 
of age and the decay rates of U and Th on the isotopic composition of 
lead in ores and minerals is described in Chapter 1. The lowest 
206P b/207Pb and 20*Pb/207Pb (and highest 208Pb/206Pb) ratios were 
found for petrol and atmospheric particulates, the highest 
206P b/207Pb and 208Pb/207Pb (and lowest 208Pb/206Pb) for coal, 
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Table 3.1 Lead concentrations and isotope ratios in petrol 
samples collected between February 1989 and December 1991 in 
Edinburgh. 

Date Brand Cont. on-1 on-1 on-1 

(ma/I) 206/207 208/207 208/206 206/207 208/207 208/206 

02.89 145 

12.89 138 

07.90 136 

12.90 Texaco 224* 

Shell 197* 

BP 161* 

Jet 185* 

35.91 Sava 

Mean 136 

12.91 Sava 138 

1.056 2.313 2.191 

1.066 2.324 2.189 

1.142 2.373 2.078 

1.083 2.358 2.178 

1.062 2.334 2.198 

1.069 2.336 2.184 

1.074 2.342 2.180 

1.092 2.339 2.142 

1.095 2.345 2.142 

1.095 2.344 2.141 

1.094 2.336 2.135 

1.089 2.359 2.169 

1.093 2.345 2.146 

1.088 2.354 2.163 

0.001 0.002 

0.007 0.012 

0.002 0.005 

0.001 0.005 

0.004 0.004 

0.002 0.003 

0.003 0.004 

0.002 0.005 

0.002 0.004 

0.002 0.003 

0.002 0.002 

0.004 0.005 

0.003 0.009 

0.002 0.004 

0.004 

0.013 

0.006 

0.006 

0.006 

0.004 

0.005 

0.005 

0.004 

0.004 

0.004 

0.004 

0.013 

0.004 

Texaco 137 1.084 2.349 2.168 0.002 0.004 0.002 
Jn-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
*High concentrations due to evaporation. 
The brands of the petrol samples collected on February 1989, 
November 1989 and July 1990 are unknown. 
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Table 3.2 Lead isotope ratios in atmospheric particulates 
collected in urban Edinburgh (Hope Park Terrace, EH8) during 1990 
and 1991 and a rural sample collected in north-central Scotland 
(East Croachy, Inverness-shire) in July 1991. 

Sampling 

Date 

06.02.90 

02.05.90 

04.05.90 

15.05.90 

23.05.90 

25.05.90 

29.05.90 

04.06.90 

18.06.90 

18.07.90 

01.08.90 

19.04.91 

27.07.91 

15.11.91 

Rural 

NC Scotland 

26.07.91 

on- 1 bn-1 on- 1 

206/207 208/207 208/206 206/207 208/207 208/206 

1.096 2.374 2.166 0.007 0.008 0.009 

1.069 2.342 2.191 0.004 0.008 0.008 

1.086 2.356 2.169 0.005 0.005 0.008 

1.119 2.375 2.122 0.001 0.005 0.003 

1.088 2.368 2.177 0.005 01004 0.012 

1.086 2.369 2.181 0.002 0.007 0.004 

1.087 2.372 2.181 0.002 0.003 0.003 

1.090 2.368 2.172 0.002 0.004 0.004 

1.097 2.381 2.170 0.002 0.001 0.003 

1.094 2.372 2.168 0.002 O.OQ6 0.003 

1.090 2.372 2.175 0.003 b.005 0.004 

1.092 2.370 2.169 0.003 0.011 0.005 

1.099 2.358 2.146 0.019 0.004 0.035 

1.101 2.364 2.147 0.006 0.006 0.012 

1.108 2.380 2.148 0.006 0.007 0.014 
East Croachy: OS Grid ref. NH 649 274 
on-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
Lead concentrations were not determined for the atmospheric 
particulate samples. 
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Table 3.3 Lead concentrations and isotope ratios in street 
dust samples collected in Edinburgh during May and July 1990. 

Sample Cont. 
(mg/kg) 206/207 208/207 208/206 20”Q;$7 20”S;$7 2,“,;$6 

Dl 569 1.098 2.364 2.158 0.002 0.003 0.003 
D2 198 1.108 2.386 2.158 0.002 0.007 0.004 
D3 373 1.115 2.386 2.144 0.001 0.007 0.004 
D4 174 1.103 2.387 2.172 0.003 0.004 0.006 
D5 838 1.099 2.357 2.152 0.003 0.005 0.004 
D6 799 1.080 2.353 2.186 0.003 0.003 0.005 
D7 211 1.111 2.395 2.163 0.002 0.003 0.003 
D8 423 1.099 2.320 2.122 0.002 0.003 0.007 
D9 718 1.127 2.381 2.123 0.001 ~0.004 0.003 
DlO 354 1.119 2.360 2.120 0.00 1 0.002 0.002 
Dll 349 1.105 2.365 2.141 0.002 0.003 0.004 
D12 574 1.102 2.364 2.144 0.003 0.005 0.005 
D13 420 1.088 2.362 2.168 0.00 1 0.002 0.002 
D14 770 1.102 2.379 2.158 0.002 0.004 0.004 
D15 285 1.103 2.385 2.162 0.002 0.004 0.002 
D16 372 1.085 2.327 2.143 0.001 0.003 0.004 
D17 519 1.079 2.352 2.176 0.002 0.004 0.007 
D18 1194 1.131 2.404 2.123 0.003 0.002 0.004 
D19 299 1.097 2.322 2.115 0.002 0.003 0.004 
D20 230 1.099 2.379 2.165 0.002 0.006 0.004 
D21 831 1.101 2.381 2.162 0.002 0.005 0.004 
D22 99 1.117 2.373 2.124 0.001 0.002 0.003 
D23 248 1.119 2.389 2.134 0.00 1 0.00 1 0.003 

Table 3.3 is continued on the next page. 
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Table 3.3 continued Lead concentrations and isotope ratios in 

street dust samples collected in Edinburgh during May and July 
1990. 

Sample Cont. 
(mg/kg) 206/207 208/207 2081206 2:&f, 2O”8;;:7 ,,“,;,:6 

D24 1130 1.126 2.398 2.131 0.001 0.002 0.002 
D25 
D26 
D27 
D28 
D29 
D30 
D31 
D32 
D33 
D34 
D35 
036 
D37 
D38 
D39 

D45 
D46 
D47 

255 1.091 2.352 2.156 0.00 1 0.004 0.003 
938 1.074 2.344 2.179 0.002 0.003 0.003 
288 1.101 2.367 2.147 0.002 0.002 0.003 
368 1.096 2.356 2.147 0.001 0.004 0.004 
470 1.103 2.382 2.157 0.001 0.002 0.001 
919 1.074 2.345 2.177 0.001 .0.003 0.003 
894 1.125 2.372 2.104 0.002 0.001 0.003 
322 1.123 2.383 2.118 0.002 0.00 1 0.003 
584 1.102 2.371 2.151 0.001 0.003 0.003 
689 1.109 2.392 2.156 0.002 0.005 0.007 

2021 1.143 2.428 2.124 0.002 0.006 0.006 
217 1.089 2.358 2.163 0.003 0.006 0.008 
376 1.125 2.404 2.133 0.003 0.007 0.010 
894 1.130 2.358 2.086 0.002 0.004 0.004 
584 1.103 2.383 2.160 0.002 0.004 0.002 
689 1.108 2.375 2.143 0.001 0.004 0.004 

2021 1.145 2.419 2.112 0.002 0.003 0.003 
376 1.123 2.395 2.129 0.002 0.004 0.003 
843 1.125 2.414 2.142 0.004 0.006 0.003 
617 1.104 2.382 2.154 0.003 0.004 0.006 
1121 1.123 2.396 2.134 0.002 0.004 0.002 
605 1.128 2.396 2.125 0.002 0.004 0.004 
883 1.106 2.388 2.159 0.002 0.004 0.004 

D48 843 1.125 2.387 2.119 0.002 0.003 0.004 -^ - --- 
bn-1 206/207 is the standard deviation on the mean 2”6Pb/z”7Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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Table 3.4 Frequencies of 206P b/207Pb, 208P b/207Pb and 
208P b/206Pb isotope ratios in 48 street dust samples collected in 
Edinburgh in May and July 1990. 

Range Frequency Range Frequency Range Frequency 

206/207 206/207 208/207 208/207 208/206 208/206 

1.07-1.079 3 2.32-2.329 3 2.08-2.089 1 

1.08-1.089 4 2.33-2.339 0 2.09-2.099 0 

1.09- 1.099 7 2.34-2.349 2 2.10-2.109 1 

1.10-1.109 15 2.35-2.359 7 2.11-2.119 4 

1.11-1.119 5 2.36-2.369 6 2.12-2.129 9 

1.12-1.129 10 2.37-2.379 6 2.13-2.139 4 

1.13-1.139 2 2.38-2.389 13 2.14-2.149 8 

1.14-1.149 2 2.39-2.399 6 2.15-2.159 10 

2.40-2.409 2 2.16-2.169 7 

2.41-2.419 2 2.17-2.139 4 

2.42-2.429 1 2.18-2.189 1 

Table 3.5 Lead concentrations and isotope ratios in house dust 
samples collected in Edinburgh during June-August 1990 and April- 
July 1991. 

Sample Cont. 
(mg/kg) 206/207 208/207 2081206 2,“Q;;‘,7 2,“,;;‘,7 ,,“,;;:6 

HDl 271 1.139 2.414 2.121 0.002 0.006 0.002 
HTI2 2228 1.148 2.424 2.112 0.002 0.013 0.010 
HD3 7088 1.148 2.420 2.109 0.001 0.006 0.006 

1476 1.166 2.447 2.106 0.002 0.006 .0.003 
HD5 425 1.150 2.427 2.116 0.002 0.002 0.003 
HD6 1426 1.163 2.448 2.104 0.002 0.005 0.004 
HD7 577 1.154 2.453 2.125 0.002 0.004 0.004 
HD8 352 1.144 2.449 2.141 0.001 0.004 0.003 
HD9 4671 1.171 2.467 2.107 0.002 0.004 0.003 
On-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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Pl 130000 1.163 2.469 2.123 0.002 0.005 0.00 1 

P2 6700 1.132 2.445 2.159 0.004 0.006 0.003 

P3 61000 1.125 2.442 2.171 0.002 0.004 0.003 

P4 100000 1.155 2.478 2.145 0.001 0.005 0.003 

P5 130000 1.128 2.415 2.150 0.001 0.002 0.002 

P6 8676 1.088 2.363 2.180 0.002 0.009 0.004 

P7 2634 1.093 2.380 2.187 0.001 0.002 0.002 

P8 3819 1.092 2.372 2.172 0.002 0.003 0.003 

P9 148 1.116 2.386 2.139 0.002 0.001 0.003 

PlO 2324 1.083 2.373 2.190 0.002 0.003 0.002 

Pll 382 1.102 2.375 2.155 0.002 0.003 0.003 

P12 1772 1.108 2.390 2.160 0.002 - 0.003 0.003 

P13 90250 1.183 2.592 2.191 0.001 0.003 0.003 

P14 27800 1.098 2.470 2.250 0.002 0.005 0.004 

1 

1 

1 

1 

1 

1 

1 

1 

t 

1 
! 

?15 313 1.092 2.372 2.173 0.005 0.008 0.008 -- _ 
Tn-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
iample solution analysed by ICP-MS. 

Table 3.6 Lead concentrations and isotope ratios in paint 
samples obtained from households and prisons in Scotland between 
November 1989 and December 1991. 

Code Cont. on-1 On-1 On-1 

(ma/kg) 206/207 208/207 208/206 206/207 2081207 208/206 
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Table 3.7 Lead concentrations and isotope ratios in drinking 
water samples collected in Edinburgh during April 1990 and April- 
July 1991 and for a lead water pipe from an Edinburgh tenement. 

Code Cont. on- 1 on- 1 on- 1 

o.M:/l) 206/207 208/207 208/206 206/207 208/207 208/206 

Wl 120 1.173 2.475 2.110 0.002 0.005 0.002 

w2 80 1.166 2.453 2.096 0.003 0.005 0.004 

w3 50 1.085 2.358 2.164 0.002 0.006 0.005 

w4 20 1.161 2.442 2.096 0.004 0.009 0.005 

w5 100 1.170 2.46 1 2.095 0.005 0.005 0.006 

W6 90 1.079 2.359 2.174 0.003 0.005 0.008 

w7 40 1.165 2.448 2.089 0.008 0.009 0.008 

W8 150 1.169 2.466 2.099 0.003 0.005 0.003 

w9 90 1.161 2.456 2.107 0.002 0.005 0.005 

WlO 210 1.166 2.453 2.094 0.002 0.002 0.004 

Wll 70 1.135 2.417 2.120 0.002 0.004 0.003 

w12 67 1.170 2.462 2.100 0.003 0.009 0.006 

w13 50 1.165 2.458 2.106 0.003 0.012 0.008 

w14 217 1.169 2.460 2.100 0.003 0.010 0.005 

w15 106 1.166 2.450 2.107 0.004 0.003 0.006 

W16 84 1.135 2.432 2.144 0.005 0.009 0.018 

w17 341 1.140 2.422 2.132 0.003 0.006 0.008 

W18 256 1.150 2.442 2.122 0.002 0.003 0.003 

w19 84 1.163 2.428 2.086 0.005 0.009 0.007 

w20 100 1.170 2.455 2.097 0.004 0.010 0.004 

w21 30 1.148 2.417 2.105 0.010 0.007 0.014 

Lead pipe 1.171 2.434 2.078 0.002 0.003 0.001 _^ _ -^- 
on-1 206/207 is the standard deviation on the mean zu6Pb/zu7Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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Table 3.8 Lead concentrations and isotope ratios in samples 
collected from the immediate area of the disused lead mines in 
Wanlockhead, Dumfriesshire, south-west Scotland. 

L 

Sample Cont. on-1 on-1 on- 1 

(mg/kg) 206/207 2081207 208/206 206/207 208/207 208/206 

Slagheap 13000 1.172 2.470 2.109 0.002 0.006 0.005 

Stream sediment 94 1.175 2.402 2.058 0.002 0.006 0.005 

Stream 
water 0.07 1.171 2.453 2.096 0.006 0.012 0.009 

Wanlockhead: OS grid ref. NS 873 129 
on-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 

Table 3.9 Lead concentrations and isotope ratios in coal 
samples collected in Scotland in February 1989, February 1990 and 
August 1991. 

Cont. on- 1 an- 1 an- 1 

Sample (ma/kg) 206/207 208/207 208/206 206/207 208/207 208/206 

Edinburgh 66 1.184 2.472 2.088 0.002 0.003 0.003 

Edinburgh 95 1.187 2.464 2.075 0.003 0.003 0.007 
East Croachy 351 1.185 2.462 2.078 0.002 0.. 004 0.003 

on-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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Table 3.10 Lead concentrations and isotope ratios in the teeth 
of adults (A) and children (C), living in Edinburgh. 

