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Abstract

Lead (Pb) isotopic analyses proved to be a very efficient tool for tracing the sources of local and global Pb pollution. This review presents an
overview of literature published on the use of Pb isotopic analyses of different environmental matrices (atmospheric aerosols, lichens, tree rings,
peat deposits, lake, stream, marine sediments, soils, etc.). In order to gain more insight, the isotopic compositions of major sources of Pb in the
environment as determined by several authors are described in detail. These include, above all, the former use of leaded gasoline, coal combustion,
industrial activities (e.g., metallurgy) and waste incineration. Furthermore, this review summarises analytical techniques (especially ICP-MS) used

for the determination of Pb isotopes in environmental samples.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead (Pb) is a non-essential and toxic metal whose
biogeochemical cycle has been affected by man to a great
degree. Lead enters the environment during production
(including mining and smelting), use (batteries, pigments,
ceramics, plastics), recycling, disposal of Pb compounds,
combustion of fossil fuels (coal, former use of leaded gasoline),
use of mineral fertilisers and sewage sludge application, etc.
(Mihaljevi¢, 1999; Rieuwerts et al., 1999; Adriano, 2001;
Ahlberg et al., 2006). Estimates of the emissions of individual
sources of Pb indicate that the atmosphere is the major initial
recipient and that the anthropogenic sources are at least 1-2
orders of magnitude greater than natural sources. The
contamination of the atmosphere with Pb is estimated to be
~5000 years old when first inefficient smelting technologies
were introduced in south-western Asia (processing of sulphides
containing Pb—Ag alloys). The world Pb production at that time
was estimated to be 200 t year '. During the era of the Roman
Empire the production increased to up to 80000 t Pb year '
(Patterson, 1971; 1972; Adriano, 2001). At the beginning of the
20th century, a further increase (to 1x10° t year ") occurred
due to emerging industrial activities together with the introduc-
tion of leaded gasoline in the 1940s (Shiharata et al., 1980;
Adriano, 2001). In the 1960s and 1970s, alkyllead gasoline
additives became the most important sources of atmospheric Pb
pollution throughout the world (Nriagu, 1990). The phasing out
of leaded gasoline increased the relative contribution of
industrial Pb in atmospheric pollution (Nriagu and Pacyna,
1988; Nriagu, 1990; Véron et al., 1999; Bollhéfer and Rosman,
2001).

Knowing only the total concentrations and chemical/
mineralogical position of Pb is not sufficient for a precise
evaluation of contamination sources. Lead isotopes have thus
been introduced as “fingerprints” of environmental pollution.
Each source of Pb can have distinct or sometimes overlapping
isotopic ratio ranges. The isotopic composition of Pb in soils
reflects the mixing of these sources, and source apportionment
can be quantified in cases where all potential sources of Pb are
characterised and have specific ratios. Lead isotopic studies
provide therefore a convenient approach for studying and
tracing the sources of Pb pollution in different environmental
compartments. The aim of this review is to present an overview
of literature published on the use of stable Pb isotopes as tracers
of environmental pollution.

2. Basic information about Pb isotopes

Lead is present in the environment as four main isotopes:
208ph (52%), 2°°Pb (24%), °"Pb (23%) and 2**Pb (1%). While
radiogenic isotopes *°°Pb, *°’Pb and *°*Pb are products of
radioactive decay of **U, *U and ***Th, respectively, 2**Pb is
the only primordial stable isotope with a constant abundance on
Earth in time (Table 1; Long, 1999). The abundance of Pb
isotopes in a sample depends thus strictly on the concentrations
of primordial Pb, U and Th and the lengths of the decay
processes, i.e., half-lives (#;,,) of the parent isotopes. The three
radioactive isotopes 219ph (1,=22 years), 212pp (£,,=10 h)
and *'*Pb (1,,=26.8 min) are commonly used in tracing
experiments (e.g., Narbutt and Bilewicz, 1998; Sanchez-Cabeza
et al., 2007). Furthermore, >'°Pb for its convenient half-time is
widely used for dating of glacial age, recent sediments and peat
deposits (Vile et al., 2000; Shotyk et al., 1996).

The isotopic composition of Pb can be expressed by several
means. In Earth and especially environmental sciences, the
isotopic composition of Pb is commonly expressed as ratios
206pp/204pp, 200pp/207pp, 29%8pp/2%Ph with 2°°Pb/?°"Pb being
the most preferred because it can be determined precisely
analytically and the abundances of these isotopes are relatively
important. However, normalisation to 2°*Pb (**°Pb/***Pb,
208pb/294Ph) yields the largest variability between reservoirs.
Furthermore, the abundance of *°’Pb has changed very little
with time compared to 2°°Pb because most **°U has already
decayed while *®U still has a relatively high abundance on
Earth (Erel et al., 2001). For example, while old Pb ores are
generally characterised by a low 2°°Pb/2°’Pb ratio (1.06—1.10),
more recent samples containing more radiogenic Pb (originating
from U and Th decay) reflect higher *°°Pb/*°’Pb ratios (>1.18)
(Farmer et al., 2000; Bacon, 2002). The isotopic composition of
Pb is not significantly affected by physico-chemical fractiona-
tion processes; therefore, Pb isotopes provide an efficient tool

Table 1
Pb isotopes and half-times of the decay processes of their parent isotopes

Parent isotope Pb isotope Decay half-time of the Decay constant of the
parent isotope (years) parent isotope (years ')

_ 204py, _ _
28y 206py, 4.466%10° Josgy: 1.552x10710
35y 207pp 0.704x10° Jassu 9.850x 10710
22T 208pp, 1.401x 10" Jozorn: 4.948x 107!
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for determining the sources and pathways of Pb pollution
(Bollhdfer and Rosman, 2001; Veysseyre et al., 2001).

3. Analyses of Pb isotopes

3.1. Recent analytical techniques used for Pb isotopic ratios
measurements

Mass spectrometry, either with thermal ionisation (TIMS) or
with inductively coupled plasma as the ion source (ICP-MS),
has been successfully applied in Pb isotopic studies. The ICP-
MS instruments include those with quadrupole-based (ICP-
QMS), sector-based (or sector field) (ICP-SFMS) and time-of-
flight-based mass analysers (ICP-TOF-MS). Furthermore, the
sector-based techniques can be equipped with single (SC) or
multiple collector (MC) detection.

3.1.1. TIMS

TIMS is a reliable analytical technique for precise and accurate
determination of Pb isotope ratios in environmental samples (e.g.,
Weiss et al. 1999). Suitable chemical forms for filament loading,
absence of elements used as spike, and minimal analyte
contamination are of a great concern during the sample
preparation for TIMS measurement. This technique requires
separation of Pb from matrix elements, which is performed using
dithizone (e.g., Rabinowitz and Wetherill, 1972) or HBr
complexes and AG1-X8 ion exchange separation (Manhes et al.
1978; Monna et al. 1997). Extensive chemical treatment and
optimisation of vaporisation and ionisation of sample prolong the
analytical procedure but permit the determination of Pb isotopes
with relative standard deviation (RSD) of 0.00X to 0.0X %
(Thirlwall, 2000).

3.1.2. ICP-OMS

The ICP as an ion source allows easy handling and preparation
of samples, fast and simple analyte introduction into the mass
spectrometer which result in fast analyses (Montaser, 1998). The
accuracy and precision of ICP-QMS are lower (from 0.1-0.5%,
e.g., Becker and Dietze, 2000) compared to TIMS (Quétel et al.,
1997; Montaser, 1998). This limitation of ICP-QMS is due to the
unstable nature of the plasma ion source and analyser parameters.
The other drawback is that the masses are not detected
simultaneously; therefore, the precision during isotope ratio
measurements obtained using single collector configurations is
generally lower.

3.1.3. ICP-SFMS

The main advantages of ICP-SFMS are as follows: (i)
simplified sample preparation procedures with high sample
throughput (Quétel et al., 1997); (ii) measurement time is reduced
compared to TIMS. The other advantages of ICP-SFMS
compared to ICP-QMS include higher sensitivity, less electronic
noise and ability to separate spectral interferences in high
resolution mode (Krachler, 2007). In low resolution modes,
ICP-SFMS yields isotope ratio precision of <0.05% (Krachler
et al., 2004; Krachler, 2007). The use of other techniques in
specific applications, such as time-of-flight inductively coupled

plasma mass spectrometry (TOF-ICP-MS), can lead to compar-
able precision levels as those obtained by ICP-SFMS (Barbaste
etal., 2001).

3.2. Factors influencing measurement precision and accuracy

As the masses of Pb isotopes are high, spectral interferences of
polyatomic ions are not common. Possible small isobaric
interference occurs in TIMS from BaPO,- (Potts, 1995). The
important isobaric interference at m/z (mass/charge)=204 (***Hg)
(Baker et al., 2004) can be mathematically corrected using the
isotope 2*?Hg (Barbaste et al., 2001) or *°°Hg (Dolgopolova et al.,
2004). Prior to analyses, some authors recommend to perform
matrix separation by co-precipitation to avoid mainly non-spectral
interferences (Reuer et al., 2003; Chillrud et al., 2005); by ion
exchange chromatography (Yoshinaga, 1996; Monna et al., 1998;
Weiss et al., 2004; Hinners et al., 1998) or using the flow injection
on-line preconcentration procedure (Benkhedda et al., 2004).
These approaches preconcentrate Pb in the samples and thus
overcome the isobaric interferences and possible matrix effects.
For the same reasons, an external normalisation with matrix-
matched standards is strongly recommended (Reuer et al., 2003).