Tooth Cont. 206/207 208/207 208/206 on-1 on- 1 on-1 

(mtclka) 206/207 208/207 208/206 
Al 
enamel 

dentine 

4.3 1.133 

4.0 1.134 

1.5 1.117 

1.8 1.120 

5.6 1.108 

3.6 1.107 

7.8 1.139 

3.3 1.142 

4.0 1.121 

2.8 1.150 

4.6 1.120 

4.1 1.148 

1.4 1.122 

2.411 2.128 

2.413 2.128 

0.003 

0.004 

0.008 

0.003 

0.006 

0.007 

A2 
enamel 

dentine 

2.403 2.151 0.002 0.003 0.004 

2.433 2.173 0.005 * 0.007 0.009 

A3 
enamel 

dentine 

2.414 2.178 0.004 0.011 0.007 

2.37 1 2.141 0.007 0.007 0.013 

2.422 2.127 .0.002 0.005 0.008 

2.408 2.108 0.002 0.005 0.005 

2.403 2.144 0.00 1 0.005 0.006 

2.439 2.120 0.003 0.004 0.005 

2.403 2.145 0.004 0.007 0.005 

2.432 2.118 0.003 0.006 0.006 

2.429 2.164 0.002 0.002 0.003 

W, 2.1 1.112 2.407 2.165 0.004 0.002 0.007 
On-1 206/207 is the standard deviation on the mean 206Pb/207Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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Table 3.11 Mean 206Pb/207Pb, 208P b/207Pb and 208P b/206P b 
isotope ratios in environmental materials collected in Scotland 
between February 1989-December 199 1. 

Material No. of Mean on-1 Mean on-1 Mean an-1 

samples 206/207 206/207 208/207 208/207 208/206 208/206 

Petrol 10 1.082 0.024 2.342 0.018 2.169 0.035 

Urban air 
particulates 15 1.094 0.011 2.368 0.010 2.166 0.018 

Street dust 48 1.108 0.019 2.376 0.023 2.143 0.022 

Paint 1.117 0.030 2.422 0.062 2.170 0.030 

House dust 1.154 0.011 2.439 0.018 2.116 0.012 

Drinking 
water 1.153 0.026 2.439 

Coal 1.185 2.466 

Wanlockhead 
material 2.442 

Children’s 
teeth 

15 

9 

21 

3 

3 

7 

4 

1.173 

1.131 

0.002 

0.002 

0.015 2.417 

0.031 

0.005 

0.035 

0.015 

2.112 0.024 

2.080 0.007 

2.088 0.026 

2.138 0.023 

Adults’ teeth 1.125 0.014 2.405 0.029 2.147 0.022 -^ - --- 
On-1 206/207 is the standard deviation on the mean 2”6Pb/2”7Pb ratio 
for five consecutive determinations of the ratio for each individual 
sample solution analysed by ICP-MS. 
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Table 3.12 Ranges of 206P b/207Pb, 208P b/207Pb and 
208P b/206Pb isotope ratios in environmental materials collected in 
Scotland between February 1989 and December 1991. 

Material 

Petrol 

Urban air 
particulates 

Street dust 

Paint 

House dust 

Drinking 
water 

Wanlockhead 
material 

Coal 

Children’s 
:eeth 

Adults’ teeth 

Range Range Range 

206/207 208/207 208/206 

1.056-1.142 2.3 13-2.373 2.078-2.191 

1.069-1-l 19 2.342-2.381 2.122-2.191 

1.074-1.145 2.320-2.428 2.086-2.186 

1.083-1.183 2.363-2.592 2.123-2.250 

1.139-1.171 2.414-2.453 2.104-2.141 

1.079-1.173 2.358-2.475 2.086-2.174 

1.171-1.175 2.402-2.470 2.058-2.109 

1.184-1.187 2.462-2.472 2.075-2.088 

1.112-1.150 2.403-2.439 2.108-2.165 

1.108-1.139 2.371-2.433 2.127-2.178 
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Figure 3.1 Histograms summarising 206pb/207Pb ratio 

distribution in environmental materials from Scotland. 
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Figure 3.2 208Pb/207Pb versus 206Pb/207Pb ratios in 
environmental materials from Scotland. 
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Figure 3.3 208Pb/206Pb versus 206Pb/207Pb ratios in 
environmental materials from Scotland. 
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Wanlockhead ore-related material and tap water in contact with 
lead pipes as shown in Figures 3.1, 3.2 and 3.3. 

3.3 Discussion 

Results for leaded petrol samples (135-145mg/l) collected in 
Edinburgh are listed in Table 3.1. The 206Pb/207Pb ratios exhibited a 
temporal variation, the trend being shown in Figure 3.4. With the 
exception of the July 1990 result, during the period February 1989- 
December 1991, 206Pb/207Pb ratios in leaded petrol generally 
increased from 1.06 to 1.09, with a mean of 1.08m.024 (Table 
3.11). The increase of approximately 3% in 206Pb/207Pb ratios 
determined for the petrol samples was significant with respect to 
the analytical precision (a-2%). Figure 3.5 shows that the lead 
isotopic composition of the July 1990 sample was distinct from that 
of the other samples. 

The isotopic signature of leaded petrol is determined by the 
ore(s) used in the manufacture of the alkyllead additive. In 1988, 
Associated Octel, the dominant U.K. manufacturer, used a mixture of 
Australian (206P b/207Pb=1.04) and British Columbian 
(206Pb/207Pb=l. 16) ores in the ratio of 70:30, giving a probable 
206Pb/207Pb ratio in the alkyllead additive of 1.076 (Delves, 1988). 
With the exception of the July 1990 result of 1.142, the 206Pb/207P b 
ratio of each petrol sample analysed was within s-020 of this value, 
and in close agreement with the 1.065ti.003 recorded for samples 
(n=4) from Southampton and Edinburgh in 1988 (Delves, 1988). 
Some tetra-alkyllead is imported from the United States with a 
206Pb/207Pb ratio of 1.20 and is mixed with U.K. manufactured 
petrol additive (Hopper et aZ., 1991), periodically raising the 
206P b/207Pb ratio in petrol, and this could account for the anomalous 
value of 1.142 measured in July 1990. Petrol samples of different 
brands collected on the same day in December 1990 and December 
1991 exhibited only minor inter-brand variation in 206Pb/207P b 
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Figure 3.4 206P b/207Pb ratios in leaded petrol sampled in 
Edinburgh between February 1989 and December 1991. 
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Figure 3.5 (a) 208Pb/207Pb versus *06Pb/207Pb and (b) 
208P b/206Pb versus 206P b/207Pb ratios in leaded petrol sampled in 
Edinburgh between February 1989 and December 1991. 
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ratio, in almost all the cases being within the standard deviation of 
the individual isotope ratio results. 

206P b/207Pb ratios for urban atmospheric particulates 
collected in Edinburgh are plotted against time in Figure 3.6. There 
was a general increase in 206Pb/207Pb isotope ratio from 
approximately 1.07 to 1.10 during the period February 1990- 
November 1991, with the exception of the values determined on 
May 4 and May 15, 1990, of 1.069 and 1.119, respectively. The 
208Pb/207Pb and 206Pb/207Pb ratios determined in atmospheric 
particulate samples were in general higher (208Pb/206Pb ratios were 
lower) than those determined in petrol lead samples which suggests 
that sources other than petrol are influencing the isotopic signature 
of the urban atmospheric particulates sampled (Figure 3.7). However 
the mean 206Pb/207Pb ratio for atmospheric particulates of 
1.092+0.011 is close to the value of 1.082Xl.024 observed for petrol 
(Table 3.11; Figure 3.1), suggesting that lead from car exhausts is the 
predominant source of lead in urban air. If the 206Pb/207Pb ratios of 
other possible sources were similar to that of 1.185 found in coal 
(Table 3.1 l), a simple calculation based on isotopic data shows that 
petrol contributes about 90% of the lead in the urban air samples 
collected. 

Since the mean 206Pb/207Pb isotopic signature of atmospheric 
particulates is similar to that for petrol, the fluctuation in the 
206Pb/207Pb ratio of atmospheric particulates sampled in May 1990, 
could be attributed to the short-term fluctuations in the 206Pb/207P b 
ratio of the petrol alkyllead additive discussed previously, but in 
view of the fairly consistent values for the samples collected that 
month (Figure 3.6), perhaps reflects the influence of other sources. 
However, the elevated value is not an isolated case, as 
measurements of 206P b/207Pb ratios in rainwater at sites in 
northern Scotland (Bacon et al., 1992), with typical values of l.lO- 
1.11, showed elevated values around 1 .13 in November 1990. A 
single measurement of 1.108 for atmospheric particulates made in 
rural north-central Scotland (East Croachy, Inverness-shire) in July 
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Figure 3.6 206pb/207pb - ratios in atmospheric particulates 
collected in Edinburgh between February 1990 and November 1991. 
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Figure 3.7 (a) 208Pb/207Pb versus 206Pb/207Pb and (b) 
208P b/206Pb versus 206pb/207pb ratios in atmospheric particulates 

sampled in Edinburgh between February 1990 and November 1991. 
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1991. (Table 3.2), when considered in conjunction with Bacon et aZ.‘s 
data, could reflect some inputs from source(s) other than car 
exhausts, with relatively enriched 206Pb isotopic composition(s) or 
could be due to input of a European air mass of higher 206Pb/207P b 
ratio (Maring et al., 1987; Hopper et al., 1991). 

In Figure 3.8, 206Pb/207Pb ratios in urban street and house 
dusts from Edinburgh are plotted against their corresponding lead 
concentrations. The street dusts exhibited a concentration range of 
99-2020mg/kg (Table 3.3) and a 206Pb/207Pb isotope ratio range 
from l-074-1.145 with a mean value of 1.109+0.016, similar to the 
results for petrol and atmospheric particulates (Tables 3.11 and 
3.12). The histogram of the 206Pb/207Pb ratios in street dust (Figure 
3.9a; Table 3.4), 71% of street dust values cl .119, the uppermost 
atmospheric value (Figure 3.6), and 29% of values 21.12. In Figure 
3.9b 79% of the street dust samples have 208Pb/207Pb ratios 
between 2.350-2.399. Figure 3.10 shows the isotopic composition of 
the street dusts from which it is apparent that, in contrast to both 
petrol and atmospheric particulate samples, the street dusts show a 
more extensive range of isotope ratios, indicating significant 
contribution from more than one source, e.g. low-lead street dusts 
(99-248mg/kg) have an average 206Pb/207Pb value of 1.107~.010 
(n=5) and high-lead street dust samples (1121-2021mg/kg) have an 
average 206P b/207Pb ratio of 1.134+. 10 (n=5), indicating 
contamination from sources other than petrol. 

The 206Pb/207Pb ratios for house dust samples are clearly 
distinct from those of street dust (Figures 3.1 and 3.8) with a range 
of 1.139-1.171 and an average of 1.154Xl.010 (Tables 3.11 and 
3.12) implying that different sources of lead dominate these two 
materials. Only two street dust samples have isotopic compositions 
which overlap with those determined for house dust samples (Figure 
3.10). Figure 3.8 shows that, for lead concentrations of comparable 
magnitude, 206Pb/207Pb ratios are clearly elevated in house dusts 
relative to street dusts, with high lead samples (1426-7088mg/kg) 
having a mean value of 1.159S.011. As in the high lead street 
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Figure 3.8 206Pb/207Pb ratios versus lead concentrations in 
street ( l ) and house ( o ) dusts collected in Edinburgh between 
May 1990 and July 1991. 
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‘Figure 3.9 Histograms of (a) 206Pb/207Pb, (b) 208Pb/207P b 
and (c) 208P b/206Pb ratios in street dust (n=48) collected in 
Edinburgh during May and July 1990. 
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Figure 3.10 (a) 208Pb/207Pb versus 206Pb/207Pb and (b) 
208P b/206Pb versus 206Pb/207Pb ratios in street ( l ) and house dusts 
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dusts, the relatively high 206Pb/207Pb value of the high lead house 
dusts suggests a significant contribution from sources other than 
petrol lead. As the houses sampled were between 50 and 100 years 
old, the source could well be old leaded paint (Sturges and Harrison, 
1985; Laxen et al., 1988). 

The paint samples exhibit a considerable range of lead 
concentrations (148-130,00Omg/kg) and the widest range of isotope 
ratios of the materials studied (Tables 3.11 and 3.12; Figure 3.11). 
One of the lowest concentrations (313mg/kg) is a modern paint 
sample with a 206Pb/207Pb ratio value of 1.092 while the samples of 
high lead content (>3% lead), which are probably old, have 
206Pb/207Pb ratio values ~1.125 and are clustered’ to the right in 
Figure 3.2, in a similar position to the house dust samples. With one 
exception, the rest of the paint samples are in the range 1.08-1.12 
(Figure 3.1 l), with no obvious relationship between lead content and 
206P b/207Pb ratio. Just over 50% of the paint samples have a 
208Pb/207Pb ratio in the range 2.35-2.40 with corresponding 
206P b/207Pb ratios between 1.08 and 1.12 (Figure 3.12). 
Interestingly, in Figure 3.12a two paint samples, P13 and P14 (Table 
3.6), lie well off the line defined by the other materials. On the basis 
of these data, the influence of old, high lead content paint (>3%) on 
the isotopic composition of dust in older properties will be 
considerable, particularly during periods of internal or external 
renovation (Rundle and Duggan, 1986; Inskip and Hutton, 1987; 
Laxen et al., 1988) and could also potentially influence street dust 
ratio values in the vicinity. 

In 1987 an estimated 21% (Laxen et al., 1987) of the 
Edinburgh population received drinking water with lead 
concentrations above 5Ok g/l (the Maximum Admissible 
Concentration, EEC Directive on drinking water quality, 80/778). 
Such water lead concentrations reflect a combination of lead 
plumbing in many older homes and a soft water supply. Lead 
plumbing in the U.K. is largely a relic from the Victorian era, made 
from lead with an approximate 206Pb/207Pb ratio of 1.17 (Delves, 
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Figure 3.11 206P b/207Pb ratios in paint collected in Scotland 
versus percentage (%) lead concentrations (log10 scale). 
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- Figure -3.12 (a) 208Pb/207Pb versus 206Pb/207Pb and (b) 
208Pb/2°6Pb versus 206Pb/207Pb ratios in paint. 
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1988), which is similar to British lead ores (Moorbath, 1969; 
Hamilton and Clifton, 1979) mined in areas -such as Wanlockhead, 
one of Scotland’s most productive mining areas in the 19th century 
(Chapter 1), where material sampled from the immediate area of the 
mines had an average 206Pb/207Pb ratio of 1.173 (Tables 3.11 and 
3.12). A lead water pipe removed from an Edinburgh tenement also 
had a 206Pb/207Pb ratio of 1.171+0.002 (Table 3.7). Two-thirds of 
the drinking water samples collected in Edinburgh had 206Pb/207P b 
ratios in the range 1.16-1.18 (Table 3.7; Figure 3.13), as might be 
expected for water in contact with Victorian lead pipes. Figures 3.2 
and 3.3 suggest that the two outliers may have been contaminated 
with lead of more recent origins, such as atmospheric particulates, 
during sample collection which was performed by members of the 
public (Chapter 2). Exclusion of these two drinking water samples 
yields an average 206Pb/207Pb value of 1.160+.012 (208Pb/207P b 
value of 2.447q.017 and 208Pb/206Pb 2.106+0.015) (Figure 3.14). 
Figures 3.2 and 3.3 show that all the house dust samples are 
clustered within the isotopic composition range of the drinking 
water samples. 