Methods for correcting the behaviour of individual masses in
an ion beam (space charge effects) for TIMS and ICP-MS are
described by many authors (Woodhead et al., 1995; Thirlwall,
2000; 2001; Xie and Kerrich, 2002; Reuer et al., 2003; Baker
etal., 2004). No definitive method exists but the correction using
NIST 981 (Common Lead Isotopic Standard) could be possibly
applicable directly to all analytical methods used for isotope
ratio measurements (Monna et al., 1998). For specific applica-
tions other Pb isotopic standards can be used (e.g., NIST 982 —
Equal-Atom Lead Isotopic Standard; NIST 983 — Radiogenic
Lead Isotopic Standard). The other mass bias correction used for
ICP-MS measurements is based similarly on a correction via the
internal 2T1%T1 (NIST 997 — Isotopic Standard for
Thallium) ratio determination and subsequent calculation of
the mass discrimination factor (Woodhead et al., 1995; Thirl-
wall, 2000; Xie and Kerrich, 2002; Reuer et al., 2003).

Counting statistics can be considered as another important
parameter limiting the precision when the instrument is operated
under optimal conditions (Monna et al., 1998). Improvement of
the counting statistics is theoretically possible by (i) increasing the
time spent on each isotope; (ii) increasing the number of
repetitions and (iii) increasing analyte concentration. However,
some limitations to this approach occur: high concentrations
reduce rapidly the detector lifetime and, additionally, memory
effects could be expected (Monna et al., 1998). Earlier work
concerning the optimisation of data acquisition factor to minimise
non-random instrumental noise by Pb isotopic ratio determination
using ICP-MS was published by Quétel et al. (1997). The factors
evaluated in this work were (i) dwell time (period of time spent by
the quadrupole on each peak); (ii) number of sweeps/replicate and
(iii) number of replicates/analyses. The authors concluded that for
accurate and precise analyses (mainly of ***Pb with low relative
abundance) it is important to increase the counting time by
increasing the number of sweeps together with shortening the
dwell time to 20 ms. Monna et al. (1998) recommended for
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quadrupole-based ICP-MS an external mass bias correction based
on measuring a solution of known isotopic composition, e.g.,
NIST 981 after every 4 or 5 unknown samples and correct isotope
ratio by extrapolation. The authors further tested the four schemes
of different dwell time settings dedicated to each isotope
measurements by ICP-QMS: (i) strictly equal times; (ii) times
inversely proportional to abundances; (iii + iv) two intermediate
positions corresponding to optimal times computed using Poisson
statistics (73% for 2**Pb, 10% for each of **°Pb and *°’Pb and 7%
for 2°®Pb). Results showed that analysis time can be reduced down
to 40% (**°Pb, 2°’Pb) and 20% (***Pb) (Monna et al., 1998);
therefore, it should be pointed out that the previous solutions using
timings inversely proportional to the abundance are not optimal.

3.3. Quality control and quality assurance of Pb isotopic ratios
determination

Standard reference materials used for quality control (QC)
and quality assurance (QA) of Pb isotopic analyses are the
following: certified rock powders AGV — 2 (andezite) and
BCR — 2 (basalt) from the U.S. Geological Survey (USGS,
1998; Woodhead and Hergt, 2000), and the glass wafers (NIST
610) used for laser ablation ICP-MS (Platzner et al., 2001;
Walder et al., 1993). Low ash peat material with known Pb
isotopic composition is available at the University of Edinburgh
(Yafa et al., 2004). Certified values for Pb isotopic composition
are available for the wine sample IMEP 16 (Pb in wine) (van
Nevel et al., 2001). Other materials with analysed 2°°Pb/?*’Pb
ratio include NIST 1635 — (Trace elements in coal —
subbitumenous) and BCR CRM 40 (Steam coal) (Farmer et
al., 1999). Due to the low number of reference materials suitable
for QC/QA of Pb isotope ratio analyses, individual laboratories
prepared their “in-house reference materials” or provided
comparative measurements of identical samples by TIMS
(Krachler et al., 2004).

4. Pb isotopic ratios of different anthropogenic sources

While each Pb source has its own specific isotopic compo-
sition, it is important to note that separate geochemical reservoirs
are linked together and the final isotopic composition of Pb
results from mixing of many different sources. The following
chapters present an overview of the Pb isotopic compositions
(mainly “°°Pb/”°’Pb) of different anthropogenic sources as
published in the literature. Table 2 summarises these data.

4.1. Leaded gasoline

The former use of leaded gasoline had represented one of the
main sources of global Pb pollution in the period between the
1940s and the 1980s. The knowledge about the origin of
gasoline, i.e. about the origin and age of Pb ore used for alkyllead
antiknock additives (tetracthyllead Pb(C,Hs)s (TEL), tetra-
methyllead Pb(CH3)4 (TML)) is vital for a precise identification
of Pb originating from leaded gasoline combustion (Shiharata
et al., 1980; Monna et al., 1997). The isotopic composition of Pb
ores used thus reflects the composition of leaded gasoline. The

206pp/2%4pY and 2%°Pb/*°"Pb ratios commonly found in Pb ores
throughout the world range between 16.0—-18.5 and 1.19-1.25,
respectively (Hansmann and Koppel, 2000). Exception to this
rule is the commonly used Pb ore from the Broken Hill deposit,
Australia, which is characterised by extremely low 2**Pb/2°’Pb
ratios (1.03—1.10). On the other hand, Pb originating from the
Mississippi Valley ore deposit, USA, exhibits significantly more
radiogenic Pb isotopic composition (*°°Pb/***Pb>20.0;
206pp297ph=1.31-1.35) (Doe and Delevaux, 1972). American
leaded gasoline reflected therefore significantly higher
206pp/2°7Pb ratios compared to European gasoline (Fig. 1). The
introduction of the European leaded gasoline around 1945
resulted in a steep decrease of the *°°Pb/*”’Pb ratio of
atmospheric Pb (Weiss et al., 1999; data from peat deposits).
The isotopic composition of leaded gasoline was to some extent
dependent on economical factors, such as the availability and
price of Pb ores and has evolved due to the different Pb ores used.
For example, Pb used for French leaded gasoline originated from
Australian, Moroccan and Swedish ores and the contribution of
the separate ores changed during time (Véron et al., 1999). It is
therefore indispensable to gather data concerning the origin of
gasoline used in studied regions. It is possible to assume that Pb
originating from European leaded gasoline has the least radio-
genic composition from all anthropogenic sources. While the Pb
isotopic composition of gasoline originating from Western
Europe was strongly influenced by low *°°Pb/*’Pb values
(~1.03—1.04; Pb imported from Broken Hill, Australia) (Doe
and Stacey, 1974; Grousset et al., 1994; Weiss et al., 1999),
gasoline used in Central and Eastern Europe reflected slightly
higher values (**°Pb/?*’Pb~ 1.11—1.13) due to petrol additives
originating from Eastern Germany and/or Russia (Novak et al.,
2003).

4.2. Coal combustion

Coal combustion has been another important anthropogenic
source influencing the isotopic composition of Pb for many
decades. Lead released during coal combustion can be
distinguished from other sources using Pb isotopes because of
its different isotopic composition. The 2°°Pb/**’Pb ratio in
European coals is not age dependent and ranges between 1.16
and 1.21 (Farmer et al., 1999; Hansmann and Koéppel, 2000;
Rosman et al., 2000; Novak et al., 2003). Lead isotopic studies in
peat deposits proved that coal combustion was the predominant
source of Pb in the atmosphere before the introduction of leaded
gasoline and air pollution control (APC) policies in thermal
plants (Vile et al., 2000; Novak et al., 2003). Coal burning in
Central Europe is often difficult to discern from the background
source (**°Pb/*’Pb~1.19), but contributes to the isotopic
composition of an “industrial” Pb mixture, which can be detected
in recent atmospheric aerosols and yields 2°°Pb/*’Pb values of
~1.15 (Weiss et al., 1999; Novak et al., 2003).

4.3. Metallurgical activities

The isotopic composition of Pb emitted to the atmosphere
during pyrometallurgical processes reflects closely the isotopic
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Table 2
Examples of Pb isotopic compositions (**°Pb/”°’Pb) of different anthropogenic Pb sources in the environment
Sample Country (location) 206pp,207p}, n? References
Range Mean+SD
Gasoline and vehicular Pb
Leaded gasoline United Kingdom 1.059-1.079 1.067+0.007 7 Monna et al. (1997)
Leaded gasoline France (NW) 1.060-1.100 1.083+0.015 4 Véron et al. (1999)
Leaded gasoline France 1.069-1.094 1.084+0.009 9 Monna et al. (1997)
Leaded gasoline Switzerland (Geneva) 1.081-1.132 1.113+0.015 12 Chiaradia and Cupelin (2000)
Road tunnel dust Switzerland (Milchbuck) 1.109-1.118 1.114+0.004 3 Hansmann and Koppel (2000)
Vehicle exhaust Switzerland (Milchbuck) 1.086—1.125 1.107£0.012 6 Hansmann and Kdoppel (2000)
Leaded gasoline Czech Republic 1.110+0.016 10 Novik et al. (2003)
Road tunnel dust Czech Republic (Prague) 1.135+£0.001 1 Ettler et al. (2004)
Leaded gasoline Israel (Jerusalem) 1.094-1.119 1.109£0.007 8 Erel et al. (1997)
Unleaded gasoline Israel (Jerusalem) 1.108-1.146 1.126+0.015 4 Erel et al. (1997)
Leaded gasoline Mexico 1.202-1.204 1.203+0.001 2 Safiudo-Wilhelmy and Flegal (1994)
Leaded gasoline Canada 0.920-1.190 1.105+0.086 15 Sturges and Barrie (1987)
Leaded gasoline USA 1.040—1.390 1.183£0.103 8 Sturges and Barrie (1987)
Leaded gasoline Russia 1.134-1.149 1.142+0.008 2 Mukai et al. (2001)
Vehicle exhaust (leaded) China (Shanghai) 1.098-1.116 1.110+0.005 5 Chen et al. (2005)
Vehicle exhaust (unleaded) China (Shanghai) 1.138-1.160 1.147+0.004 5 Chen et al. (2005)
Coal
Coal United Kingdom 1.172-1.202 1.184+0.006 25 Farmer et al. (1999)
(England and Wales)
Coal United Kingdom (Scotland) 1.159-1.213 1.181£0.011 30 Farmer et al. (1999)
Coal Ireland 1.165-1.307 1.178+0.012 6 Farmer et al. (1999)
Coal Spain 1.130-1.268 1.191+0.032 24 Diaz-Somoano et al. (2007)
Coal Poland (Yanowice) 1.177+0.001 1 Farmer et al. (1999)
Coal Germany (Hambach) 1.174+0.003 1 Farmer et al. (1999)
Coal Switzerland (Geneva) 1.181 1 Chiaradia and Cupelin (2000)
Coal Belgium 1.170-1.180 1.176+£0.004 10 Walraven et al. (1997)
Coal Czech Republic 1.190+0.006 7 Novak et al. (2003)
Coal China (Shanghai) 1.140-1.208 1.163+0.001 23 Chen et al. (2005)
Coke China (Shanghai) 1.160+0.001 1 Chen et al. (2005)
Coal combustion dust China (Shanghai) 1.163—1.172 1.167+£0.002 3 Chen et al. (2005)
Coal fly ash China (Shanghai) 1.161-1.170 1.166+0.002 3 Chen et al. (2005)
Coal USA 1.126-1.252 1.201+0.023 21 Tsaihwa and John (1972)
Coal Colombia (La Jagua) 1.219+0.004 1 Farmer et al. (1999)
Coal fly ash Australia (Illawara/Tallawara) 1.211 1 Chiaradia et al. (1997)
Coal Russia 1.200-1.212 1.206+0.005 3 Mukai et al. (2001)
Coal South Africa (Reitspruit) 1.206+0.003 1 Farmer et al. (1999)
Metallurgy/smelters
Aerosol-Fe—Mn metallurgy France (Nord-Pas de Calais) 1.111+0.005 n.a Véron et al. (1999)
Aerosol-Pb smelter France (Nord-Pas de Calais) 1.133£0.001 n.a Véron et al. (1999)
Aerosol—steel metallurgy France (Nord-Pas de Calais) 1.196+0.015 n.a Véron et al. (1999)
Slag — Pb—Zn smelter France (Noyelles-Godault) 1.104 1 Cloquet et al. (2006b)
Dust from filters — France (Noyelles-Godault) 1.127-1.131 1.129+0.002 2 Cloquet et al. (2006b)
Pb—Zn smelter
Slags from medieval France (Mont-Lozére/Cévennes) 1.175-1.182 1.181+0.001 37 Baron et al. (2005, 2006a,b)
metal workshops
Dust — Zn metallurgical Switzerland (Buchs) 1.143 1 Hansmann and Koppel (2000)
plant
Slag — Pb smelter Czech Republic (Piibram) 1.165+0.004 1 Ettler et al. (2004)
(ore processing)
Slag — Pb smelter Czech Republic (Piibram) 1.168+0.004 1 Ettler et al. (2004)
(battery processing)
Fly ash — Pb smelter Czech Republic (Piibram) 1.167+0.003 1 Ettler et al. (2004)
(ore processing)
Fly ash — Pb smelter Czech Republic (Piibram) 1.177+0.003 1 Ettler et al. (2004)
(battery processing)
Slag — Zn—Pb smelter Australia (Cockle Creek/New S Wales) 1.139-1.140 1.139+0.001 2 Gulson et al. (2004)
Fume — base metal smelter Australia (Illawara/Port Kembla) 1.146—1.148 1.147+0.001 3 Chiaradia et al. (1997)
Fume — base metal smelter Australia (Illawara/Kanahooka) 1.058 1 Chiaradia et al. (1997)
Fume — steel works Australia (Illawara/Port Kembla) 1.180-1.213 1.196+0.017 2 Chiaradia et al. (1997)
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Sample Country (location) 206pp,207pp, n? References
Range Mean+SD
Metallurgy/smelters
Ingots — Pb smelter USA (Bunker Hill/Idaho) 1.070-1.140 1.095+0.029 4 Rabinowitz (2002, 2005)
Ingots — Pb smelter USA (Doe Run/Missouri) 1.310-1.340 1.330+0.014 3 Rabinowitz (2002, 2005)
Slags and ingots — Pb smelter USA (Eagle-Picher/Kansas— 1.210-1.360 1.282+0.058 6 Rabinowitz (2002, 2005)
Okl.—Missouri)
Slag — Pb smelter USA (ILP/Utah) 1.150 1 Rabinowitz (2002, 2005)
Electric-arc furnace dust — USA (Palmerton, Pennsylvania) 1.206-1.224 1.213£0.055 6 Ketterer et al. (2001)
Zn smelter
Cu smelter emissions Canada (Rouyn-Noranda) 0.920-1.030 n.a Gallon et al. (2006), Savard
et al. (2006a,b), Hou et al. (2006)
Aircraft-sampled Cu Canada (Rouyn-Noranda) 1.122-1.167 1.144+0.012 21 Simonetti et al. (2004)
smelter emissions
Dust — metallurgy China (Shanghai) 1.148-1.164 1.157+0.005 5 Chen et al. (2005)
Municipal solid waste incinerators
Incinerator ash Switzerland (Geneva) 1.154-1.156 1.155+0.001 2 Chiaradia and Cupelin (2000)
Incinerator fly ash Switzerland (Ziirich/Hinwill) 1.150-1.153 1.151+0.001 6 Hansmann and Koppel (2000)
Incinerator flue gas France (Metz) 1.154-1.157 1.155+0.002 3 Cloquet et al. (2006a)
Incinerator electrostatic France 1.150-1.158 1.155+0.002 13 Carignan et al. (2005)
precipitator ash
Incinerator filter cake France 1.156-1.157 1.156+0.001 4 Carignan et al. (2005)
Incinerator scrubber residue France 1.149-1.155 1.152+0.002 5 Carignan et al. (2005)
Incinerator fly ash France 1.148-1.151 1.149+0.001 4 Carignan et al. (2005)
Incinerator ash France (Sete) 1.143-1.155 1.149+0.004 4 Monna et al. (1997)

# Number of samples.
® n.a. — not available.

composition of the material processed, such as Pb ore or
secondary processed materials containing Pb (e.g., Pb batteries)
(Ettler et al., 2004). Further information can be obtained from
APC residues originating from the smelters which will influence
to a great extent the isotopic composition of Pb in atmospheric
aerosols and after sedimentation, in soils (Ettler et al., 2005a). The
predominant influence of Pb smelters on local contaminations of
the atmosphere, soils and sediments has been proved by several
Pb isotopic studies (e.g., Ettler et al., 2004; Hou et al. 2006;
Komarek et al., 2007).

4.4. Waste incineration

Monna et al. (1997) showed in their work that fly ash
originating from waste incinerators can be used as an average
industrial source of Pb. All waste products containing Pb are
mixed together and burned; the measured Pb isotopic composition
thus reflects average values. However, the ratio **°Pb/**’Pb
measured by Monna et al. (1997) in fly ash originating from the
incinerator in Seéte, France, varied due to the heterogeneity
of the wastes and due to the limited number of samples
(*°°Pb/**"Pb=1.14-1.16). Carignan et al. (2005) analysed fly
ash and flue gas from eight municipal solid waste combustors in
France and obtained 2*°Pb/?°’Pb values ranging from 1.15 to
1.16. Similar results were obtained in other countries: Japan
(*%°Pb/*°"Pb=1.15) (Mukai et al., 1993) and Germany
(*°°Pb/*"Pb=1.14—1.16) (Monna et al., 1997). A recent

investigation of Pb isotopic composition of urban waste
incineration flue gases from northeastern France showed the
206pp/297pY values close to 1.155 (Cloquet et al., 2006a).

5. Pb isotopes in different reservoirs

Tracing the sources of transboundary atmospheric pollution
using Pb isotopic ratios has been successfully applied in studies
dealing with atmospheric aerosols (e.g., Sturges and Barrie,
1987; Monna et al., 1997; Bollhofer and Rosman, 2000, 2001;
Flament et al., 2002), lake sediments (e.g., Farmer et al., 1996;
Monna et al., 1999; Renberg et al., 2002), snow and ice samples
(e.g., Doring et al., 1996; Rosman et al., 2000; Simonetti et al.,
2000), peat deposits (e.g., Shotyk et al., 1996; Weiss et al., 1999;
Novak et al., 2003), tree rings (e.g., Watmough et al., 1999;
Patrick and Farmer, 2006; Savard et al., 2006a), epiphytic
lichens (e.g., Carignan and Gariépy, 1995; Doucet and Carignan,
2001; Kylander et al., 2007), grasses (Bacon et al., 1996), etc.