The considerable difference observed between the ranges of 
the isotopic composition of leaded petrol and tap water in contact 
with lead pipes in the U.K. is advantageous for studies addressing 
the controversial question of the relative magnitude of contributions 
from these sources to human lead exposure (Figures 3.1-3.3). In 
surveys assessing the exposure of young children to petrol lead 
(Facchetti et aZ., 1982; Tera et al., 1986), exposure via dust ingestion, 
which has been heavily implicated in the intake of lead by young 
children (Royal Commission, 1983; Fergusson, 1986; Davies et al., 
1990), must not be ignored. The potential use of stable isotope 
ratios, determined by ICP-MS, as tracers of human lead exposure 
was investigated in a small study of adults’ and children’s teeth. 

An average 206Pb/207Pb value of 1.13 lm.015, with a range of 
1.112-1.150 (Tables 3.11 and 3.12), was measured in deciduous 
teeth of Edinburgh children with whole tooth lead levels in the 
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‘Figure 3.13 206Pb/_207Pb ratios versus lead concentrations in 
Edinburgh drinking water samples collected during April 1990 and 
April-July 1991. 
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Figure 3.14 (a) 208Pb/207Pb versus 206Pb/207Pb and (b) 
208Pb/206Pb versus 206pb/207pb ratios in drinking water samples. 
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range 1.4-4.6mg/kg, which is comparable with the range of mean 
values, 3.6-5.0mg/kg, found in a study of teeth in other areas in the 
U.K. (Delves et al. 1982), but is lower than the mean of 9.3mg/kg 
determined for 150 deciduous teeth in The Edinburgh Lead Study 
(Keating et al., 1987). The range of lead concentrations determined 
in enamel and dentine fractions of teeth of young adults living in 
Edinburgh was 1.5-5.6mg/kg (cf. 28mg/kg, Coles et al., 1980) with 
a mean 206Pb/207Pb ratio of 1.12Wl.014, range of 1.108-1.139 
(Table 3.10; Figure 3.15). The 206Pb/207Pb ratios determined in the 
enamel and dentine fractions for an individual adult do not differ 
si-gnificantly, i.e. within the standard error of each individual 
measurement, but there are differences between individuals 
(Table 3.10). However, Figure 3.15 shows that for two (A2, A3) out 
of the three adults’ teeth samples (Al-A3) the dentine and enamel 
fractions have significantly different isotopic compositions when the 
20*Pb isotope is considered. 

The lead levels in teeth vary between tooth type and tooth 
material and the variability of lead concentration with tooth type is 
influenced by the tooth age (Fergusson and Purchase, 1987). Lead is 
not distributed homogeneously in permanent or deciduous teeth 
(Purchase and Fergusson, 1986) and the highest lead levels have 
been found in surface enamel, attributed to direct surface 
absorption leading to incorporation of the lead into the enamel 
structure (Fergusson and Purchase, 1987; Cleymaet et al., 1991). A 
previous lead study by Cleymaet et al. (1991) on enamel and 
dentine fractions of deciduous teeth of Belgium school children 
suggests that enamel provides information on exposure arising from 
such direct contact and this could account for the differences 
observed in the isotopic composition between the enamel and 
dentine fractions of the individuals studied in this work. 

In Figure 3.16, 20*Pb/207Pb and 206Pb/207Pb data for adults’ 
and children’s teeth are plotted along with the isotope ratios 
determined for petrol and drinking water. The omission of isotopic 
data for the other materials studied has simplified the diagram, 
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Figure. 3.k (a) 20*Pb/207Pb versus 206Pb/207Pb and (b) 
208P b/207Pb versus 206Pb/207Pb ratios in children’s ( Y ) teeth and 
adults’ dentine ( l ) and enamel (o ) teeth fractions. 
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Figure 3.16 208Pb/207Pb versus 206Pb/207Pb ratios in 
children’s ( n ) and adults’ 
water ( 0 ) samples. 
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Figure 3.17 208P b/207Pb versus 206Pb/207Pb ratios in 
children’s ( w ,) and adults’ ( 0) teeth, leaded petrol ( l ), drinking water 
( o ), house dust ( l ) and street dust ( q ) samples. 
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showing that for both the adults’ and children’s teeth, there is a 
slight bias towards drinking water isotopic composition. The 
proportion of lead in the children’s teeth derived from petrol was 
estimated using the following simple two component model: - 

Rp(Pp) + Rw(l-Pp) = 1.131 

where RP = the 206Pb/207Pb ratio in petrol, 
Pp = the proportion of lead derived from petrol in the 
teeth and 
Rw = the mean 206P b/207Pb ratio in drinking water. 

206Pb/207Pb values of 1.09 and 1.12 were used as possible extremes 
of the signature of the petrol lead additive in the U.K. (Rp) (Hopper 
et al., 1991) and a value of 1.160 was used for drinking water (Rw). 
When these values were substituted into the model the estimated 
petrol lead content of the children’s teeth was 41-72%. The average 
206Pb/207Pb ratio in adults’ teeth (1.125ti.014) and children’s teeth 
(1.13 lti.015) are also similar to a dietary value in the U.K. of 1.12 
(Campbell and Delves, 1989). The addition of house and street dust 
data to Figure 3.16 (Figure 3.17) suggests that the relative 
contribution which petrol lead ultimately makes to the human body 
lead burden, directly or indirectly via dust ingestion and dietary 
intake, would not appear to be readily resolvable using stable lead 
isotopes as tracers in general population surveys, even if data on 
domestic environments and exposure histories were collected. Such 
data in conjunction with the isotopic tracer technique may be more 
valuable in individual cases of lead poisoning, where one specific 
cause is suspected (Yaffe et al., 1983; Campbell and Delves, 1989; 
Viczian et al., 1990). 
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3.4 Conclusions 

1. Leaded petrol, atmospheric particulates and street dust 
sampled in central Edinburgh between February 1989 and 
December 1991 had mean 206Pb/207Pb ratios of 1.082+0.012, 
1.092S.011 and 1.109ti.016 respectively. These isotope ratios were 
found to be depleted in 206Pb compared with a mean of 1 .160X). 0 12 
for tap water in contact with lead pipes and typical ratios of 1.17- 
1.19 for British lead ore deposits and coal. 

2. The linear nature of the plots of 208Pb/207Pb ratios against 
206Pb/207Pb (Figure 3.2) and 208Pb/206Pb ratios against 206Pb/207P b 
(Figure 3.3) of the environmental materials studied indicates that 
lead in these samples is comprised, in varying proportions, of 
indigenous U.K. lead ores, used in the manufacture of lead pipes and 
some paint samples ( 206Pb/207Pb-1.17-1.19), and imported lead ores 
used primarily in the manufacture of petrol lead additive 
(206Pb/207Pb -1.09) (Hopper et al., 1991). 

3. Using the isotopic data determined for leaded petrol and 
atmospheric particulates it was calculated that petrol contributed 
90% of the lead to urban air samples studied. 

4. Paint samples exhibited a considerable range of lead 
concentrations (148-130,00Omg/kg), with a wide range of isotopic 
composition (206P b/207Pb ratio range of 1.083-l .183 and 
20*Pb/207Pb ratio range of 2.363-2.592) overlapping with those for 
petrol and tap water. Paint also appears to have significantly 
influenced the lead isotopic composition of house dust and some 
street dust. 

5. The observed overlaps of lead isotopic composition of paint, 
house dust, street dusts, leaded petrol and tap water may well 
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hinder the quantitative apportionment of the routes of exposure to 
petrol lead in general population studies, especially for children. 

6. The environmental lead isotopic data in tandem with possible 
exposure histories, should be valuable in the investigation of 
individual cases of lead poisoning where one specific cause is usually 
being sought. 
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Chapter 4 

Atmospheric Deposition Records of Lead in 
Ombrotrophic Peat Cores from Scotland. 

4.1 Introduction 

Ombrotrophic peat bogs are entirely dependent on rain-water 
for their nutrient supply (Schell et al., 1989) and atmospheric 
pollutants, such as lead, reach these deposits via wet and dry 
deposition. They are incorporated into the peat through cation 
exchange and chelation processes (Coleman, 1985): Ombrotrophic 
peat bogs serve as repositories for atmospheric pollutants and 
numerous attempts have been made to use cores from such deposits 
as monitors of temporal trends and inventories of trace-metal 
deposition (Livett et al., 1979; Cole et al., 1986, 1990; Clymo et al., 
1990). A potential advantage of ombrotrophic peats relative to 
aquatic sediments for providing pollution records is their low 
mineral content, giving near zero intrinsic concentrations of metals, 
so the pollutant signature is high relative to ‘background’. The 
distribution of trace-metals within a peat profile can be affected by 
the position of the water table and relocation processes, such as 
downwash and biological movement, within plants growing on the 
deposit (Damman, 1978; Clymo, 1983). Thus, for a peat core to 
contain a true record of atmospheric deposition of a pollutant, the 
peat needs to have been undisturbed, the pollutant of interest must 
have been immobilised after initial incorporation, the vertical 
integrity must be maintained during sampling and an accurate 
chronology must be established. 

Previous studies have attempted to evaluate element mobility 
in peat bogs (Damman, 1978; Schell et al., 1990). This could be 
important in relation to radiometric dating techniques such as the 
use of 210Pb, which has been assumed to be immobile in peat (Cole 
et al., 1990; Clymo et al., 1990). The validity of this assumption has 

115 



been challenged and mobilisation of lead and 210Pb in rain-water 
saturated peats (Urban et al., 1990) and their accumulation in the 
zone of water table fluctuations have both been observed (Damman, 
1978). In this chapter, 210Pb concentrations were measured in peat 
cores with the primary aim of attempting to establish chronologies 
as an aid to the interpretation of lead and stable lead isotope ratio 
profiles. 

4.2 21oPb, 134Cs and 137Cs profiles in ombrotrophic 
peat cores from Scotland. 

Peat core collection details are summarised in ‘Table 4.1 and 
the sampling locations of the sites are shown in Figure 4.1. The 
sampling methods, sample preparation and gamma spec trome try 
techniques are described in Chapter 2. 

4.2.1 210Pb concentration profiles 

210Pb concentrations in the four peat cores are shown in 
Tables 4.2-4.5 and plots of In 21oPb versus cumulative weight (FM2, 
NU and ED2) or depth (FM2, NU, ED1 and ED2) are shown in Figures 
4.23.3. 2loPb was not detectable below 8cm in FM2 and ED2 and 
12cm in NU a 
plotted against 
any distortion 
1990). Assum 
accumulation 

td EDl. For peat, concentration profiles are frequently 
cumulative weight, rather than linear depth, to avoid 
by compaction and decomposition (Clymo et al., 

ng a half-life of 22.26 years for 210Pb, peat 
rates (g/mz/y or cm/y) were calculated from the 

gradients of best fitting straight lines using the constant initial 
concentration model (c.i.c.) (Robbins, 1978) and are shown in Table 
4.6. There is good linear (Miller and Miller, 1988) correlation for all 
the profiles of In 2*0Pb concentrations against cumulative weight 
(Figure 4.2) and linear depth (Figure 4.3). There is reasonable intra- 
site agreement for accumulation rates determined for ED1 of 
0.059+0.014cm/y and ED2 of O.O97%.017cm/y (Table 4.6). 
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Table 4.1 Peat core {sampling details. 

Core code Location Collection Archive Length Area Dated 
date material (cm) (cm2) 

FM1 Flanders Moss 29.07.90 22 - - 
(Stirlingshire) 

FM2 11 15.12.90 16 320 210Pb 
NU North Uist 02.01.88 Archive 20 661 210P b 

(Outer Hebrides) 

ED1 Easter Deans 
(Midlothian) 

1, 

02.01.88 

13.01.91 

Archive 18 - 21oP b 

14 441 21oP b 

Archive material was collected by I. MacDonald (NU) and J. G. 
Farmer (ED 1). 

Table 4.2 Total section weights and unsupported 21oP b 
concentrations in Flanders Moss peat, core FM2. 

Section Total section Cumulative 210Pb 
(cm) wt. (g) mid SeCtiOn (Bq/kg) 

On-196 ln210Pb 

wt. (g) 

o-2 73 36.5 847 3.8 6.74 
2-4 85 115.5 365 3.0 5.90 
4-6 92 204 169 2.1 5.13 
6-8 75 287.5 62.1 14.3 4.13 
8-10 88 369 

10-l 1 66 446 
11-14 129 543.5 
14-16 74 645 

on- 1% is a fully propagated relative error based upon lo counting 
statistics. . 
210Pb was not detected below 8cm. 
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Figure 4.1 Loctions of peat core sampling sites in Scotland. 
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Table 4.3 Total section weights and unsupported 21oP b 
concentrations in North Uist peat, core NU. 

Section Total section Cumulative 2toP b On-l% ln210P b 
(cm> wt. (g) mid section (Bq/kg) 

wt. (g) 
o-2 114 57 772 9.3 6.65 
2-4 208 218 642 9.3 6.46 
4-6 280 462 209 9.7 5.34 
6-8 224 714 144 9.7 4.97 
8-10 186 919 43.3 9.2 3.77 

10-12 167 1095.5 21.7 10.6 3.08 
12-14 275 1316.5 
14-16 161 1534.5 
16-18 107 1668.5 

on- 1% is a fully propagated relative error based upon lo counting 
statistics. 
210Pb was not detected below 12cm. 

Table 4.4 Unsupported 2 loPb 
Deans peat, core EDl. 

Section 210Pb On-l% ln210P b 
(cm) (Bq/kg) 
o-2 165 9.0 5.11 
2-4 64.8 9.0 4.17 
4-6 20.0 8.6 3.00 
6-8 
8-10 

10-12 13.0 12.3 2.56 
- not determined 
on-l% is a fully propagated relative error based upon lo counting 
statistics. 
210Pb was not detected below 12cm. 

concentrations in Easter 
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Table 4.5 Total section weights and unsupported 21oP b 
concentrations in Easter Deans peat, core ED2. 

Section Total section Cumulative 210Pb On-l% ln210P b 
(cm> wt. 63) mid section (Bq/kg) 

wt. (g) 
o-2 87 43.5 404 14.0 6.00 
2-4 88 131 278 13.9 5.63 
4-6 146 248 250 14.2 5.52 
6-8 144 393 50.2 29.4 3.92 
8-10 103 516.5 

10-12 76 606 

On-.1 % is a fully propagated relative error based upon lo counting 
statistics. 
210Pb was not detected below 8cm. 

Table 4.6 Summary of peat accumulation rates in peat 
cores FM2 (Flanders Moss), NU (North Uist), ED1 and ED2 (Easter 
Deans). 