5.1. Atmospheric aerosols

Atmospheric Pb is mostly present in submicrometric aerosols
which can be transported over long distances making thus the
interpretation of Pb isotopic data complicated. For example, Erel
et al. (2002) found that Pb in atmospheric aerosols sampled in
Jerusalem, Israel, was not derived only from local sources, but Pb
originating from Turkey, Egypt and Eastern Europe contributed
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Fig. 1. A schematic three-isotope plot (*°°Pb/*°"Pb vs. 2°*Pb/**°Pb) showing the isotopic compositions of different Pb sources.

significantly to the isotopic composition of atmospheric Pb.
Doucet and Carignan (2001) proved that even Pb from dust
originating from Sahara influences the Pb isotopic composition in
European aerosols. A multi-elemental approach using concentra-
tions of other elements (e.g., Zn, Cd, Cu, As, Mn, Al, etc.) or other
isotopic ratios (e.g., ®’St/*°Sr) in aerosols can be thus helpful for a
precise evaluation of Pb origins (Simonetti et al., 2000; Doucet
and Carignan, 2001). The isotopic composition of Pb quickly
changes depending on the different inputs of Pb, distances from
industrial areas, traffic density, prevailing wind directions, rainfall
intensity, etc. (Shiharata et al., 1980; Monna et al., 1997;
Simonetti et al., 2000). For example the 2*°Pb/*°’Pb ratio in
aerosol samples from California, USA, changed from 1.15 (data
from 1967) to 1.23 (data from 1977). This increase was associated
with the use of gasoline additives containing Pb from Mississippi
Valley, USA, ores characterised with a high 206pp297ph ratio
(1.28-1.33) (Shiharata et al., 1980). Abandoning Pb originating
from Mississippi Valley ores resulted in a decrease of the
206pp297pPY ratio in American aerosols in the 1980s down to 1.18
(Erel et al., 1997) and to 1.16 in 1990s (Bollhofer and Rosman,
2001). As a whole, the isotopic composition of US aerosols
changed but it remained relatively heterogeneous, depending on
the location of sampling. As an example, Carignan et al. (2002)
reported 2°Pb/””’Pb values obtained from epiphytic lichens
originating from northeastern North America to be 1.15-1.21.
The evolution of the °°Pb/**’Pb ratio in Western European

atmosphere, as measured in grasses originating from Southeast of
England, reflected a different trend. A significant decrease of the
206pp/207P ratio (from 1.17 to 1.09) was observed from the end
of the 19th century to the end of WWIIL. This decrease can be
explained by several means: (i) increased import of ores with less
radiogenic ratios, (ii) changes in industrial practices, (iii)
combustion of coal originating from different areas (Bacon
et al., 1996). The further decrease of the 2°°Pb/**’Pb value was
caused by the introduction of leaded gasoline throughout the
world. The subsequent increase of the 2°*Pb/?°’Pb ratio (to 1.13)
in the 1980s reflects the gradual abandoning of leaded gasoline
throughout Europe. These changes are associated with decreases
of atmospheric Pb concentrations. Similar evolution trends of Pb
isotopic ratios and concentrations in European atmosphere were
observed by several authors (e.g., Shiharata et al., 1980; Grousset
et al,, 1994; Hansmann and Koppel, 2000). The opposite
evolutions of 2°°Pb/?’Pb ratios in Northern America and Europe
are given in Fig. 2.

5.2. Peat deposits

Many studies have used peat deposits as archives of historical
Pb pollution and atmospheric Pb deposition. The scientific
community using this type of archive is still growing as shown by
a number of papers published in recent years (e.g., Shotyk et al.,
2003; Bindler et al., 2004a; Monna et al., 2004a; Farmer et al.,
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Fig. 2. Different evolution trends of the 2°°Pb/*°’Pb ratio in North American and
European atmospheric aerosols (redrawn after Grousset et al., 1994).

2005). The ombrotrophic peat bogs are considered as one of the
best continental archives, which can be used to reconstruct the
historical atmospheric deposition (MacKenzie et al., 1998; Weiss
et al., 2002; Shotyk and Le Roux, 2005). Ombrotrophic Sphag-
num-derived peat bogs are fed only by rain water and efficiently
retain metals entering by atmospheric deposition. Minerotrophic
peat deposits are also used for this purpose (Monna et al., 2004b;
Weiss et al., 1999; Baron et al., 2005; Mihaljevi¢ et al., 2006a);
however, being fed not only by atmospheric precipitation, but also
by groundwater, the continuity of the atmospheric deposition can
be disturbed (MacKenzie et al., 1998).

Lead isotopic studies in peat deposits are often focused on
tracing Pb pollution sources during the last ~200 years (since
the Industrial Revolution) (Weiss et al., 1999; Novak et al.,
2003). However, some deeper peat profiles are used to
reconstruct Pb deposition to a larger extent, e.g., a period of
more than the last 5000 years on the Faroe Islands (Shotyk et al.,
2005), more than 4000 years in England (Le Roux et al., 2004)
or the last 4600 years in Spain (Martinez Cortizas et al., 2002).
Such studies of long-term Pb isotopic changes can be useful in
determining the pre-anthropogenic Pb deposition and specific
Pb isotopic fingerprints for periods of Metal Ages, Roman
periods and Middle Ages.

The patterns of Pb isotopic changes recorded in peat bogs are
strictly dependent on the localities. The Central European studies
show that pre-industrial isotopic compositions yielded values
close to the value of the continental crust (*°°Pb/>"’Pb~ 1.19—
1.22) (Weiss et al., 1999). The most important shift to lower
206pp/297pY, values can be noticed in peat profiles after ~1930s
due to the increase of vehicular Pb. In peat profiles from England
and Scotland, anthropogenic Pb mostly derived from car exhausts
(*°°Pb/*"’Pb ~ 1.11-1.13) is distinguished from the pre-industrial
values, which were slightly lower than in continental Europe
(*°°Pb/*"Pb ~ 1.16—1.17) (MacKenzie et al., 1998; Weiss et al.,
2002; Farmer et al., 2005). In Scotland, a significant decline in
20pp297ph value can be observed after the 1930s with a
minimum in 1990s (~ 1.13) and an increase to 1.16 in very recent

years corresponding to a cessation in the use of Pb-containing
gasoline (Farmer et al., 2005). This temporal trend can also be
observed for other archives used for the reconstruction of changes
in Pb pollution sources in UK (Fig. 3). A historical insight into Pb
deposition from 2000 BC to 1800 AD (Le Roux et al., 2004)
showed a slight decrease in 2*°Pb/*°"Pb value with respect to the
pre-anthropogenic isotopic composition (1.18—1.17) during the
Roman Occupation (43 AD-410 AD), which however still
corresponds to the Pb isotopic fingerprints of English Pb ores.
Declines in Pb metallurgical activities in England during the
epidemics are also indicated by Pb isotopes in English peat cores
(Le Roux et al., 2004).

The Spanish peat bog archives showed high values of pre-
anthropogenic isotopic compositions (*°°Pb/?°"Pb~1.27,
4000 years BP) with an increasing trend until the period of
the Roman Empire, which significantly enhanced the mining
and smelting of Iberian ores (**°Pb/**’Pb=1.18), followed by
an increase in 2°°Pb/**’Pb value due to the fate of mining during
Middle Ages (Martinez Cortizas et al., 2002). Similarly, the
extensive mining/smelting activities were detected in peat
archives from French Central Massif (Morvan) in several
successive period from Bronze and Iron Ages, Antiquity to
Middle Ages using a combination of differences in Pb isotopic
composition and Sc-normalised Pb contents (Monna et al.,
2004b). As the isotopic compositions of Pb sources in the North
America are significantly different and variable, the records
from Canadian peat deposits contrast with those from Europe.
The pollution sources cannot be often satisfactorily explained
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Fig. 3. A comparison of temporal trends in 2°*Pb/”°’Pb ratios between different
Scottish archives (modified from Farmer et al., 2005): peat core from Glensaugh
(north-eastern Scotland) sampled in 2002 (Farmer et al., 2005); Loch Lomond
sediment core (Farmer et al., 1996, Eades et al., 2002); Scottish Sphagnum moss
archive samples (Farmer et al., 2002).
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(Weiss et al., 2002). For example, pre-industrial Pb found in
deeper peat horizons yields *°°Pb/**’Pb~1.16 and the
206pp/297Ph increase up to 1.20, corresponding to modern
North American 2°°Pb/?°’Pb values (Weiss et al., 2002).

5.3. Sediments

5.3.1. Lake sediments

Lake sediments were used as archives of historical Pb
contamination to a larger extent since the 1980s (Shiharata
et al., 1980; Graney et al., 1995). Lake sediments can give
(through feasible slicing in very thin sections) a precise time
resolution in Pb deposition and changes in Pb isotopic com-
position (Farmer et al., 1996). In contrast to deep peat bog
profiles, such samples generally yield the record of the last
500 years maximum, showing the Pb isotopic pattern from pre-
industrial to recent periods (Farmer et al., 1996; Erel et al.,
2001; Eades et al., 2002). Some exceptions, such as studies of
deep cores from Swedish lake sediments, show the reconstruc-
tions of the last ~ 11000 years (Brannvall et al., 2001; Renberg
et al., 2002).

The studies of Pb isotopic patterns in lake sediments from
continental Europe are mainly studied in Sweden and Switzer-
land. A ~3500-year record from 31 lake sediment cores in
Sweden showed a noticeable peak in *°°Pb/**’Pb value during
the Roman Period (~0 AD, *°°Pb/**’Pb ~ 1.45), returning to
the background value of ~1.15 until the Middle Ages (1000
AD) with small peaks in 1200 and 1530 AD. A further rapid
decrease in 2°°Pb/*°"Pb after World War II (peak in the 1970s,
206pp/207ph ~ 1.12) and a further increase until today’s value
~1.13 was observed (Renberg et al., 2002). The variation of
206pp/297Pp ratios is consistent with Pb enrichment factors with
respect to the background (Renberg et al., 2002). The Swiss lake
sediment profiles are characterised by a background
206pp/207ph value of ~1.2 and Pb concentration and isotopic
peaks in the 1980s and the 1990s (***Pb/*°’Pb from 1.13 to
1.16, respectively) corresponding to the predominant pollution
by gasoline-derived Pb (**°Pb/>°’Pb ~ 1.04—1.10) (Moor et al.,
1996; Kober et al., 1999).