Location 
Core 

Flanders Moss 
FM2 

Accumulation 
rate 

(alm2/y) 

94.7 

on-1 

7.2 

Accumulation 
rate 

(cm/y) 

0.072 

on-1 

0.005 

North Uist 
NU 134 11.2 0.082 0.008 

Easter Deans 
ED1 0.059 0.014 

115 22.3 0.097 0.017 
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Figure 4.2 Linear regression of In unsupported 21oP b 
against cumulative. weight in peat cores (a) FM2, (b) NU and (c) 
ED2. 

57004e-3x R = 0.923 

"1 
y = 6.4240 

y = 7.0561 -3.4816x10-3 R = 0.986 
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Figure 4.3 Linear regression of In unsupported 210P b 
against depth in peat cores (a) FM2, (b) NU, (c) ED1 and (d) ED2. 
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The overall range of accumulation rates of 94.7-134g/m*/ y 
compares favourably with the range of 70-l 80g/m*/y determined 
by Cole et al. (1990), for a peat bog in Northern Indiana, U.S.A. Post- 
1750 chronologies were determined for the three sampling sites by 
dividing the cumulative weight of a section (g/m*) by the 
accumulation rate (g/m*/y) (cf. Tables 4.14-4.16). If steady state 
conditions are assumed, the 21uPb inventories for each of the sites 
implied *luPb fluxes in the range 7 1.3-150Bq/m*/y (Table 4.7).The 
highest flux of *luPb, 150*17.4Bq/m*/y measured for the North Uist 
core (Table 4.6), is similar to the 148Bq/m*/y determined by 
Appleby et al. (1990) for Loch Sionascraig, north-west Scotland. 
Values of the mean 210Pb flux are governed by local or regional 
meteorological factors and the geographical variation in fluxes 
measured in the study clearly mirrors the west to east decrease in 
annual rainfall (Table 4.8). Rainfall for North Uist was based on the 
data from the nearest station on neighbouring South Uist. The range 
in *luPb fluxes of 71.3-150Bq/m*/y for the three sites is 
comparable to the mean global *luPb flux onto the land surface of 
166,5Bq/m*/y (Krishnaswamay and Lal, 1978), with a range from 
55.5Bq/m*/y in Australia to 355.2Bq /m*/y in Japan (Appleby and 
Oldfield, 1983) and also to *luPb fluxes determined for sediment 
cores from the Round Loch of Glenhead, Galloway (122Bq/m*/y) and 
Loch Chon, in the Trossachs (122Bq/m*/y), Scotland (Appleby et al., 

1990). 
The linear nature of the *10Pb profiles (Figures 4.2 and 4.3) 

and the, good agreement of the calculated *luPb fluxes for the three 
sites with literature values, suggests that the *luPb dating technique 
has been successfully applied to the (unsaturated ombrotrophic) 
peat deposits studied. 
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Table 4.7 Summary of *10Pb fluxes to peat cores FM2 
- (Flanders Moss), NU (North Uist) and ED2 (Easter Deans). 

Location 
Core 

Flanders Moss 
FM2 

North Uist 
NU 

Easter Deans 

*lOPb Flux 
(Bq/m*/y) 

108 

150 

71.3 

an- 1 

9.8 

17.4 

14.9 
on-1 is a fully propagated error based upon lo counting statistics. 

Table 4.8 Annual rainfall (mm) (Met. Office, 1988) and 
rainfall during the passage of the Chernobyl plume during 2-4 
May 1986 (Clark and Smith, 1988) in the locations of the peat 
deposits sampled. 

Area Annual Rainfall Rainfall during passage of 
(mm) the Chernobyl plume 

2-4 May 1986 (mm) 

Flanders Moss (FM) 1320 l-5 

South Uist (NU) 1449 l-5 

1 Penicuik (ED) 1013 o-1 I 
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4.2.2 134Cs and 137Cs concentration profiles 

The calculated specific activities of 134Cs (half-life=2.05y) and 
137Cs (half-life=30.23y) were decay corrected to the date of 
sampling (Tables 4.9-4.12). 

137Cs concentration profiles are shown in Figure 4.4. The 137Cs 
concentration decreases systematically from the surface in all cases. 
The depth of penetration of 137Cs is -14cm in FM2 and ED2, and 
-18cm in NU and EDl. The 134Cs/137C s activity ratio is constant to a 
depth of llcm in FM2 and decreases from the surface in NU. Little 
can be said about the 134Cs/137C s activity ratio trends in the Easter 
Deans peat cores, except that 134Cs is restricted to the near surface 
(Tables 4.1 l-4.12). Total inventories of radiocaesium determined at 
the three sampling sites were found to vary in the order 
NU>FM2>ED2 (Table 4.13). 

Radiocaesium has recently been deposited all over Europe 
from the Chernobyl reactor accident in April 1986 and from nuclear 
weapons testing in the 1950s and 196Os, which dispersed 137Cs to 
the environment on a global scale. The 134Cs/137Cs activity ratio of 
Chernobyl fallout over Scotland was between OS-O.6 (Clark and 
Smith, 1988) but, as discussed in Chapter ‘1, 134Cs was not present in 
weapons testing fallout. Therefore, in the peat sections where 134C s 
was not detected the 137Cs is due entirely to weapons testing. 
Estimation of the separate contributions of weapons testing and 
Chernobyl 137Cs fallout to the peat cores was achieved by calculating 
the decay corrected Chernobyl 134Cs/137Cs activity ratio at the time 
of peat collection, assuming 0.55 initially at the time of deposition 
(Clark and .Smith, 1988), and dividing the 134Cs concentration 
(Bq/kg) of a given section by the decay corrected activity ratio to 
obtain the estimated Chernobyl 137Cs contribution. The estimated 
weapons testing fallout contribution (Bq/kg) was determined by 
subtracting the estimated Chernobyl contribution from the total 
section 137Cs concentration. Estimated weapons testing fallout 
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Figure 4.4 *37Cs concentrations versus depth in peat cores 
(a) FM2, (b) NU, (c) ED1 and (d) ED2. 
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Table 4.13 Total inventories of 13qCs and 137Cs at time of 
collection in peat cores FM2 (15.12.90), NU (02.01.88) and ED2 
(13.01.91). 

Flanders Moss FM 
15.12.90 

Total 134Cs 
Inventory 
(Bq/m2) 

298 

an-*% 

8.8 

Total 137C s 
Inventory 
(Bq/m2) 

2653 

On- 1% 

4.2 

North Uist NU 1119 6.1 4186 4.8 
02.01.88 

Easter Deans ED2 233 35 1288 5.2 

on-l% is a fully propagated relative error based upon lo counting 
statistics. 

Table 4.14 Estimated concentrations of Chernobyl 137C s 
and weapons testing fallout in Flanders Moss peat, core FM2, at 
the time of sampling (29.07.90). 

Section 210Pb Date Estimated Estimated weapons 
(cm> Chernobyl 1 37C s fallout 137C s 

o-2 1990- 1966 
(Bq/kg) 
569 

(Bq/kg) Y 
53.0 

2-4 1966-1938 145 38.0 
4-6 1938-1908 94.6 18.3 
6-8 1908-1884 44.6 7.1 
8-10 1884-1855 36.9 2.1 

10-l 1 1855-1833 27.2 
11-14 1833-1790 13.8 16.4 
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and Chernobyl activities in the peat cores FM2, NU and ED2 are listed 
in Tables 4.14-4.16, alongside 210Pb-dates. 

Figure 4.5b shows that estimated Chernobyl 137Cs in NU 
decrease systematically from the surface and penetrates to a depth 
of -18cm, corresponding to -1800 revealing a high degree of 
mobility of 137Cs in this peat. FM2 (Figure 4.5a) also shows clear 
evidence of mobility of radiocaesium, again with a systematic 
decrease in estimated Chernobyl 137Cs from the surface penetrating 
to a depth of 14cm, corresponding to -1790 (Table 4.14). There is 
evidence of only limited mobility of radiocaesium in ED2, with 
Chernobyl fallout contained in the top 2cm. 

There is a sub-surface maximum in the estimated weapons 
testing fallout (Figure 4Sb) in NU, at a depth corresponding to 1895- 
1921 and is therefore not chronologically valid. In FM2, the weapons 
testing fallout of 137Cs decreases from the surface, with the 
exception of section 1 l-14cm, to a depth of 14cm (Figure 4.5a). The 
ED2 weapons testing fallout profile shows a sub-surface maximum 
(2-4cm), equivalent to deposition occuring between 1957 and 1974. 

The estimated total inventories of Chernobyl and weapons 
testing 137Cs fallout are summarised in Table 4.17. In the case of 
recent deposition of Chernobyl 137Cs, all three locations are 
compatible with expected values of l-*q/m2 for Flanders Moss 
(FM2, 3.4Bq/m2), 0.1-l kBq/m2 for Easter Deans (ED2, 0.2Bq/m2) and 
North Uist (NU, 3.6Bq/m2), although the deposition recorded in core 
NU is in closer agreement with the estimated deposition of l- 
5Bq/m2 for South Uist (Clark and Smith, 1988). For weapons testing 
fallout, the estimated fallout calculated for ED2 (1120Bq/m2) agrees 
very well with the estimated total deposition for the area of 
1.4kBq/m2 calculated by Peirson and co-workers (1982), but in FM2 
(362Bq/m2) and NU (582Bq/m2) the total inventories are lower than 
a previously calculated value of 6-&Bq/m2 for Flanders Moss 
(Peirson et aZ., 1982), indicating loss of 137Cs from the deposits. The 
retention of Chernobyl 137Cs in the top 6cm of ED1 and top 2cm of 
ED2 suggests that 137Cs was more strongly bound in these cores. An 
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Table 4.15 Estimated concentrations of Chernobyl 137C s 
and weapons testing fallout in North Uist peat, core NU, at the 
time of sampling (02.10.88). 

Section 
(cm) 

o-2 
2-4 
4-6 
6-8 
8-10 

10-12 
.12-14 
14-16 
16-18 

210Pb Date 

1988-1975 
1975- 1952 
1952-1921 
1921-1895 
1895-1874 
1874-1856 
1856-1825 
1825-1807 
1807-1795 

Estimated 
Chernobyl 137C s 

(Bq/kg) 
720 
426 
100 
54.2 
34.2 
23.6 
13.2 
11.0 
15.8 

Estimated weapons 
fallout 137C s 

(Bq/ka) 

38.0 
72.8 

3.8 
32.6 

8.9 
‘15.0 

5.3 

Table 4.16 Estimated concentrations of Chernobyl 137C s 
and weapons testing fallout in Easter Deans peat, core ED2, at the 
time of sampling (13.01.91). 

Section 
(cm) 

o-2 
2-4 
4-6 
6-8 
8-10 

10-12 
12-14 

210Pb Date 

1991-1974 
1974- 1957 
1957- 1928 
1928-1898 
1898-1879 
1879-1864 
1864-1834 

Estimated 
Chernobyl 

137Cs (Bq/kp) 
85.8 

Estimated weapons 
fallout 1 3 7C s 

(Bqk) 
99.2 

120 
96.5 
55.1 
35.2 
26.6 
16.9 
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Table 4.17 Estimated total inventories (TI) of 137Cs for 
weapons testing and Chernobyl fallout at time of collection and 
deposition in peat cores FM, e and ED2. 

Location Estimated TI at Estimated TI at 
Time of Time of 

Collection Deposition 
137Cs (Bq/m2) 137Cs (Bq/m2) 

Flanders Moss, FM2 
15.12.90 

Weapons Testing Fallout 
Chernobyl 

North Uist, NU 
02.01.88 

362 673 
3062 3404 

Weapons Testing Fallout 
Chernobyl 

Easter Deans, ED2 
13.01.91 

582. 103 1 
3453 3587 

Weapons Testing Fallout 1120 2127 
Chernobyl 169 188 
Estimated total inventory of weapons testing fallout was decay 
corrected to 1963, the peak period of fallout the 1950s and 1960s 
(P eirson, 1971). 
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estimate of the mineral content of the peat samples was obtained by 
determining the proportion of peat material remaining after heating 
the samples at 6OOOC, for 8 hours, in a muffle furnace. The Easter 
Deans peat was found to have a higher mineral content of -9% in the 
top section of EDl, compared with the Flanders Moss and North Uist 
peat cores (mean mineral content -3%) (Tables 4.9-4.12). 

The observed mobility of radiocaesium in NU and FM2 is 
consistent with previous observations of the behaviour of 137Cs in 
peat (Oldfield et al., 1979; Schell et al., 1989). In ED2, where there is 
evidence that the radiocaesium has only limited mobility, the 137C s 
chr.onology appears to be more in agreement with the 21oP b 
chronology. The structure of the 210Pb profiles and the compatibility 
of calculated 210Pb inventories with expected values indicate that it 
is strongly bound and immobile in the peat deposits studied, in 
marked contrast to the behaviour of radiocaesium at the Flanders 
Moss and North Uist sites. 

4.3 Lead concentration and stable isotope ratio 
profiles in peat cores. 

The sample treatment and analytical techniques used for lead 
concentration and stable isotope ratio measurements, using FAAS 
and ICP-MS respectively, are described in Chapter 2. Lead 
concentrations and isotope ratios (206P b/207Pb, 208P b/207Pb and 
208Pb/206Pb) for each core are listed in Tables 4.18-4.22. 

FMl, NU and ED2 all show similar lead concentration profiles 
with a sub-surface maximum below which there is a systematic 
decrease in concentration with increasing depth (Figure 4.6). FM2 
also shows a sub-surface peak in lead concentration at a similar 
depth to FMl, but the concentration increases in the surface layer. 
ED1 shows a continuous decrease in lead concentration from the 
surface layer. The peak lead concentrations follow the sequence: 
Flanders Moss (300-400mg/kg) > Easter Deans (-lOOmg/kg) > North 
Uist (-40mg/kg). Pre-industrial lead concentrations are considerably 
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Figure 4.6 Lead concentration (4) and 206Pb/207Pb ratio 
(*-) profiles in peat cores (a) FMl, (b) FM2, (c) NU, (d) ED1 and 
(e) ED2. 
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lower in the North Uist peat, -4mg/kg compared with -19mg/kg in 
Flanders Moss. The deepest section (12-14cm) in ED2 was 
accumulated during 1834-1864, according to the 2*uPb chronology, 
so background, pre-industrial, lead concentrations and fluxes cannot 
be determined from this core. However, the total lead concentration 
of 44mg/kg in section 12-14cm (1834-1864) of ED2 core is 
comparable with the 57mg/kg (10-l lcm) accumulated during a 
similar period of time (1833-1855) in FM2. 

Total lead fluxes (mg/mz/y), calculated by multiplying the 
peat accumulation rate for each core (Table 4.6) by the individual 
section concentrations of lead, are listed in Tables 4.23-4.25 and 
plotted in Figure 4.7 against 2luPb-dates, calculated as described in 
Section 4.2. Between approximately 1850 and 1910, the lead fluxes 
at the Flanders Moss site increased from 5.4 to 1 lmg/mz/y, while at 
the North Uist and Easter Deans sites the increase was more gradual. 
A maximum lead flux of 37mg/mz/y occurred during 1966- 1990 at 
the Flanders Moss site and was significantly greater than the 
maximum lead flux recorded in the Easter Deans core of 
10.5mg/m2/y (1957-1974) and 4.9mg/mz/y (1921-1952) in the 
North Uist core. 

The greater magnitude of the lead fluxes to the Flanders Moss 
peat, particularly during the 20th century, can be attributed to its 
closer proximity to domestic, industrial and transportational sources 
of pollution in the heavily populated central belt of Scotland (Tables 
4.23-4.25). This is accentuated by the finding that the calculated 
210Pb flux at Flanders Moss is approximately 40% lower than the 
150+44.7Bq/m2/y at North Uist (Table 4.7), a consequence of the 
greater and more frequent rainfall at the latter site, indicating that 
the higher lead fluxes at Flanders Moss are not a result of a higher 
frequency of wet atmospheric deposition at the site. Even without 
density data, it is apparent that core FM1 (Table 4.18) would give a 
lead flux trend in recent years similar to those for cores ED2 and NU, 
which have recorded a post-1970 decline. Thus, there appears to be 
lateral variation at the Flanders Moss site and Easter Deans sites, 
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Table 4.23 Lead. fluxes in Flanders Moss peat, core FM2. 

Depth 210Pb Date Pb flux 
(cm) (mfdm2/y) 

On-1 

o-2 1990-1966 37 4.7 
2-4 1966-1938 
4-6 1938-1908 3237 ;-z 
6-8 1908-1884 11 0:6 
8-10 1884-1855 7.4 0.2 

10-11 1855-1833 5.4 0.2 
11-14 1833-1790 2.0 0.1 
14-16 1790-1765 1.6 0.1 

on-1 is a fully propagated error based upon the standard 
deviation on the mean lead concentration of a section. 

Table 4.24 Lead fluxes in North Uist peat, core NU. 

Depth 
(cm> 
o-2 

21oPb Date 

1988-1975 

Pb flux 
(mn/m2/y) 

3.48 

On-1 

0.31 
2-4 1975-1952 4.56 0.53 
4-6 1952-1921 4.96 0.52 
6-8 1921-1895 2.81 0.29 
8-10 1895-1874 2.14 0.32 

10-12 1874-1856 1.88 0.19 
12-14 1856-1825 1.61 0.26 
14-16 1825-1807 0.71 0.04 
16-18 1807-1795 0.48 0.07 

on-1 is a fully propagated error based upon the standard 
deviation on the mean lead concentration of a section. 

Table 4.25 Lead fluxes in Easter Deans peat, core ED2. 

Depth 
(cm) 
o-2 

210Pb Date 

1991-1974 

Pb flux 
(malm2/y) 

5.7 

on-l 

0.8 
2-4 1974-1957 10.5 1.1 
4-6 1957-1928 7.2 0.7 
6-8 1928-1898 6.1 0.8 
8-10 1898-1879 5.8 0.9 

10-12 1879- 1864 5.0 0.5 
12-14 1864-1834 5.0 0.7 

on-1 is a fully propagated error based upon the standard 
deviation on the mean lead concentration of a section. 
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Figure 4.7 Post-1770 trends in lead fluxes in peat cores 
(a) FM2, (b) NU and (c) ED2. 
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which could have been subject to local pollutant input and, as such, 
there is no reason to assume that the deposition was regular. The 
decrease in the lead flux recorded in the NU core during 19751988 
reflects the downward trend in air concentrations observed by 
Cawse (1987) at rural sites in the U.K. between 1972-1981 and a 
7.5-fold decrease in the global atmospheric deposition of lead 
recorded in Greenland snow from 1967-1989 (Gorlach et al., 1991). 
The observed 24% decrease in lead flux at the North Uist site (4.6 to 
3.5mg/mz/y) during 19751988 is comparable with the reduction of 
20% in lead emissions from petrol-engined vehicles during 1972- 
1981 (DOE, 1983). 

In Figure 4.6, 206Pb/207Pb ratios (Tables 4.1814.22) generally 
decrease towards the surface from mean values of 1.171 for NU (lo- 
20cm), 1.165 for FM1 (6-22cm) 1.171 for FM2 (8-16cm), 1.175 for 
ED1 (4-18cm) and 1.178 for ED2 (8-14cm) to O-2cm values of 1.139 
for FMl, 1.143 for NU, 1.148 for ED2, 1.150 for FM2 and 1.158 for 
EDl. A feature common to the three sites is that the observed 
reduction in the 206Pb/207Pb value occurs closer to the peat surface 
than does the onset of substantial increase in lead concentration and 
indicates that the deeper sections of the cores were affected by a 
pollution source of lead with a 206Pb/207Pb ratio of -1.17, whereas 
near surface layers have been affected by a source with a lower 
206P b/207Pb value. 208Pb/207Pb profiles (Figures 4.8-4.12) generally 
show a similar trend to the 206Pb/207Pb ratios and decrease up the 
cores from a value of -2.45 to -2.43 in the top sections. Only NU 
shows a relatively smooth decline in 208Pb/207Pb from depth (Figure 
4.10b), however the other cores displaying severe fluctuations, 
during a general upwards decline in value. 208Pb/206Pb ratios 
(Figure 4.8-4.12) in general increase towards the surface from a 
value of -2.09 to -2.12. Only the NU and FM1 208Pb/206Pb profiles 
show a decline in value over the top 4cm. 

Plots of 208Pb/207Pb and 208Pb/206Pb versus 206Pb/207P b 
ratios in all the peat core sections (Figure 4.13) show that the 
isotopic composition of the majority of samples, 206Pb/207Pb range of 

146 



0 
N 

147 



0 

Q 

In 0 
F 

(W 4tiaa 

148 



149 



ii 
tc 
0 

150 



-.- 

151 



Figure 4.13 (a) 208Pb/207Pb versus 206Pb/207Pb ratios and (b) 
208P b/206Pb versus 206Pb/207Pb ratios ‘in peat samples 
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1.16-1.18, 208Pb/207Pb- range of 2.40-2.46 and 208Pb/206Pb range of 
2.06-2.12, is similar to those determined for ore related materials 
from Wanlockhead and coal samples (Chapter 3, Table 3.12). The 
isotopic composition of lead in the top sections of all the peat cores, 
except EDl, are similar, and the position of a group of six samples to 
the bottom-left of the 208Pb/207Pb versus 206Pb/207Pb plot, and top- 
left of 208Pb/206Pb versus 206P b/207Pb (Figure 4.13), indicates the 
presence of lead older in origin than the indigenous lead ore 
deposits in Scotland (Chapter 1). 

The temporal trends in 206Pb/207Pb ratios are similar at all 
three sites with pre-1900 values of 1.17-1.18 decreasing to 1.14- 
1.15 during the course of the 20th century (Figure 4.14), but inter- 
site comparisons of temporal trends in 208Pb/207Pb and 208Pb/206P b 
ratios cannot readily be made (Figures 4.15 and 4.16). 

Although there are slight differences in the four 206Pb/207P b 
profiles (Figure 4.14), due partially to a certain lack of fine structure 
in data from 2cm sections, it is clear that the major part of the 
reduction in 206P b/207Pb ratio has occurred during the last 40-50 
years. For example, starting with a pre-1900 average for 
206Pb/207Pb of 1.173+0.003, a decrease of 0.007 to 1.166+n.006 
occurred during the period 1900-1950 and a further reduction of 
0.014, to 1.152+0.007 in the last 40 years. This decline in the 
206P b/207Pb ratio, particularly in the last 40 years, is probably 
largely attributable to an input to the atmosphere of comparatively 
206Pb-depleted particulate lead from car exhausts. In the U.K. the 
alkyllead compounds in petrol, first added in the 192Os, are 
manufactured from a mixture of Australian and Canadian ores 
(Chapter 3). Recent 206Pb/207Pb ratios measured in leaded petrol in 
Edinburgh ranged between 1.056-1.142 with a mean of 1.082Xl.024 
(Chapter. 3), close to the average of 1.0923.011 found for 
particulates in the urban atmosphere. There are no known records 
of 206P b/207Pb ratios for petrol consumed in the U.K. since the 1920s 
and only occasional atmospheric measurements, e.g. 1.126 and 1.105 
in London in 1968 and 1971 (Hamilton and Clifton, 1979). In spite 
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Figure 4.14 Post-1800 trends in 206Pb/207Pb ratios in peat _ 
cores FM2 (6), NU (e), ED1 (+I and ED2 (4). 
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Figure 4.16 Post-l 800 trends in 208Pb/206Pb ratios in peat 
cores FM2 (I)), NU (G), ED1 (a) and ED2 (*). 
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of the possibility of variations induced by the use of lead ore sources 
with widely differing 206Pb/207Pb ratios, e.g. 1.20 in the U.S.A. or 
Europe (Hopper et al., 1991), the trends in Figure 4.14 suggest 
generally increasing contributions from leaded petrol of low 
206Pb/207Pb ratio relative to sources ( 206Pb/207Pb-1.17) of heavy 
industry and combustion of coal which must have predominated 
during the 19th century and for a considerable part of the 20th 
century. 

The following simple, two component model was used to make 
predictions of the isotopic composition of lead in peat and to assist in 
the deconvolution of the peat record (Sugden et al., 1991). 

RHI(~HI)+ RPO’P) = RS 

where RHI= 206P b/207Pb ratio representative of 
heavy industry and coal burning, 
PBI=proportion of total lead in the -atmosphere derived 
from heavy industry and coal burning, 
Pp=proportion in the atmosphere derived from petrol, 
Rp=206Pb/207Pb ratio in petrol and 
Rs=206Pb/207Pb ratio of peat in top section of the core. 

In 1983 the calculated worldwide emission of lead from 
leaded petrol accounted for 66% (Pp) of the total emission of lead to 
the atmosphere and 34% (PHI) was predominantly derived from the 
combustion of coal and oil, mining and metal production (Nriagu and 
Pacyna, 1988). By substituting these relative proportions into the 
model and assuming that the mean, at depth, average 206Pb/207P b 
ratio of 1.173 in the peat cores is representative of the signature of 
lead emitted from heavy industry and coal burning, and also using 
206Pb/207Pb values of 1.09 and 1.12 as possible extremes of the 
signature of the petrol lead additive in the U.K. (Hopper et al., 1991), 
the 206P b/207Pb signature of the atmospheric deposition flux of lead 
to the North Uist peat was predicted for the period 1975-1988 
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(O&m). The predicted 206Pb/207Pb values were 1.118 (using 1.09 
for petrol lead) and 1.138 (using 1.12 for petrol lead), which 
compares favourably with the actual ratio of 1.143 for the period 
1975-1988. The contribution of petrol lead to the total 
atmospheric depositions at the three sites was determined by 
replacing PHI in the model with (1-Pp) and substituting the 
206Pb/207Pb values used above for the petrol, and heavy industry 
and coal burning. The petrol lead contribution ranged from 36-57% 
for NU (1975-1988), 27-43% for FM2 (1966-1990) and 30-47% for 
ED2 (1954-1988). The generally higher 206P b/207Pb ratios in the 
upper section (O-2cm) of the Flanders Moss (FM2) and Easter Deans 
cores suggests that the localised influences, e.g. smelting and coal 
burning, particularly in the more industrialised and heavily 
populated central belt of Scotland, may be of importance to the peat 
record. 

4.4 A comparison of copper, iron, lead, manganese 
and zinc concentration profiles in peat cores from Flanders 
Moss and North Uist. 

Copper, iron, lead, manganese and zinc concentrations 
(mg/kg) for the peat cores FM2 and NU are listed in Tables 4.26 and 
4.27. Total metal inventories (g/m2) were calculated for each metal 
by multiplying the individual section metal concentrations by the 
total dry weight of the section for each section, summing the section 
weights of each metal to obtain the total amount in the core, and 
finally dividing the total weight of metal in the core by the surface 
area (Table 4.28). The total metal inventories are in general higher 
at the Flanders Moss site, with the zinc, -5 x higher and lead -6.5 x 
higher than at North Uist. Metal concentrations versus depth for 
both cores are plotted in Figures 4.17 and 4.18. 

The copper profiles in the two cores are markedly different. In 
the North Uist core the concentrations are constant below 8cm, with 
a sharp peak in concentration at 4-6cm depth (Figure 4.18), while in 
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Figure 4.17 (a) copper, (b) iron, (c) lead, (d) manganese and 
(d) zinc concentration profiles in peat core FM2. 
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Figure 4.18 (a) copper, (b) iron, Cc) lead, (d) manganese and 
(d) zinc concentration profiles in peat core NU. 
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FM2, concentrations increase gradually from 3.2mg/kg (1%20cm) 
to** sub-surface peak of 14.4mg/kg (2-4cm). The zinc concentrations 
increase towards the surface with sub-surface peaks at -lo-llcm in 
FM2 and -4-6cm in NU. Flanders Moss (FM2) copper, lead and zinc 
concentrations in the top 2cm section, of 12.2, 388 and 105mg/kg 
respectively, are of comparable magnitude to those measured in 
peat cores from Moor House, England and the magnitude and 
structure of the lead and copper profiles in NU resemble closely 
those of a core from Glenshieldaig, a remote site in north-west 
Scotland (Livett et al., 1979). There is some evidence in a study by 
Livett et al. (1979) to suggest that zinc and lead deposition histories 
are closely linked with emissions from mining and smelting of lead, 
producing coincidental peaks in lead and zinc in peat cores. 
However, the zinc profiles in NU and FM2 are in general inconsistent 
with those of lead at the two sites. 

The manganese concentrations in the Flanders Moss (FM2) and 
North Uist cores are fairly constant at 1-5mg/kg from 6 to 19cm and 
then suddenly increase to peak at 19mg/kg (NU) and 35mg/kg 
(FM2) in the top section (O-2cm). Iron concentrations in FM2 and NU 
rise from 679mg/kg (1%20cm) and 596mg/kg (1%20cm) to sub- 
surface maxima of 2421mg/kg (2-4cm) and 1169mg/kg (4-6cm) 
respectively, and are of comparable magnitude to values reported 
by Clymo (1978) for three cores from Moor House bog, England, 
where iron concentrations increased from 2000mg/kg at a depth of 
20cm to >5000mg/kg within l-2cm. The distribution patterns of 
manganese in the two cores are totally dissimilar to lead and their 
structure indicates that transport has probably occurred from the 
lower zone (reducing conditions) to the upper zone (oxidising 
conditions), as previously observed by Aaby and Jacobson (1978). 
Manganese is very easily reduced but complete reduction does not 
happen until -6-8cm in both cores. The structure of the manganese 
profiles indicates that there must have been transitory saturation of 
the peat deposits for remobilisation to have occurred. The 
distribution of iron in peat is also controlled by the redox-potential 
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of the peat, but the high concentrations of iron to the base of 
the cores indicates anaerobic conditions are only sufficiently 
reducing below -12cm to cause diagenetic remobilisation. 

4.5 Conclusions 

1. Despite the limitations of time resolution, due to the coarse 
sectioning of the peat cores, the structure of 206Pb/207Pb, lead and 
2 1 OPb ratio profiles support the established view that lead is 
strongly bound and relatively immobile in unsaturated, 
ombrotrophic peat (Livett et al., 1979; Schell et al., 1986). 