The studies from Britain predominantly attribute the most
significant shift in 2°°Pb/*°’Pb value from background 1.17—
1.18 to 1.12 (during 1929 and 1991) to the use of leaded
gasoline since the 1920s (Farmer et al., 1996). In general,
several different periods can be discerned from the Pb isotopic
pattern in lake sediments from northern and central Scotland: (i)
pre-1820 2°°Pb/*°"Pb ratio close to the local coal (1.18); (ii)
18201900, constant *°°Pb/>°’Pb value of ~1.17 correspond-
ing to a combination of emissions from coal burning (1.18),
indigenous ore smelting (1.17) and use of Australian Pb in south
England (1.04); (iii) 1900—1985, decrease in *°°Pb/*°’Pb value
down to 1.13 due to use of gasoline additives and (iv) increase
to *°°Pb/*’’Pb value of ~1.145 until the mid 1990s as a
consequence of a reduction in car-exhaust emissions (Eades
et al., 2002).

A new application of Pb isotopes in lake sediments to trace the
atmospheric pollution from Horne smelter (Rouyn-Noranda,
Québec, Canada) was recently presented by Gallon et al. (2000).

The contribution of the smelter emissions on Pb deposition was
calculated using dated sediment cores from four lakes (located 10,
25, 150 and 300 km from the smelter). Lead from the Horne
smelter had a Pb isotopic composition (***Pb/**’Pb ~ 0.99) sig-
nificantly different from aerosols sampled at remote sites in
Eastern Canada (*°°Pb/?°’Pb~1.15-1.20) and USA
(*°°Pb/*""Pb ~ 1.15—1.22) and allowed thus to discern the impact
of the smelter. The results showed that the smelter emissions
accounted for 89%, 88% and 5-34% of total Pb inventories in
lakes located 10, 25 and 150 km from the smelter, respectively. In
a distant lake (300 km), the smelter-derived Pb was not
isotopically detected.

5.3.2. Stream sediments

Stream (or bottom) sediments and alluvial soils deposited
during the flood events represent valuable tools for an
assessment of metal contamination dispersal by fluvial systems.
Lead isotopes were satisfactorily used to trace the sources and
dispersal of Pb in several mining areas (MacKenzie and Pulford,
2002; Ettler et al., 2006). Each polymetallic mining district
possesses its characteristic Pb isotopic composition, which
helps to discern the degree of contamination downstream from
the specific contamination source (mining and milling facilities,
tailing ponds, dumps) and to distinguish between the pollution
and the geological background. For this purpose, Ettler et al.
(2006) used the diagram *°°Pb/*°’Pb ratio vs. Al-normalised
Pb, which helped to determine the sources of pollution and Pb
enrichment with respect to the background (Fig. 4). The degree
of pollution generally decreases with the distance from the
contamination source, but metals bound to suspended solid
particles can travel in the fluvial systems especially during the
floods and settle as overbank sediments (alluvial soils) (Monna
et al., 2000a). If dated, overbank sediments can be used as a
marker of historical Pb deposition during flood events. For
example, through Pb isotopic investigations of overbank
sediments and possible sources (local ores with variable
206pp/297Ph ratios), Monna et al. (2000a) reconstructed the
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Fig. 4. Diagram 2°°Pb/”’Pb vs. Pb/Al showing the sources and degrees of
contamination of the stream sediments from the mining/smelting district of
Piibram, Czech Republic (modified from Ettler et al., 2006).
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history of mining and smelting activities in Harz province,
Germany, which began as early as 3500 years ago.

5.3.3. Marine sediments

Relatively few works are dealing with Pb isotopic tracing of
pollution in marine sediments. Lead isotopic analyses of surficial
pelagic sediments from the North Atlantic identified increased
anthropogenic Pb input to marine sediments during the 20th
century (Hamelin et al., 1990). Gobeil et al. (2001) used Pb
isotopes in sediments underlying boundary currents in the Arctic
Ocean to identify pathways of contaminant Pb between the
Eurasian basin and the North Atlantic. In their preceding study,
Gobeil et al. (1995) used coupled Pb concentration and isotopic
data to estimate the depth distribution and the burden of deposited
Pb in sediments from the St. Lawrence Estuary, Canada, which is
suggested as a globally significant basin for anthropogenic Pb
deposition. In another study, Flegal et al. (1989) observed patterns
of trace element cycling within coastal waters of the north-east
Pacific through Pb isotope analyses.

The study by Hinrichs et al. (2002), focused on Pb pollution
pathways in sediments and suspended particulate matter (SPM)
in German Bight, shows the differences in Pb isotopic
composition between tidal flat sediments (human-unaffected,
with geogenic *°°Pb/?°’Pb~ 1.2) and nearshore and offshore
SPM (*%°Pb/**’Pb~1.172 and 1.166, respectively). As the
anthropogenic/atmospheric signal corresponds to values
206pb/297Ph ranging from 1.11 to 1.14, the authors calculated
that SPM yields *°°Pb/**’Pb values reflecting a mixture of
anthropogenic and geogenic Pb.

Coastal ponds communicating with sea water, but fed mainly
by rivers represent another type of historical archive of Pb
deposition. Several studies of dated sediment cores from Thau
coastal pond (southern France) permitted to reconstruct the input
and sources of Pb during the last ~ 150 years (Monna et al., 1995,
2000b). Lead in pond sediments resulted from mixing of three end
members: Pb from gasoline used in the area (*°°Pb/*°’Pb ranging
from 1.10—1.11), natural Pb (1.20) and liquid urban output (1.15—
1.17) (Monna et al., 1995). The upper parts of the sediment
profiles are characterised by low 2°°Pb/2°’Pb ratios, correspond-
ing to gasoline-derived Pb (Monna et al., 2000b). In contrast,
significant rainfall or storm events are responsible for higher input
of geogenic material from karstic areas located north of the coastal
pond (Monna et al., 1995).

5.4. Soils

Anthropogenic contamination of soils with metals represents
a very serious environmental problem especially in industrial
and urban areas (e.g., Adriano, 2001; Mihaljevi¢ et al., 2006b;
Komarek et al., 2007). Lead contamination is mainly concen-
trated in superficial soil horizons depending on organic matter
and Fe-, Mn-, Al-(hydr)oxides contents (Ettler et al., 2005b).
While the vast majority of heavy metals in soils are derived from
anthropogenic sources, Pb isotopic studies proved that increased
Pb concentrations can originate from natural processes as well.
In general, the isotopic composition of Pb in “uncontaminated”
soils is more radiogenic (*°°Pb/>**Pb~ 18.5-19.5) because

most Pb is derived from weathered bedrocks and the isotopic
composition of Pb is mostly influenced by the decay of ***U to
206ph_ On the other hand, the Pb isotopic composition of Pb ores
(with higher Pb/U ratios, due to the separation of Pb from U) will
reflect a less radiogenic composition (**°Pb/?**Pb ~ 16.0—18.5)
(Hansmann and Koppel, 2000).

Pb isotopic studies have been widely used in soil analyses to
evaluate the downward migration of Pb throughout the soil
profile (e.g., Puchelt et al., 1993; Ettler et al., 2004). The
migration of gasoline-derived Pb was estimated by Erel (1998)
using an advection—dispersion model and reached 0.5 cm
year '. However, the Pb migration rate is site specific and will
depend on many factors (e.g., precipitation, soil organic matter
and clay content, etc.) (Ettler et al., 2004; 2005b). Similarly,
Klaminder et al. (2006) calculated that Pb deposited in a soil of
a small catchment over the past ~4000 years has penetrated
below 50 cm down the soil profile. On the other hand, Baron
et al. (2006a) in their study involving Pb isotopes and
concentrations found no evidence for massive leaching of
dissolved Pb through soils at sites contaminated by metallurgi-
cal activities. The authors suggest that Pb in such soils is rather
dispersed as physical particles (e.g., slag grains).

In some works, sequential extractions preceded Pb isotope
analyses in soils. This approach allows to get a more detailed
insight on the distribution and origin of Pb in soils (Teutsch et al.,
2001; Emmanuel and Erel, 2002; Komarek et al., 2007). For
example, Teutsch et al. (2001) proved, via analyses of the Pb
isotopic composition in separate soil fractions, that anthropogenic
Pb (predominantly derived from leaded gasoline) is concentrated
mainly in the exchangeable/carbonate bound and reducible (Fe-
(hydr)oxides) fractions. On the other hand, “natural” Pb is mainly
associated with the residual silicate fraction. Similar results were
obtained in the work of Emmanuel and Erel (2002) with the only
exception that anthropogenic Pb was bound predominantly to soil
organic matter. Another approach is to use Pb isotopic data
obtained from an easily extractable chemical fraction, e.g., 0.05 M
EDTA-extractable (Komarek et al., 2006), 0.5-2 M HNOs-
extractable (Hansmann and Koppel, 2000; Teutsch et al., 2001),
0.25 M HCl-extractable (Hou et al., 20006), etc.