2. Records of lead accumulation established in 2 1 OPb-dated peat 
cores from rural and remote locations in Scotland are generally 
consistent with the known regional history of development of heavy 
industry during the industrial revolution in the 19th century, the 
introduction of leaded petrol in the 1920s and the increase in 
vehicle emissions of lead particularly during the last 50 years. 

3. A lo-20 fold enhancement in the fluxes of lead deposited from 
the atmosphere since 1800 was observed in peat cores from rural 
and remote sites in Scotland. Inter-site and intra-site differences in 
the overall magnitude and recent trend of lead fluxes indicate the 
importance of localised inputs, especially near industrial centres. 

4. There has been a significant reduction in 206Pb/207Pb ratios, 
largely during the last 50 years, from 19th century values of 1.17- 
1.18 to 1.14-l .15, attributable to increasing contributions from car- 
exhaust emissions of particulate lead derived from alkyllead petrol 
additives manufactured from ores comparatively depleted in 206P b . 

5. Estimated contributions of petrol lead to atmospheric lead 
fluxes ranged from 27-47% at the rural locations to 36-57% at the 
remote North Uist site during the last 20-25 years. 
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6. The concentration profiles of iron and manganese in -FM2 and 
NU peat cores are consistent with previous observations of redox- 
potential controlled re-distribution (Aaby and Jacobson, 1978; 
Damman, 1978) and were sufficiently distinct from the lead profiles 
to suggest that it had not been subject to similar remobilisation. 

7. The observed mobility of radiocaesium in the peat cores, 
except at the Easter Deans site, renders it redundant as a means for 
confirming 210Pb dates. At Flanders Moss and North Uist the 
measured weapons testing inventories are much lower than 
estimates of deposition, indicating radiocaesium loss over -30 years, 
and suggests that ombrotrophic peat deposits do not provide an 
integrated record of radiocaesium deposition. 
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Chapter 5 

Isotopic Studies of Lead in Scottish 
Freshwater Loch Sediments. 

5.1 Introduction 

The characteristic stable lead isotope ratios of ores used to 
prepare the additives for petrol and of other major sources of 
lead pollution (Chapter 1) afford, in principle, the opportunity to 
investigate in greater detail the temporal trends, sources and 
post-depositional behaviour of lead in 2loPb-dated lake 
sediments. Such isotopic studies (Shirahata, et al., 1980; Petit et 

al., 1984; Flegal et al., 1989) and the application of ICP-MS 
therein have hitherto been limited. This chapter investigates 
down core variations in lead isotopic composition and 
concentrations in archival and freshly-collected 2loPb-dated 
sediment cores from freshwater lochs in Scotland. The results are 
interpreted in the light of records of lead atmospheric deposition 
in ombrotrophic peat cores (Chapter 4). 

5.2 Loch Lomond 

5.2.1 Site description and sampling 

Loch Lomond lies 30km north-west of Glasgow (Figure 5.1) 
and is a glacial loch with two major basins separated by a smaller 
central basin (Figure 5.2). The Highland Boundary Fault (marked 
by a band of serpentine) divides the loch into two geologically 
different sections, the southern and northern basins. The 
southern basin is wide, relatively shallow (maximum depth 31m) 
and lies largely over sedimentary rocks of Carboniferous and 
Devonian ages, which consist mainly of coarse-grained sandstones 
and conglomerates. The catchment area of the southern basin also 
consists of Devonian and Carboniferous sediments with overlying 
beds of boulder clay and drift deposits (Farmer et al., 1980). The 
northern basin lies in a steep-sided trough of metamorphosed 
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Figure 5.1 Location of sampling sites in ScotIand: Loch 
Lomond (LL), Round Loch of Glenhead (RLG), Loch Coire nan 
Arr (LCnA) and Loch Leven (LLe) 



Figure 5.2 Loch Lomond sampling sites. 
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Northern Basin 

Southern Basin Endrick Water 
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Dalradian mica schists and- is separated from the southern basin 
by a short 3km section (maximum water depth 66m) overlying 
mica schists and schistose grits. The River Falloch at the northern 
tip of the loch drains a catchment area of metamorphic rocks 
overlain by peat. 

The southern basin is biologically more productive than the 
narrow, deeper (maximum depth 200m) oligotrophic basin to the 
north. The loch sediments range from brown muds with a thin 
near-surface rust-red layer in the south to black micaceous oozes 
overlain by thin unconsolidated material in the north (Farmer 
and Lovell, 1986). 

Sediment core collection details are summarised in Table 
5.1. Core LL-1OL was collected on 19.05.82 (OS grid ref. 351 993) 
from the northern basin (site 2) and LL-1L was collected on 
15.12.81 from the southern basin (site 1) (OS grid ref. 375 852). 
Both cores were obtained using a Craib corer at water depths of 
60m (LL-1OL) and 21m (LL-1L) (Lovell, 1985). Cores LLl-3.1 
(25.04.90) and LLl-4.1 (26.04.90) were collected using a Jenkin 
corer (Ohnsted and Jones, 1982) from sites 3 (OS grid ref. NS 351 
979) and 4 (OS grid ref. NS 372 881) respectively (Figure 5.2) and 
in addition a Mini-Mackereth corer (Mackereth, 1969) was used 
to collect adjacent cores (cores LLl-3.2D and LLl-4.2D) for dating 
purposes. Cores LL2-4.1 and LL2-5.1 (26.11.91) were collected 
from sites 4 and 5 (OS grid ref. NS 391 884) using a Jenkin corer 
at site 4 and Mini-Mackereth corer at site 5. 

5.2.2 210Pb profiles in Loch Lomond sediment 

The sampling methods, sample preparation and 
gamma spectrometry techniques are described in Chapter 2. 

210Pb and 226R a activities were measured in LLl-3.2D 
and LLl-4.2D cores with the aim of establishing sedimentation 
rates and core chronologies. Total 210Pb concentrations 
determined in LLl-3.2D and LLl-4.2D are listed in Tables 5.2 and 
5.3 and plots of In unsupported 210Pb against depth, expressed as 
g/cm2 to obviate any need for compaction correction, are shown 
in Figure 5.3. The unsupported 210Pb concentration was 
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Figure 5.3 Concentration profiles of In ‘unsupported’ 
210Pb in sediment from Loch Lomond site 3 (LLl-3.2D) (a) and 
site 4 (LLl-4.2D) (b). 

In unsupported 210Pb 

a 

In unsupported 210Pb 

b 
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calculated by subtracting the sup ported 210Pb component of the 
sediment, determined from the total 210Pb activity of sediments 
too old to contain unsupported 210Pb (Chapter 1). 

With the exception of the l-2cm sample, the unsupported 
210Pb at site 3 is constant, within the limits of the analytical 
uncertainty, from O-8cm and falls abruptly below the limit of 
detection at 8-9cm (Figure 5.3). Again, at site 4 (core LLl-4.2D) 
the onsuppported 21oPb values are, within error, constant over the 
range O-6cm. The structure of the unsupported 210Pb profiles for 
site 3 and 4 strongly suggests that the sediment is well mixed (by 
bioturbation or physical means) in the top 8cm of core LLl-3.2D 
and top 6cm of core LLl-4.2D. Thecvsup;ported 210Pb profile at 
site 3 is unsuitable for determining a sedimentation rate using 
the models described in Chapter 1 (Figure 5.3a) while, at site 4, 
application of a constant initial concentration (c.i.c.) calculation to 
the complete data set gives a sedimentation rate of 
4 2 L3 m g/c m2/y, compared with a sedimentation rate of 
3 2+4mg/c m2/y determined using only the data below 6cm. If 
steady state conditions prevail, fluxes of unsupported 21oPb of 
72Bq/m2/y and 165Bq/m2/y are implied at sites 3 and 4, 
respectively. 

On the basis of a c.i.c. linear regression of In unsupported 
210Pb concentration versus cumulative weight, a sedimentation 
rate of 21+2mg/cmz/y was obtained for LL-1OL in the northern 
basin (Lovell, 1985). Under steady state conditions, a flux of 
unsupported 210Pb of 125Bq/mz/y is implied at site 2. 

5.2.3 Lead concentration and stable isotope ratio results in 
cores from the southern basin of Loch Lomond. 

The sample treatment and analytical techniques used for 
lead concentration and stable isotope ratio measurements, using 
FAAS and ICP-MS respectively, are described in Chapter 2. 

Lead concentrations and isotope ratios measured in cores 
collected from the southern basin of Loch Lomond are listed in 
Tables 5.4-5.8. In Figure 5.4 lead concentration profiles for LLl- 
4.1, LL2-4.1, LL-IL and LL2-5.1 are shown. All four cores exhibit 
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Figure 5.4 Total lead concentration profiles in Loch 
Lomond sediment cores from the southern basin: (a) LLl-4.1, (b) 
LL2-4.1, (c) LL-1L and (d) LL2-5.1. 
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sub-surface maxima for lead concentration; LL l-4.1, lo- 11 cm 
( 132mgkg); LL-lL, 8-9cm (113mg/kg); LL2-4.1, 10-l lcm 
(130mg/kg); LL2-5.1, 5.8-6.0cm (134mg/kg). In general, 
concentrations decrease to surface values in the range 53- 
76mg/kg. 

The *06P b/*07Pb ratios in LLl-4.1 above the 9-l Ocm section 
are fairly constant, around 1.141, while the *08P b/*u7Pb and 
*08Pb/*06Pb ratios exhibit an irregular increase from 2.434 (8- 
9cm) to 2.443 (0-lcm) and from 2.122 (8-9cm) to 2.139 (0-lcm), 
respectively (Figure 5.5). The fairly constant nature of the 
*06Pb/*07Pb profile in LLl-4.1 supports the evidence of mixing in 
the top 8cm observed in the unsupported *loPb profile in an 
adjacent core LLl-4.2D (Figure 5.3b), while the lead concentration 
itself does not. The 9-10cm section of core LLl-4.1 appears to 
have an anomalous lead concentration and isotopic composition 
(Figure 5.5). The weight of this section, however, was 
approximately 30% greater than the other sections of the core, 
suggesting that the low concentration reflects a variation in the 
nature of the sediment composition. The *06Pb/*07Pb profile of 
core LL2-4.1 shows a slightly broader range of values in the top 
9cm,1.126-1.140, compared with 1.135-1.146 in core LLl-4.1, 
with the *08Pb/*07Pb and *o*Pb/*06Pb ratios generally higher 
than those in core LL-1.4.1. An anomaly equivalent to that in core 
LLl-4.1 was not observed in core LL2-4.1 (Figure 5.6). 

*06Pb/*07Pb ratio profiles for cores LLl-4.1 and LL-1L 
(Figures 5.5 and 5.7) decrease from 1.17-1.18 at depth to 1.12- 
1.14 at the surface. *08Pb/*07Pb ratio profiles show a similar 
trend decreasing from 2.45-2.46 at depth to 2.42-2.44 at the 
surface, while the *08Pb/*06Pb ratios generally increase up the 
cores from 2.09-2.10 to surface values of 2.13-2.14. 

In core LL2-5.1 (Figure 5.8), which was sectioned every 
0.2cm, the *06Pb/*07Pb profile is rather constant, around 1.139, to 
2.0cm, while the *o*Pb/*06Pb profile exhibits an irregular 
increase from 2.116 to 2.130 and the *u*Pb/*07Pb profile 
increases gradually towards the surface from 2.406 (1.8-2.0cm) 
to 2.428 (0.4-0.6cm). 
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The two cores from site 4, LLl-4.1 and LL2-4.1, have peaks 
in the *08Pb/*07Pb and *u*Pb/*06Pb profiles at 9-1Ocm and 7- 
8cm (Figures 5.5 and 5.6) respectively and a similar peak at lo- 
llcm was also observed in the archive core, LL-1L (Figure 5.7). 
The LLl-4.1 (9-10cm) and LL-1L (lo-llcm) sections were 
reanalysed by ICP-MS and the results are shown in italics in 
Tables 5.4 and 5.6. The *06Pb/*07Pb ratios for the replicates were 
in close agreement with the original values, unlike the 
*08Pb/*07Pb and *08Pb/*06Pb ratios, which show poorer 
agreement, in general of the order +l% and at worst L5 - 6 % 
(Tables 5.4, 5.7), compared with the long term precision of +0.2% 
obtained for quality control samples (Chapter 2). An anomalous 
lead isotope signal for the *08Pb/*07Pb and *u*Pb/*06Pb ratios 
was also observed at a similar depth in core LL-1OL (lo-llcm), 
discussed later in this chapter (Table 5.13), but was not observed 
in cores from the other lochs studied. 

Lead concentrations and isotope ratios measured in 
sediment from below 38cm in core LLl-4.2D, assumed to be 
uncontaminated by anthropogenic lead, are listed in Table 5.4. A 
mean lead concentration (unweighted) of the five results in Table 
5.5 of 19Umg/kg with an associated mean *06Pb/*07Pb ratio 
(unweighted) for the two results in Table 5.4 of 1.172Xl.002, was 
calculated. 

5.2.4 Lead concentration and stable isotope ratio results in 
cores from the middle basin of Loch Lomond. 

Lead concentrations and isotope ratio results for core LLl- 
3.1 from the middle basin of Loch Lomond are shown in Table 5.9 
and Figure 5.10. The variation in lead concentrations (53- 
96mg/kg) in core LLl-3.1 (Table 5.9 ; Figure 5.9) is small 
compared with the cores collected in the southern basin (e.g. LLl- 
4.1, 56-132mg/kg; LL-1, 32-l 13mg/kg; LL2-4.1, 53-130mg/kg). 
The lead conentration profile for LLl-3.1 shows a sub-surface 
maximum at 8-9cm. 

The *06P b/*07Pb ratio profile shows a general decline from 
values of 1.16-1.17 (8-18cm) to 1.14-1.15 (top 7cm). The 
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*u*Pb/*06Pb ratios vary between 2.10-2.11 (lo-18cm), with the 
exception of section 1 l-12cm (2.092), then increase abruptly (7- 
llcm), at the same depth as the *06Pb/*07Pb ratios start to 
decrease towards the surface, and vary between 2.12-2.13 in the 
top 7cm of the core (Figure 5.9~). Below 8cm the *u*Pb/*07P b 
ratios vary between 2.45-2.46 and decrease to between 2.42 and 
2.43 in the upper 8cm (Figure 5. lob). 

The steep change in the lead isotope ratios in core LLl-3.1 
occurs at exactly the point (8-9cm) in an adjacent core LLl-3.2D 
where the unsupported *luPb abruptly falls to zero (Figure 5.3b). 
These results indicate that in core LLl-3.1 there is effectively a 
totally mixed layer (w.r.t. steady state supply of * 1oPb) to 8cm 
with a sudden change at this depth to a sediment with no 
unsupported *luPb and lead isotope ratios similar to those in peat 
dated from the 19th century (Chapter 4). 