Semlali et al. (2001) used a combination of Pb isotopic ratios
with Pb/Sc ratios in soils to obtain more detailed information
about the distribution of endogenous and exogenous Pb.
Moreover, Prohaska et al. (2005) used a combination of
207pb/2%Ph, ¥7St/*Sr and Ti/Zr to trace different lithological
processes in soils and subsequent distribution of Pb in a soil
profile. Such multi-elemental approaches represent powerful
tools for interpreting pedogeochemical processes and Pb
distribution in soils. Another very common tool used for
distinguishing between separate Pb sources are three isotopes
plots (e.g., 2°°Pb/2°"Pb vs. 2°*Pb/*°°Pb) or Pb isotopes vs. Pb
concentrations plots (Figs. 4 and 5). These approaches allow
identifying more precisely separate Pb sources (Bacon and
Dinev, 2005; Monna et al., 2000a; Ettler et al., 2004).
Additionally, several models for assessing the relative contribu-
tion of separate Pb sources have been proposed (e.g., Monna
et al., 1997; 2000a; Semlali et al., 2004). The most commonly
used is the simple binary model that allows calculating the
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approximate contributions of two end members (i.e., back-
ground Pb vs. anthropogenic Pb input) (Monna et al., 1997;
Emmanuel and Erel, 2002; Ettler et al., 2004; Hou et al., 2006):

(206pb> (206pb )
207pp, —\ 207p,
Pb sample Pb background Pb

X =
sample (zoe Pb ) (zos Pb )
207 —\ 207,
Pb anthropogenic Pb Pb background Pb

x 100%

(1)

where Xgamplc is the % contribution of anthropogenic Pb in the
analysed sample; (206Pb/207Pb)sample is the isotopic composition
of Pb in the sample; (206Pb/207Pb)amhr(,l[,ogeniC is the Pb isotopic
composition of the contaminant (e.g., gasoline- or smelter-
derived Pb); (206Pb/207Pb)backgmund is the Pb isotopic composi-
tion of background Pb. More complicated mixing models have
been introduced by Monna et al. (2000a). These models take
into account Pb concentrations in addition to Pb isotopic ratios:

206pb 206pb
200py\ - _ PoaPbs | () — (), |
*7pb | Pb,,(Pbs — Pbg)
206 206
Poa (w5 ), =P (),
Pb, — Pbg

+

where (*°°Pb/*’Pb), (*°°Pb/*”’Pb)s are the Pb isotopic
compositions of two end members (A, B); (*°°Pb/>°’Pb),, is
the resulting value after the mixing; Pb, Pbg are Pb
concentrations in the two end members (A, B) and Pb,, the
Pb concentration in the mixture.

5.5. Tree rings

Trees growing in areas with temperate climate have visually
distinguishable tree rings and those can be precisely dated
(Nabais et al., 1999). Retrospective analyses of separate tree
rings or bark encapsulated in the xylem are called dendroana-
lyses or dendrochemistry. Dendroanalyses assume that during
growth separate tree rings reflect the composition of the
environment (Cutter and Guyette, 1993) and thus reflect the
variations in the atmospheric deposition of metallic and non-
metallic elements and changes of the chemical composition of
the soils and sediments (Watmough, 1999; Bukata and Kyser,
2007). Dendroanalysis is thus often applied in Pb isotopic
studies for identifying Pb sources (Bellis et al., 2004; Bellis
et al., 2005; Patrick and Farmer, 2006; Watmough, 1999;
Bindler et al., 2004b; Mihaljevi¢ et al., in press).

Factors influencing the applicability of a tree species for
dendrochemical analyses include: (i) habitat-based factors, (ii)
xylem-based factors and (iii) element factors (Cutter and
Guyette, 1993). Habitat-based factors (i) influence mainly the
occurrence of the tree species, its age, accuracy in the dating,
growth habit and soil chemistry. The distribution of separate
elements in the xylem (ii) depends on the differences between
physiologically active sapwood and mechanically non-func-

tional heartwood. Chemical, anatomical and physical changes
in the xylem arise during the transformation from sapwood to
heartwood and influence the distribution of several chemical
compounds (Cutter and Guyette, 1993; Meerts, 2002). In the
case of tree species with a large number of tree rings in the
sapwood (e.g., 30—40 annual rings of sugar maple (Acer
saccharum Marshall.), a possible translocation of compounds
via diffusion within the sapwood can occur and results of their
uptake by the tree can be misleading. For this reason, such tree
species are unsuitable for dendrochemical analyses. Element
factors (iii) incorporate differences in element properties that
influence the form of uptake by the plant (root uptake,
deposition on the foliage, deposition on the bark) and
subsequent mobility across ring boundaries.

Lead is a suitable element for isotopic dendroanalyses due to
its minimal lateral mobility within the xylem (Watmough, 1999).
However, as it is the case for other transition metals, Pb in the
xylem sap can be complexed to organic acids. The formed
complexes are not strongly bound to cell walls exchange sites
and lignin (Nabais et al. 1999); therefore, the concentration of Pb
in the xylem is dependent on the amount and composition of the
xylem sap during the year (Hagemeyer and Schifer, 1995).
Concentrations and isotopic ratios of Pb were analysed in beech
(Fagus silvatica L.) (Bellis et al., 2004), sycamore (Acer
pseudoplatanus L.) (Watmough et al., 1999), oak (Quercus
robur L.), pine (Pinus sylvestris L.) (Watmough and Hutchinson,
2002), spruce (Picea abies L.) (Bindler et al., 2004b), nettle tree
(Celtis australis L.) (Tommasini et al., 2000) and common Pb
sources were identified (e.g., lithogenic Pb, Precambrian and
Phanerozoic ores, coals, etc.). Bellis et al. (2002) in their study
with Japanese oak (Quercus crispula Blume) found that Pb
concentrations in bark pockets are 10—100-fold higher than in
tree rings. Furthermore, bark pockets accumulate Pb originating
mainly from dry and wet deposition, Pb in tree rings can originate
from the soil via root uptake (Bellis et al., 2004). It is therefore
possible to assume that bark pockets, compared to tree rings, are
more suitable for Pb dendrochemical analyses used for studies
dealing with the evolution of atmospheric pollution. While some
works show that Pb isotopic dendrochemistry in combination
with analyses of soils or other archives document changes in the
deposition of Pb, especially in the vicinities of large local Pb
inputs (e.g., Watmough et al., 1999, Savard et al., 2006a), other
studies did not prove that selected tree species are suitable for
recording the historical Pb deposition, especially due to the
accumulation of Pb in heartwood (e.g., Patrick and Farmer, 2006;
Bindler et al., 2004b; Watmough and Hutchinson, 2002).

The isotopic composition of Pb in tree ring samples is
usually determined using ICP-MS in a conventional configura-
tion. Separate segments of tree rings are mineralised prior to
analyses using low temperature ashing (e.g., Watmough et al.,
1999) or wet mineralisation using HNO; (e.g., Tommasini et al.,
2000; Patrick and Farmer, 2006). The determination of the
isotopic composition using laser ablation (LA) connected to
ICP-MS (e.g., Bellis et al., 2004) is not limited by the use of
suitable internal reference material needed for elemental
analyses (e.g., Hoffmann et al., 1994; Prohaska et al., 1998;
Watmough et al., 1998).
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5.6. Other applications

In addition to previously presented Pb isotopic studies, some
other applications were recently tested especially in the field of
contaminant hydrogeology. Vilomet et al. (2003) used stable Pb
isotopes as tracers of a landfill leachate in a shallow groundwater.
The landfill plume was monitored to up to 1000 m from the
landfill and Pb isotopic data were in a very good agreement with
the more conventional method using chloride concentrations.
Furthermore, data from piezometers suggested that the contam-
ination by the landfill plume reached more than 4000 m from the
landfill. The study by Landmeyer et al. (2003) employed Pb
isotopes for tracing the movement of gasoline-contaminated
groundwater at several gasoline-release sites. They showed that
Pb in gasoline-contaminated groundwater may be derived from
the local aquifer material, rather than the gasoline release.

6. Discussion and perspectives

This paper presents a review of the literature published on the
use of Pb isotopes in environmental sciences as tracers of global
(transboundary) and local pollution. Analyses of Pb isotopic
composition were successfully used in studies dealing with
atmospheric aerosols, lichens, lake, river and marine sediments,
soils, waters, tree rings, etc. Recent anthropogenic activities
(fossil fuel combustion, heavy industries, waste disposal and
incineration) as well as historical pollution loads at sites, where
future dispersal of metallic contamination may occur, can be
studied by means of Pb isotopes.

In particular, natural archives are a powerful tool for
studying the history of pollution and are of interest especially
for evaluation and distinction of pre-anthropogenic and
anthropogenic sources of metallic contaminants (e.g., Martinez
Cortizas et al., 2002; Monna et al., 2004b). It is known that soils
do not serve as ideal natural historical archives of pollution
because metals are distributed between anthropogenic and
geogenic sources and newer anthropogenic deposition cannot
be precisely distinguished from older depositions (Savard et al.,
2006b). Therefore, especially tree rings, peat deposits and lake/
marine sediments are more suitable archives of pollution history
often going thousands of years back (e.g., Renberg et al., 2002;
Le Roux et al., 2004; Martinez Cortizas et al., 2002). Although
the time evolution of Pb isotopic composition is usually similar
in sediments and tree rings, the mode of metal accumulation is
different (Savard et al., 2006b). Nevertheless, soil humic
horizons together with lake and bay sediments and trees served
as efficient receptor media used for identifying cumulative
metal pollution (especially when using Pb isotopes analyses)
even at sites lying at long distance (>100 km) from the
contamination source (Hou et al., 2006; Savard et al., 2006a,b).
Therefore, research focused on the combined use of natural
archival systems is very important for the evaluation of either
cumulative metal pollution or the evolution of pollution history
(Savard et al., 2006b).

The higher accessibility of ICP-MS techniques has led to a
higher number of Pb isotopic studies in recent years. The rapidity
and relatively simple use of ICP-MS for Pb isotopic analyses are

still challenging for investigations and applications of the Pb
isotopic tracing at contaminated sites. Actual and future
developments and spread of more precise analytical techniques
(such as MC-ICP-MS) will certainly be useful for more accurate
Pb isotopic determinations in many environmental matrices.

Acknowledgements

The authors thank the Ministry of Education of the Czech
Republic (projects MSM 6046070901, MSM 6007665806 and
MSM 0021620855) for financial support and two anonymous
reviewers for improving the quality of the manuscript.

References

Adriano DC. Trace elements in the terrestrial environments: biogeochemistry,
bioavailability, and risks of metals. New York: Springer; 2001.

Ahlberg G, Gustafsson O, Wedel P. Leaching of metals from sewage sludge during
one year and their relationship to particle size. Environ Pollut 2006;144: 545-53.