5.2.5 Lead concentration and stable ‘Isotope ratio results in a 
core from the northern basin of Loch Lomond. 

The lead concentration and *06Pb/*07Pb ratio profiles for 
core LL-1OL are shown in Table 5.10 (Figure 5.10). The lead 
concentration profile shows a sub-surface maximum of 2lOmg/kg 
(10-l lcm) which is significantly higher than the maxima of 
129mg/kg (13-14cm) in LLl-4.1, 130mg/kg (lo-llcm) in LL2- 
4.1 and 134mg/kg (5.8-6.0cm) in LL2-5.1 (Figure 5.4) from the 
southern basin. 

The *06Pb/*07Pb ratios generally decrease up core LL-1L 
from values between 1.16 and 1.17 (9-17cm) to 1.12-1.13 in the 
upper 4cm. The *o*Pb/*07Pb ratio profile shows a smooth 
decrease in values up the core from 2.45-2.46 (l l-17cm) to 2.41- 
2.42 (O-3cm) with a sharp peak at a depth of lo-llcm and a 
peak at the same depth was also observed in *u*Pb/*u6Pb ratio 
profile. The *u*Pb/*06Pb ratios increase from values at depth of 
2.09-2.11 (11-17cm) to 2.13-2.14 (O-6cm). 

Correction of data in Figure 5.10a for an intrinsic baseline 
contribution of 25mg/kg at a *06Pb/*07Pb ratio of 1.175 (bottom 
sections of LL-1OL) permits calculation of an “excess” (pollutant) 
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lead concentration with an associated 206Pb/207Pb ratio (Table 
5.11). The excess lead concentration for a section was determined 
by subtracting 25mg/kg from the total lead concentration of the 
section (Cs) and the following equation was used to determine the 
206Pb/207Pb ratio associated with the excess lead concentration: 

Rs x Cs - 1.175 x 25mg/kg 
= RE 

CE 

where Rs= measured sediment 206Pb/207Pb ratio, 
cs = measured lead concentration of the sediment, 
RE = excess 206Pb/207Pb ratio and 
CE = excess lead concentration, 

There was no evidence of mixing in the unsupported 21oP b 
profile obtained for core LL-1OL and a chronology was 
determined by dividing the cumulative weight to the mid-point 
of a section (g/cm2) by the sedimentation rate of 2152m g/c m2/ y 
(Lovell, 1985). Average fluxes of excess lead (mg/mz/y ), 
calculated by multiplying the excess lead concentration (mg/kg) 

bY the sedimentation rate (mg/cmz/y) and associated 
206P b/207Pb ratios calculated for time bands corresponding to 
sectional intervals are plotted against calender date for core LL- 
1OL in Figure 5.11 (Table 5.11). Depths of 4.5cm and 12.5cm 
correspond to dates of 1964 and 1907 respectively. 

5.2.6 Discussion 

Pollutant lead fluxes to the Loch Lomond sediments 
increased from 8mg/m2/y in the 1870s to 39mg/m2/y in the 
early 1920s (Figure 5.11). Lead fluxes (range 25-39mg/mz/y) to 
the Loch Lomond sediment during 1900-1930 were comparable 
with the 33mg/m2/y (1908-1938) recorded in a peat core (FM2) 
from Flanders Moss, -16km to the east of Loch Lomond. The 
average lead flux of 6.4mg/mz/y recorded in the FM2 peat core 
during the last century is comparable with the 8.0mg/mz/y to 

192 



193 



Figure 5.11 Post-1800 trends in (a) “excess” lead flux and (b) 
associated 206P b/207Pb ratios in core LL-1OL from the northern 
basin of Loch Lomond. 
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the Loch Lomond sediment during the early 1800s (LL-1OL). 
Atmospheric emissions from heavy industry (e.g. smelters, iron 
and steel works) and the combustion of coal in west-central 
Scotland during and after the industrial revolution of the 19th 
century were probably responsible for the significant increase in 
lead fluxes to the Loch Lomond sediments from the 1860s to the 
early 1930s. 

Pollutant lead fluxes to the sediments remained almost 
constant, around 38mg/ &/y, during the 1920s and 194Os, with 
the exception of a dip to 30mg/ m2/y in -1937. The onset of a 
marked decline in lead fluxes was recorded in core LL-1OL 
during the late 1940s and 195Os, to reach a constant value, 
around 20mg/ m2/y, during the 1960s to the early 1980s. The 
excess lead fluxes measured in core LL-1OL of 19mg/ m2/ y 
during the early 1970s is comparable with the atmospheric 
deposition flux of lead of 29.5mg/mz/y measured in the Firth of 
Clyde area during 1972-1973 (Cawse, 1978). The total pollutant 
lead inventory for core LL-1OL of 2.91g/m2 to 17cm, where 
background levels have not yet been attained, is in line with the 
3.3 8g/m2 (1790-l 990) for a peat core from Flanders Moss (FM2). 
Fluxes of unsupported 21oPb to the Loch Lomond sediments 
(range 72-165Bq/mz/y) are also comparable with the 
108Bq/mz/y determined for the peat core from Flanders Moss 
(FM2). The agreement of the stable and 210Pb inventories with 
literature and peat core results, suggest that there has been no 
post-depositional release of lead to the water column from the 
sediment and that the Loch Lomond sediment cores have 
retained an integrated record of lead deposition over the last 
loo-150 years. 

During the period of intensification of the industrial 
revolution in west-central Scotland in the late 1800s and early 
1900s the 206Pb/207Pb ratio for total lead deposition to the 
northern basin sediment (Core LL-1OL) remained constant at 
-1.170 (208Pb/207Pb,2.460, 208Pb/206Pb~2.102) (Figure 5.10), 
very similar to the measured values at depth (8-16cm) in the 
FM2 peat core from Flanders Moss (isotopic composition, 
208Pb/207Pb -2.464, 20*Pb/206Pb~2.102) and of lead ores mined 

195 



during the 19th century in Wanlockhead, Dumfriesshire (isotopic 
composition 206Pb/207Pb=1.170, 208P b/206Pb=2.090) and 
S trontian, Argyllshire isotopic composition (206P b/207P b= 1.17 2, 
208Pb/206Pb=2.081) (Moorbath, 1962). The isotopic composition of 
total lead accumulated in the sediments during this period is 
depleted in 2u*Pb relative to Loch Lomond sediment below 38cm 
in core LLl-4.2D (Table 5.4). During the 1940s the isotopic 
composition of the sediment (LL-1OL) indicates that there was an 
increase in the deposition of lead from a source with an isotopic 
composition depleted in 206Pb relative to that of sources 
prevailing in the 19th and early 20th century. A general decrease 
in the 206Pb/207Pb and 208Pb/207Pb ratios (208Pb/206Pb ratios 
increased) in the sediment occurred during the 1940s while the 
total lead fluxes to core LL-1OL remained almost constant until 
the late 1950s (LL-1OL). During the 1960s to the early 1980s 
there was a general decrease in the 206P b/207Pb and 2u*Pb/207P b 
ratios while lead fluxes declined. The origin of the 206Pb depleted 
pollutant lead was probably from vehicle exhaust emissions, since 
the alkyllead additive was first introduced to petrol in the 192Os, 
and there has also been a significant growth in number of cars on 
U.K. roads during the last 40 years concurrent with a decline in 
heavy industry in west-central Scotland. 

If it is assumed that the isotopic composition of the petrol 
lead emission to the environment of west-central Scotland, after 
the 192Os, was depleted in 206Pb relative to 19th/early 20th 
century. sources, then the isotopic composition of sediment in the 
southern basin, core LLl-4.1, appears to indicate the effects of 
such petrol lead pollution in sediment dated as early as 1890- 
1925 when using the sedimentation rate of 32mg/m2/ y 
determined for the site. This apparent anomaly isalmost certainly a 
consequence of sediment mixing, the influence of which was also 
indicated in the unsupported 21uPb profile of an adjacent core 
LLl-4.2D (Figure 5.3). 

Ignoring possible past variations in the 206Pb/207Pb ratio of 
petrol, the relative contribution of leaded petrol to recent Loch 
Lomond sediment (LL-1OL) was calculated using the following 
three component model: 
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Rs x Cs = (RI x CIj + [RHINE-CP)I + (RP x CP) 

where Rs = 206Pb/207Pb ratio of the sediment section, 
cs= total lead concentration of sediment section, 
R I = 206Pb/207Pb ratio of intrinsic baseline lead 
concentration, 
CI = intrinsic baseline lead concentration, 
RHI = 206P b/207Pb ratio representative of heavy 
industry and coal burning, 
CE = excess lead concentration, 
Rp= 206Pb/207Pb ratio in petrol and ’ 
cp = lead concentration in sediment derived from 
petrol. 

The model is based on the assumption that the total lead 
concentration in a section of a core consists of three components: 
lead derived from heavy industry and coal burning, petrol and an 
intrinsic baseline contribution. For site 2, northern basin, a 
206P b/207Pb ratio of 1.172 (RHI), established in a peat core from 
Flanders Moss (FM2) as characteristic of lead emitted from heavy 
industry and coal burning, 1.09 (Rp) (Hopper et al., 1991) as 
representative of petrol lead, the respective total lead 
concentrations (Cs) and associated 206Pb/207Pb ratios (Rs) in a 
sediment sections of core LL-1OL (Table 5.1 l), and an intrinsic 
baseline lead contribution of 25mg/kg at a 206Pb/2u7Pb ratio of 
1.175 (bottom sections of LL-1L) were substituted into the model. 
The calculated petrol lead contribution increases from 28% in the 
late 1930s to 51% in the 1950s and to 75% by the late 1970s 
(Table 5.11) The values calculated for the 1950s and ’60s are 
considerably higher than the value of 27-42% indicated in a peat 
core (FM2) from a rural location (1966-1990) and 36-47% (1975- 
1988) for a remote location. 

Although direct information on long-term trends in the 
isotopic composition of alkyllead petrol additives in the U.K. is not 
available, it is known that they are manufactured from a mixture 
of predominantly Australian ( 206P b/207Pb=1.04) and Canadian 
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ores (206P b/207Pb =l. 16). Measurements of 1.065+0.003 (Delves, 
1988) and 1.056Xl.001 (Chapter 3) have been reported for the 
late 1980s. Some tetraalkyllead of much higher 206Pb/207Pb ratio 
(1.20), has periodically been imported from the U.S.A., which may 
have increased the 206Pb/207Pb ratio and caused it to vary with 
time. A 206Pb/207Pb ratio range of 1.056-l .142 was measured for 
leaded petrol at Edinburgh outlets between February 1989 and 
December 1991 (Chapter 3), the average of 1.082ti.024 being 
similar to an average of 1.092ti.011 for particulate lead in the 
Edinburgh urban atmosphere. These ratios are comparable with 
206Pb/207Pb ratios of 1.082; 1.109; 1.103; 1.106 measured in 

rain-water at a remote site in the Cairngorm mountains, north- 
east Scotland, between July 1988 and February 1990 (Bacon et 
al., 1992). 206Pb/207Pb ratios measured in rainwater at sites 
closer to the industrial belt across central Scotland tended to have 
slightly higher values (range 1.09-1.14), even though there are 
more cars in this region compared with the remote north-east of 
Scotland. Of the few, directly measured atmospheric 206Pb/207P b 
data in the U.K. in the past, values of 1.126 and 1.105 for London 
in 1968 and 197 1 (Hamilton and Clifton, 1979) are broadly 
comparable with the 1.118 (LL-1OL) for pollutant (“excess”) lead 
for that time period in the northern basin sediment of Loch 
Lomond (Table 5.11). 

The recent isotopic evidence relating to lead in petrol, 
atmospheric particulates (Chapter 3) and rainfall (Bacon et al., 
1992) suggests that there have been short term fluctuations in 
the isotopic composition of petrol lead additive used in the U.K. 
Such short-term fluctuations may not be revealed in sediment 
profiles based on conventional 1 .Ocm sectioning. However, 
206P b/207Pb ratios in LL2-5.1, a core from the southern basin of 
Loch Lomond, sectioned every 0.2cm, showed only a minor 
variation between 1.135 and 1.141, although it is possible that 
this site could also be subject to mixing as observed at site 4. 

Anomalous lead isotope signals (Section 5.2.2) for the ratios 
20*Pb/207Pb and 208Pb/206Pb were observed in sediment cores 
from all three basins of Loch Lomond. The depth of the anomaly 
was similar in the different cores i.e. LL- 1 OL (lo- 1 lcm), LL-1L 
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(lo-llcm), LLl-4.1 (9-lOcm), despite the effects of mixing in the 
middle (site 3) and southern basin (site 4). In order to preserve 
such a change in a partially mixed sediment the effects of mixing 
must be limited, or perhaps the mixing processes have been 
disturbed at the time of input of this material. Since these 
observations are common to sediment cores from different sites 
in Loch Lomond they suggest that something, such as a change in 
land use or road building in the immediate catchment of the loch, 
affected the sediments about 60-70 years ago. 

5.3 Round Loch of Glenhead 

5.3.1 Site description and sampling 

Round Loch of Glenhead is in the Galloway region of south- 
west Scotland (Figure 5.1) and together with its catchment is a 
designated Site of Special Scientific Interest (SSSI). 

The loch is situated on a granitic catchment bedrock and 
receives drainage from minor streams and catchment blanket 
peats (DOE, 1990). The outflow drains to the south-west into the 
Glenhead Burn and Loch Trool. The loch has a single deep basin 
with a maximum depth of 13.5m and the water is acidic, with a 
pH of 4.85. It is estimated that the pH has declined from ca. 5.5, 
in 1870, as a result of increases in acid precipitation, primarily as 
a consequence of fossil fuel combustion (Battarbee et al., 1985). 
Biological activity and nutrient status are low due to the pH of the 
water and nature of the catchment (Patr&eM,1991 ). The sediments 
are organic rich (ca. 20% carbon) mostly due to inputs of peaty 
material to the loch, with little down core decrease in the carbon 
content. A core was collected (OS grid ref. NX 449 803) on 
04.06.90 (Figure 5.12; Table 5.12), using a modified Kajak corer 
(Brinkhurst et al., 1969) 
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Figure 5.12 Round Loch of Glenhead sampling site. 
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5.3.2 210Pb profile in Round Loch of Glenhead sediment 

Total 210Pb concentrations determined in Ga-1D are shown 
in Table 5.13 and a plot of In unsupported 2luPb against depth 
(g/cm2) is shown in Figure 5.13 (Bryant, pers. comm., 1992). 

The plot of In unsupported 210Pb is essentially linear and 
decreases systematically from a maximum of (0-lcm) to reach 
the limit of detection at (12cm). Application of a c.i.c. calculation 
to the complete data set gives an accumulation rate of 
8.6+0.7mg/cmp/y, while a similar value of 9.2M.7mg/cm2/y is 
obtained if the slightly higher values at 4-7cm (0.3-0:5g/cm2) are 
omitted. This result is in good agreement with the sedimentation 
rate of 11.3-12.0mg/cm2/y obtained by Appleby et al. (1990) for 
this loch. If steady state conditions are assumed the 21oP b 
inventory implies a 21uPb flux of 105Bq/m2/y. 