Bacon JR, Jones KC, McGrath SP, Johnston AE. Isotopic character of lead
deposited from the atmosphere at a grassland site in the U.K. since 1860.
Environ Sci Technol 1996;30:2511-8.

Bacon JR. Isotopic characterisation of lead deposited 1989-2001 at two upland
Scottish locations. J Environ Monit 2002;4:291-9.

Bacon JR, Dinev NS. Isotopic characterisation of lead in contaminated soils
from the vicinity of a non-ferrous metal smelter near Plovdiv, Bulgaria.
Environ Pollut 2005;134:247-55.

Baker J, Peate D, Waight T, Meyzen Ch. Pb isotopic analysis of standards and
samples using a >*’Pb—>**Pb double spike and thallium to correct for mass
bias with a double-focusing MC-ICP-MS. Chem Geol 2004;211: 275-303.

Barbaste M, Halicz L, Galy A, Medina B, Emteborg H, Adams FC, et al.
Evaluation of the accuracy of the determination of lead isotope ratios in wine
by ICP MS using quadrupole, multicollector magnetic sector and time-of-
flight analyzers. Talanta 2001;54:307—17.

Baron S, Lavoie M, Ploquin A, Carignan J, Pulido M, De Beaulieu JL. Record of
metal workshops in peat deposits: history and environmental impact on the
Mont Lozeére Massif, France. Environ Sci Technol 2005;39: 5131-40.

Baron S, Carignan J, Ploquin A. Dispersion of heavy metals (metalloids) in soils
from 800-year-old pollution (Mont-Lozére, France). Environ Sci Technol
2006a;40:5319-26.

Baron S, Carignan J, Laurent S, Ploquin A. Medieval lead making on Mont-
Lozére Massif (Cévennes-France): tracing ore sources using Pb isotopes.
Appl Geochem 2006b;21:241-52.

Becker JS, Dietze HJ. Precise and accurate isotope ratio measurements by ICP
MS. Fresenius’ J Anal Chem 2000;368:23-30.

Bellis DJ, Satake K, Noda M, Nishimura N, McLeod DJ. Evaluation of the historical
records of lead pollution in the annual growth rings and bark pockets of a 250-year
Quercus crispula in Nikko, Japan. Sci Total Environ 2002;295:91-101.

Bellis DJ, Satake K, McLeod CW. A comparison of lead isotope ratios in the
bark pockets and annual rings of two beech trees collected in Derbyshire and
South Yorkshire, UK. Sci Total Environ 2004;321:105-13.

Bellis DJ, Satake K, Inagaki M, Zeng J, Oizumi T. Seasonal and long-term
change in lead deposition in central Japan: evidence for atmospheric
transport from continental Asia. Sci Total Environ 2005;341:149-58.

Benkhedda K, Infante HG, Adams FC. Determination of total lead and lead
isotope ratios in natural waters by inductively coupled plasma time-of-flight
mass spectrometry after flow injection on-line preconcentration. Anal Chim
Acta 2004;506:137—-44.

Bindler R, Klarquist M, Klaminder J, Forster J. Does within-bog spatial
variability of mercury and lead constrain reconstructions of absolute
deposition rates from single peat records? The example of Store Mosse,
Sweden. Glob Biogeochem Cycles 2004a;18:GB3020.

Bindler R, Renberg I, Klaminder J, Emteryd O. Tree rings as Pb pollution
archives? A comparison of 2°°Pb/*"’Pb isotope ratios in pine and other
environmental media. Sci Total Environ 2004b;319:173-83.



574 M. Komarek et al. / Environment International 34 (2008) 562-577

Bollhofer A, Rosman KJR. Isotopic source signatures for atmospheric lead: the
Southern Hemisphere. Geochim Cosmochim Acta 2000;64:3251-62.

Bollhofer A, Rosman KJR. Isotopic source signatures for atmospheric lead: the
Northern Hemisphere. Geochim Cosmochim Acta 2001;65:1727—-40.

Brinnvall ML, Kurkkio K, Bindler R, Emteryd O, Renberg I. The role of pollution
versus natural geological sources for lead enrichment in recent lake sediments
and surface forest soils. Environ Geol 2001;40: 1057-65.

Bukata AR, Kyser TK. Carbon and nitrogen isotope variations in tree-rings as
records of perturbations in regional carbon and nitrogen cycles. Environ Sci
Technol 2007;41:1331-8.

Carignan J, Gariépy C. Isotopic composition of epiphytic lichens as a tracer of
the sources of atmospheric lead emissions in southern Québec, Canada.
Geochim Cosmochim Acta 1995;59:4427-33.

Carignan J, Simonetti A, Gariépy C. Dispersal of atmospheric lead in
northeastern North America as recorded by epyphytic lichens. Atmos
Environ 2002;36:3759—-66.

Carignan J, Libourel G, Cloquet C, Le Forestier L. Lead isotopic composition of
fly ash and flue gas residues from municipal solid waste combustors in
France: implication for atmospheric lead source tracing. Environ Sci
Technol 2005;39:2018-24.

Chen J, Tan M, Li Y, Zhang Y, Lu W, Tong Y, et al. A lead isotopic record of
Shanghai atmospheric lead emissions in total suspended particles during the
period of phasing out of leaded gasoline. Atmos Environ 2005;39:1245-53.

Chiaradia M, Chenhall BE, Depers AM, Gulson BL, Jones BG. Identification of
historical lead sources in roof dust and recent lake sediments from an
industrialized area: indications from lead isotopes. Sci Total Environ
1997;205:107-28.

Chiaradia M, Cupelin F. Behaviour of airborne lead and temporal variations of
its source effect in Geneva (Switzerland): comparison of anthropogenic
versus natural processes. Atmos Environ 2000;34:959—-71.

Chillrud SN, Hemming NG, Ross JM, Wallace S, Lolacono N. A rapid and
precise procedure for Pb isotopes in whole blood by Fe co-precipitation and
MC-ICPMS analysis. Appl Geochem 2005;20:807—-13.

Cloquet C, Carignan J, Libourel G. Isotopic composition of Zn and Pb
atmospheric depositions in an urban/periurban area of northeastern France.
Environ Sci Technol 2006a;40:6594—600.

Cloquet C, Carignan J, Libourel G, Sterckeman T, Perdrix E. Tracing source
pollution in soils using cadmium and lead isotopes. Environ Sci Technol
2006b;40:2525-30.

Cutter BE, Guyette RP. Anatomical, chemical and ecological factors affecting
tree species choice in dendrochemistry. J Environ Qual 1993;22:611-9.
Diaz-Somoano M, Suérez-Ruiz I, Alsonso JIG, Ruiz Encinar J, Lopez-Anton
MA, Martinez-Tarazona MR. Lead isotope ratios in Spanish coals of

different characteristics and origin. Int J Coal Geol 2007;71:28-36.

Doe BR, Delevaux MH. Source of lead in Southeast Missouri galena ores. Econ
Geol 1972;67:409-25.

Doe BR, Stacey JS. Application of lead isotopes to problems of ore genesis and
ore prospect evaluation. Econ Geol 1974;69:757-76.

Dolgopolova A, Weiss DJ, Seltmann R, Stanley Ch, Coles B, Cheburkin AK.
Closed-vessel microwave digestion technique for lichens and leaves prior to
determination of trace elements (Pb, Zn, Cu) and stable Pb isotopes. Intern J
Environ Anal Chem 2004;84:889-99.

Doring T, Scwikowsli M, Giggeler HW. Determination of lead concentrations
and isotope ratios in recent snow samples from high alpine sites with a
double focusing ICP-MS. Fresenius’ J Anal Chem 1996;359:382—4.

Doucet FJ, Carignan J. Atmospheric isotopic composition and trace metal
concentration as revealed by epiphytic lichens. Atmos Environ 2001;35:
3681-90.

Eades LJ, Farmer JG, MacKenzie AB, Kirika A, Bailey-Watts AE. Stable lead
isotopic characterisation of the historical record of environmental lead
contamination in dated freshwater lake sediment cores from northern and
central Scotland. Sci Total Environ 2002;292:55-67.

Emmanuel S, Erel Y. Implications from concentrations and isotopic data for Pb
partitioning processes in soils. Geochim Cosmochim Acta 2002;66:
2517-27.

Erel Y, Veron A, Halicz L. Tracing the transport of anthropogenic lead in the
atmosphere and in soils using isotopic ratios. Geochim Cosmochim Acta
1997;21:4495-505.

Erel Y. Mechanisms and velocities of anthropogenic Pb migration in
Mediterranean soils. Environ Res 1998;78:112—7.

Erel Y, Dubowski Y, Halicz L, Erez J, Kaufman A. Lead concentrations and
isotopic ratios in the sediments of the sea of Galilee. Environ Sci Technol
2001;35:292-9.

Erel Y, Axelrod T, Veron A, Mahrer Y, Katsafados P, Dayan U. Transboundary
atmospheric lead pollution. Environ Sci Technol 2002;36:3230-3.

Ettler V, Mihaljevi¢ M, Komarek M. ICP-MS measurements of lead isotopic ratios
in soils heavily contaminated by lead smelting: tracing the sources of pollution.
Anal Bioanal Chem 2004;378:311-7.

Ettler V, Johan Z, Baronnet A, Jankovsky F, Gilles C, Mihaljevi¢ M, et al.
Mineralogy of air-pollution-control residues from a secondary lead smelter:
environmental implications. Environ Sci Technol 20052;39:9309—16.

Ettler V, Vangk A, Mihaljevi¢ M, Bezdicka P. Contrasting lead speciation in
forest and tilled soils heavily polluted by lead metallurgy. Chemosphere
2005b;58:1449-59.