5.3.3 Lead concentration and stable lead isotope ratio 
results for core Ga-ID 

Lead concentrations and stable lead isotope ratios 
determined in Ga-1D are shown in Table 5.14. In Figure 5.14 lead 
concentrations generally increase up the core from 4lmg/kg (23- 
24cm) to 337mg/kg (0-lcm), with a sub-surface maximum of 
396mg/kg (6-7cm). 206Pb/207Pb ratios decrease from 1.205 (21- 
22cm) to 1.155 in the top section (Figure 5.14). A similar profile 
was observed for the 20*Pb/207Pb ratios which decreased from 
2.487 (21-22cm) to 2.444 (l-2cm) and then abruptly decreased 
to 2.391. The 2u*Pb/206Pb ratios increase from 2.064 (21-22cm) 
to 2.104 (8-9cm), before varying between 2.086-2.103 in the 
upper 8cm with a pronounced decrease to 2.064 (0-lcm). 

A mean lead concentration of 43mg/kg determined for the 
bottom two sections of Ga-1D and a 206Pb/207Pb ratio of 1.205 
(21-22cm) was used to correct the data in Figure 5.14a for an 
intrinsic baseline contribution, as described in Section 5.2.5. 
(Table 5.15). A post 1785 chronology was established for Ga-1D 
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Figure 5.13 Concentration profile of In ‘unsupported’ 210Pb in 
sediment from Round Loch of Glenhead (Ga-1D) (Bryant, pers. 
comm., 1992). 
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and total lead fluxes were calculated -using the sedimentation rate 
of 9.2W.7mg/cm2/y (Table 5.15). 

5.3.4 Discussion 

Pollutant lead fluxes to the Round Loch of Glenhead (RLG) 
sediments increased from approximately 3mg/m2/y in the early 
1800s to 21 mg/mz/y at the turn of the century, reached a 
maximum of 32mg/m2/y in the early 194Os, and showed a 
general decline to 20mg/m2/y in the early 1970s. The pollutant 
lead fluxes to RLG showed a similar trend to the fluxes recorded 
in LL-1OL in the late 1970s and early 1980s (Figure 5.15), 
increasing from 20 to 27mg/m2/y. Both cores Ga-1D (RLG) and 
LL-1OL (Loch Lomond) recorded a significant increase in 
pollutant lead flux during the late 1930s and early 194Os, from 
22 to 32mg/mz/y and 30 to 38mg/mz/y, respectively. Both cores 
record a dip in pollutant lead deposition during the 193Os, which 
could be due to the economic slump of that period. The pollutant 
lead inventory of 3.17g/m2 for core Ga-1D is comparable with the 
2.91g/m2 for core LL-lOL, and the flux of unsupported 210Pb of 
105Bq/mz/y is also comparable with the 125Bq/mz/y for core 
LL- 1 OL. 

The 206Pb/207Pb and 208P b/207Pb ratios of total lead 
accumulated in the sediments of the RLG are elevated compared 
with those determined in sediment of similar age in Loch 
Lomond. In Ga-1D lead accumulated during the 19th century had 
206P b/207Pb ratios of 1.18-1.20 compared with 1.17-1.18 
observed in core LL-lOL, but is comparable with a value of 1.202 
measured in soil (13-18cm) at a site in the region of RLG (Bacon 
et al., 1992). The elevated 206Pb/207Pb and 20*Pb/207Pb ratios in 
the sediment probably reflect the constituent mineral material 
from the catchment and when a correction was made for an 
intrinsic baseline lead contribution of 43mg/kg with an enriched 
206Pb isotopic composition ( 206Pb/207Pb=1.205), the resulting 
excess (pollutant) lead 206Pb/207Pb signatures, range 1.17-1.18, 
of lead accumulated during the 19th century were similar to 
those in core LL-1OL from Loch Lomond. However, the pollutant 
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Figure 5.15 Post-l 800 trends in (a) “excess” lead flux 
in core Ga- 1 D, (b) associated -206Pb/207Pb ratios in core Ga- 
lD, (c) “excess” lead flux in core LL-1OL and (d) associated 

206Pb/207Pb ratios *in core LL-1OL from the Round Loch of 

Glenhead (Ga-1D) and Loch Lomond (LL-1OL). 
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206P b/20?Pb ratios in 20th century RLG sediment are elevated 
(1.15-l. 17) compared with those in Loch Lomond sediment (1 .l l- 
1.17), core LL-lOL, for the same period. 

The relative contribution of petrol lead to recent RLG 
sediment (0-lcm), calculated using the three component model, 
(Section 5.2.6) was 30% (early 1980s) and is considerably lower 
than 75% calculated for core LL-1OL for the late 1970s (Table 
5.15). The difference in relative contibution of petrol lead to the 
two loch sediments is probably largely due to their proximity to 
roads, RLG is approximately 1Okm from the nearest road (A7 12), 
while on the west bank of Loch Lomond lies the A82(T) and on 
the east bank of the southern basin there are a * number of 
commercial camping and caravan sites. 

5.4 Loch Coire nan Arr 

5.4.1 Site description and sampling 

Loch Coire nan Arr is located in the north-west of 
Scotland (Figure 5.1). The loch lies in a deep sandstone corrie in 
the Applecross area. The corrie floor is overlain by peat and 
above the flatter ground bare rock predominates. The mean pH of 
the water is 6.34 and the maximum depth is 12m (DOE, 1990). 
The loch receives drainage at its northern end from the Allt Coire 
nan Arr and elsewhere along the loch from a series of small 
inflows. The loch drains 2km to the sea via the Russell Bum. 

Two cores were collected using a Jenkin corer (07.11.9 1) 
CA-l and CA-1D (OS grid ref. NG 808 422), the latter for dating 
purposes (Table 5.12; Figure 5.16). 

5.4.2 2IOPb concentration profile in Loch Coire nan Arr . - 
sediment. 

In Figure 5.17 (Table 5.16), In unsupported 21oP b 
concentrations are plotted against cumulative weight (g/cm2) for 
core CA- 1D. The unsupported 21oPb shows an irregular variation 
(395-765Bq/kg) in the top 3cm and abruptly falls below the limit 
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Figure 5.16 Loch Coire nan Arr sampling site location. 
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Figure 5.17 Cdncentration profile of In ‘unsupported 210Pb in 
sediment from Loch Coire nan Arr (CA-ID) (Bryant, pers. comm., 
1992). 
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of detection at 8-9cm (Table 5.16). The structure of the 21oP b 
profile suggests that sediment is mixed in the top 3cm, by 
bioturbation or physical means. Application of a c.i.c. calculation 
over the depth range 3-8cm suggests a sedimentation rate of 
10.4+1.2mg/cm2/y (Bryant, pers. comm., 1992). If steady state 
conditions are assumed, the unsupported 210Pb inventory implies 
a 210Pb flux of 137Bq/mz/y. 

5.4.3 Lead concentration and stable lead isotope ratio 
results in core CA-ID. 

The total lead concentration and isotope ratio ‘profiles for 
CA-l are shown in Figure 5.18 (Table 5.17). Lead concentration 
increased from approximately 22mg/kg (9-l lcm) to reach a 
maximum concentration of 5 lmg/kg (3-4cm), just below the 
mixed zone (O-3cm). The isotopic composition of lead is almost 
constant, within the analytical uncertainty, in the top 3cm of 
CA-l. 206Pb/207Pb ratios decrease from 1.177 (8-9cm) to a mean 
of 1.153 in the mixed zone (O-3cm). 20*Pb/207Pb ratios generally 
decrease from 2.486 (8-9cm) to 2.457 (0-lcm) and the 
20*Pb/206Pb generally increase from 2.113 (8-9cm) to 2.133 (3- 
4cm), just below the mixed zone. 

A mean lead concentration of 22mg/kg determined for the 
bottom two sections of CA-l was used to correct the data in 
Figure 5.18a for an intrinsic baseline contribution (Table 5.17). 

5.4.4 Discussion 

The “excess” lead inventory of 0.30g/m2 for core CA-1D is 
considerably lower than for cores LL-1OL (2.91g/m2) and Ga-1D 
(3.17g/m2) from Loch Lomond and Round Loch of Glenhead, 
respectively, but is similar to the inventory of 0.52g/m2 recorded 
in a peat core from North Uist, a site of comparable remoteness 
from anthropogenic sources (Sugden et aZ., 1991). The 210Pb flux 
of 137Bq/ms/y determined for CA-1D is in close agreement with 
the 210Pb fl ux of lSOBq/m2/y to the North Uist peat deposit and 

216 



E 
.3 

ru 
0 

217 



. . . . . . 
! I * , . , . , * 

P MO wdaa 

218 



is in the range 72-165Bq/mz/y determined for sediment cores 
from Loch Lomond. 

The stable lead isotope ratio profiles in the upper 3cm of 
core CA-l are constant within the analytical uncertainty and the 
associated stable lead concentrations are also constant, with the 
exception of section 0-lcm, and support the evidence of mixing in 
the sediment (O-3cm) observed in the unsupported 210Pb profile 
of an adjacent core, CA-1D. Although there is evidence of mixing 
in the top 3cm of core CA-lD, a marked decrease in the lead 
concentration is observed in the surface section which is perhaps 
being influenced by bulk changes in the sediment composition 
near the sediment/water interface (e.g. Mn02, organic carbon, 
clays-Al, Fe(OH)3) as well as by changes in deposition. 

Although there has been an apparent disturbance to the 
sediment profile of core CA-l (i.e. sediment mixing), the stable 
isotopic composiiton of the sediment above 5cm, depleted in 
206Pb relative to sediment from deeper in the core, indicates that 
there has been a significant input of pollutant lead to the loch. 

5.5 Loch Leven 

5.5.1 Site description and sampling 

Loch Leven lies approximately 35km north of Edinburgh 
(Figure 5.1). The loch occupies a natural bedrock depression 
overlying upper red sandstone. It is a drift basin, formed in sand 
and gravel deposits, which overlie boulder clay. The loch is 
eutrophic and resembles a dish, with a shallow rim around the 
edge with a central area of deeper water. The shallow rim is more 
extensive along the north-eastern shore and there are two major 
deeps of approximately 20m (Smith, 1974). Sediment in the 
deeper areas of the loch are composed of silty clay, while medium 
grained sand is found in the shallow water areas. Phosphorus 
levels in the loch have been enriched due to inputs of sewage and 
drainage from the agricultural land in the catchment, which 
promotes the formation of algal blooms during the summer 
months (Bailey-Watts and Kirika, 1987). 
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All the cores were collected using a Jenkin corer from one 
site (OS grid ref. NO 132 Oil), LLe-1 on 22.10.89, LLe-2 on 
28.01.90 and LLe-3 on 25.07.90 (Table 5.12; Figure 5.19). 210Pb 
data are not available for this loch. 

5.5.2 Lead concentration and stable lead isotope ratio 
results for sediment cores from Loch Leven. 

In Figures 5.20-5.22, total lead concentrations generally 
increase up the cores from 18mg/kg (15-17cm) in LLe-2 and 
lOmg/kg (15-17cm) in LLe-1 and LLe-3 (14-15cm) to reach a 
maximum of -47mg/kg at the surface (0-lcm) (Tables 5.18-5.20). 
206Pb/207Pb and 208Pb/207Pb ratios generally decrease up the 
cores from 1.160-l-166 to l-145-1.150 (206Pb/207Pb) and 2.453- 
2.459 to 2.428 -2.431 and the 208P b/206Pb ratios decrease from 
2.102-2.109 to 2.113-2.121 (Tables 5.20-5.23). 

A mean lead concentration of lOmg/kg determined from 
the bottom two sections of core LLe-1 and bottom section of LLe- 
3 at a 206Pb/207Pb ratio of 1.165 was used to correct the data in 
Figures 5.20a, 5.21 a and 5.22a for an intrinsic baseline 
contribution, as described in Section 5.2.5 (Tables 5.18-20) 

5.5.3 Discussion 

The lead concentration and isotope ratio profiles show good 
reproducibility between cores, although the constant lead 
concentrations (38-42mg/kg) in the upper 4cm of LLe-1, sampled 
in November, indicates that surface mixing of the sediment may 
have occurred. Wind disturbance of the sediment prior to 
sampling is probably the likely cause of sediment mixing, since 
the loch is shallow (-4.0m) at the sampling site (Table 5.12). 
“Excess” lead inventories in cores LLe-1 and LLe-3 of 0.48g/m2 
and 0.49g/m2, respectively, are similar to the 0.30g/m2 measured 
in core CA-l from Loch Coire nan Arr, which is somewhat 
surprising considering the much closer proximity of Loch Leven 
to industrial and population centres. However, the average annual 
rainfall of 935mm to Loch Leven is low in comparison with sites 

220 



Figure 5.19 Loch Leven sampling site. 
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in the north and west of Scotland (e.g. 1053mm at Foyers in the 
Highlands and 1600mm at Arrochmore, Argyllshire) and could in 
part account for the lower lead inventories observed in the Loch 
Leven sediment cores. 

The isotopic composition of the lead accumulated in Loch 
Leven is in general depleted in the 208Pb isotope compared with 
Loch Lomond sediment from below 38cm, thought to be 
uncontaminated by pollutant lead, and is probably a reflection of 
the younger age of the rocks in the catchment. The 206Pb/207P b 
ratio of 1.146 for pollutant lead of surface sediment of Loch 
Leven is comparable with the 1.148 of surface sediment of Round 
Loch of Glenhead. However, the relative contribution of petrol 
lead to pollutant lead in surface sections of Loch Leven 
sediments, calculated using the three component model described 
in Section 5.2.5, of -38-60% is significantly higher than the 
estimate for surface sediment from Round Loch of Glenhead 
(1988-1990), and is perhaps due to the close proximity of the 
M90 (T) motorway to the west bank of Loch Leven, the A 9111 
on the east bank and the town of Kinross on the north-west bank. 

5.6 Conclusions 

1. 2*0Pb fluxes (72-165Bq/mz/y) and lead inventories (0.30- 
3.1 7g/m2) are in general consistent with observations in 
ombrotrophic peat cores from comparable sites in rural and 
remote locations in Scotland. 

2. The general trends in pollutant lead flux to Loch Lomond 
(LL-1OL) and Round Loch of Glenhead (Ga-1D) sediments over the 
past lOO- 150 years are similar, with inter-site differences in the 
relative contribution of pollutant sources indicating the 
importance of localised inputs. 

3. Lead from heavy industry and the combustion of coal, with 
a 206P b/207Pb value between 1.17-l. 18, predominated lead 
inputs to the sediments during the 19th and early 20th centuries. 
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4. The significant reduction in- 206Pb/207Pb ratios of pollutant 
lead in Loch Lomond and Round Loch of Glenhead sediments 
during the last 50 years from 19th century values of 1.17-l.l# to 
1.12-l. 15, is consistent with observation of atmospheric 
deposition records in peat cores from remote and rural sites in 
Scotland (Chapter 4). 

5. The relative contribution of petrol lead to post-1950 
sediments from Loch Lomond of -5O-75% is considerably higher 
than indicated for the same period in sediment from Round Loch 
of Glenhead (5-30%) and for a peat core from a rural location in 
Scotland (27-43%). 
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