Ettler V, Mihaljevi¢ M, Sebek O, Molek M, Grygar T, Zeman J. Geochemical
and Pb isotopic evidence for sources and dispersal of metal contamination in
stream sediments from the mining and smelting district of Pfibram, Czech
Republic. Environ Pollut 2006;142:409—17.

Farmer JG, Eades LJ, MacKenzie AB, Kirika A, Bailey-Watts TE. Stable lead
isotope record of lead pollution in Loch Lomond sediments since 1630 A.D.
Environ Sci Technol 1996;30:3080-3.

Farmer JG, Eades LJ, Graham MC. The lead content and isotopic composition of
British coals and their implications for past and present releases of lead to the
UK environment. Environ Geochem Health 1999;21:257-72.

Farmer JG, Eades LJ, Graham MC, Bacon JR. The changing nature of the Pb-206/
Pb-207 isotopic ratio of lead in rainwater, atmospheric particulates, pine
needles and leaded gasoline in Scotland, 1982-1998. J Environ Monit
2000;2:49-57.

Farmer JG, Eades LJ, Atkins H, Chamberlain DF. Historical trends in the lead
isotopic composition of archival Sphagnum mosses from Scotland (1838—
2000). Environ Sci Technol 2002;36:152-7.

Farmer JG, Graham MC, Bacon JR, Dunn SM, Vinogradoff SI, MacKenzie AB.
Isotopic characterization of the historical lead deposition record at Glensaugh,
an organic-rich, upland catchment in rural N.E. Scotland. Sci Total Environ
2005;346:121-37.

Flament P, Bertho ML, Deboudt K, Véron A, Puskaric E. European isotopic
signatures for lead on atmospheric aerosols: a source apportionment based
upon 2°°Pb/2”’Pb ratios. Sci Total Environ 2002;296:35—57.

Flegal AR, Duda TF, Niemeyer S. High gradients of lead isotopic
composition in north-east Pacific upwelling filaments. Nature 1989;339:
458-60.

Gallon C, Tessier A, Gobeil C, Carignan R. Historical perspective of industrial
lead emission to the atmosphere from a Canadian smelter. Environ Sci
Technol 2006;40:741-7.

Gobeil C, Johnson WK, MacDonald RW, Wong CS. Sources and burden of lead
in St. Lawrence Estuary sediments: isotopic evidence. Environ Sci Technol
1995;29:193-201.

Gobeil C, MacDonald RW, Smith JN, Beaudin L. Atlantic water flow pathways
revealed by lead contamination in Arctic Basin sediments. Science 2001;293:
1301-4.

Graney JR, Halliday AN, Keeler GJ, Nriagu JO, Robbins JA, Norton SA.
Isotopic record of lead pollution in lake sediments from the northeastern
U.S. Geochim Cosmochim Acta 1995;59:1715-28.

Grousset F, Quétel Ch, Thomas B, Buat-Ménard P, Donard O, Bucher A. Transient
Pb isotopic signatures in the western European atmosphere. Environ Sci
Technol 1994;28:1605-8.

Gulson BL, Mizon KJ, Davis JD, Palmer JM, Vimpani G. Identification of
sources of lead in children in a primary Zn—Pb smelter environment.
Environ Health Perspect 2004;112:52-60.

Hagemeyer J, Schifer H. Seasonal variations in concentrations and radial distribution
patterns of Cd, Pb and Zn in stem wood of beech trees (Fagus sylvatica L.). Sci
Total Environ 1995;166:77-87.

Hamelin B, Grousset F, Sholkovitz ER. Pb-isotopes in surficial pelagic sedi-
ments from the North Atlantic. Geochim Cosmochim Acta 1990;54:37—-47.

Hansmann W, Koppel V. Lead isotopes as tracers of pollutants in soils. Chem
Geol. 2000;171:123-44.



M. Komarek et al. / Environment International 34 (2008) 562-577 575

Hinners TA, Hughes R, Outridge PM, Davis WJ, Simon K, Woolard DR.
Interlaboratory comparison of mass spectrometric methods for lead isotopes
and trace elements in NIST SRM 1400 Bone Ash. J Anal At Spectrom
1998;13:963-70.

Hinrichs J, Dellwig O, Brumsack HJ. Lead in sediments and suspended
particulate matter of the German Bight: natural versus anthropogenic origin.
Appl Geochem 2002;17:621-32.

Hoffmann E, Liidke C, Scholze H, Stephanowitz H. Analytical investigation of
tree rings by laser ablation ICP-MS. Fresenius’ J Anal Chem 1994;350:
253-9.

Hou X, Parent M, Savard MM, Tassé N, Bégin C, Marion J. Lead concentrations
and isotope ratios in the exchangeable fraction: tracing soil contamination
near a copper smelter. Geochem Explor Environ Anal 2006;6:229-36.

Ketterer ME, Lowry JH, Simon Jr J, Humphries K, Novotnak MP. Lead isotopic
and chalcophile element compositions in the environment near a zinc
smelting-secondary zinc recovery facility, Palmerton, Pennsylvania, USA.
Appl Geochem 2001;16:207-29.

Klaminder J, Bindler R, Laudon H, Bishop K, Emteryd O, Renberg I. Flux rates
of atmospheric lead pollution within soils of a small catchment in northern
Sweden and their implications for future stream water quality. Environ Sci
Technol 2006;40:4639-45.

Kober B, Wessels M, Bollhofer A, Mangini A. Lead isotopes in sediments of
Lake Constance, Central Europe constrain the heavy metal pathways and the
pollution history of the catchment, the lake and the regional atmosphere.
Geochim Cosmochim Acta 1999;63:1293-303.

Komarek M, Chrastny V, Ettler V, Tlusto§ P. Evaluation of extraction/digestion
techniques used to determine lead isotopic composition in forest soils. Anal
Bioanal Chem 2006;385:1109—15.

Komarek M, Chrastny V, Stichova J. Metal/metalloid contamination and isotopic
composition of lead in edible mushrooms and forest soils originating from a
smelting area. Environ Int 2007;33:677—84.

Krachler M. Environmental applications of single collector high resolution ICP-
MS. J Environ Monit 2007;9:790—-804.

Krachler M, Le Roux G, Kober B, Shotyk W. Optimising accuracy and precision
of lead isotope measurement (*°°Pb, 2°’Pb, 2°*Pb) in acid digest of peat with
ICP-SMS using individual mass discrimination correction. J Anal At
Spectrom 2004;19:354-61.

Kylander ME, Weiss DJ, Jeffries TE, Kober B, Dolgopolova A, Garcia-Sanchez
R, et al. A rapid and reliable method for Pb isotopic analysis of peat and
lichens by laser ablation-quadrupole-inductively coupled plasma-mass
spectrometry for biomonitoring and sample screening. Anal Chim Acta
2007;582:116-24.

Landmeyer JE, Bradley PM, Bullen TD. Stable lead isotopes reveal a natural
source of high lead concentrations to gasoline-contaminated groundwater.
Environ Geol 2003;45:12-22.

Le Roux G, Weiss D, Grattan J, Givelet N, Krachler M, Cheburkin A, et al.
Identifying the sources and timing of ancient and medieval atmospheric lead
pollution in England using a peat profile from Lindow bog, Manchester.
J Environ Monit 2004;6:502—10.

Long L. Lead isotopes. In: Marshall CP, Fairbridge RW, editors. Encyclopedia
of Geochemistry. Kluwer Academic Publishers; 1999.

MacKenzie AB, Logan EM, Cook GT, Pulford ID. Distributions, inventories
and isotopic composition of lead in 2'°Pb-dated peat cores from contrasting
biogeochemical environments: implication for lead mobility. Sci Total
Environ 1998;223:25-35.

MacKenzie AB, Pulford ID. Investigation of metal dispersal from a disused
mine site at Tyndrum, Scotland, using concentration gradients and stable Pb
isotope ratios. Appl Geochem 2002;17:1093—-103.

Manhes G, Minster JF, Allégre CJ. Comparative uranium—thorium—lead and
rubidium—strontium of the Saint Séverin amphoterite: consequences for
early solar system chronology. Earth Planet Sci Lett 1978;39:14-24.

Martinez Cortizas A, Garcia-Rodeja E, Pontevedra Pombal X, Novoa
Munoz JC, Weiss D, Cheburkin A. Atmospheric Pb deposition in Spain
during the last 4600 years recorded by two ombrotrophic peat bogs and
implications for the use of peat as archive. Sci Total Environ 2002;292:
33-44.

Meerts P. Mineral nutrient concentrations in sapwood and heartwood: a
literature review. Ann For Sci 2002;59:713-22.

Mihaljevi¢ M. Lead. In: Marshall C, Fairbridge R, editors. Encyclopedia of
Geochemistry. Dordrecht: Kluwer Academic Publishers; 1999. p. 362-3.

Mihaljevi¢ M, Zuna M, Ettler V, Sebek O, Strnad L, Golias V. Lead fluxes,
isotopic and concentration profiles in a peat deposit near a lead smelter
(Ptibram, Czech Republic). Sci Total Environ. 2006a;372:334—44.

Mihaljevié M, Ettler V, Sebek O, Strnad L, Chrastny V. Lead isotopic signatures
of wine and vineyard soils-tracers of lead origin. J Geochem Explor
2006b;88:130-3.

Mihaljevi¢, M., Zuna, M., Ettler, V., Chrastny, V., Sebek, O., Strnad, L., et al. A
comparison of tree rings and peat deposit geochemical archives in the
vicinity of a lead smelter. Water Air Soil Pollut. in press. doi: 10.1007/
s11270-007-9546-2.

Monna F, Ben Othman D, Luck JM. Lead isotopes and Pb, Zn and Cd
concentrations in the rivers feeding a coastal pond (Thau, southern France):
constraints on the origin(s) and flux(es) of metals. Sci Total Environ
1995;166:19-34.

Monna F, Lancelot J, Croudace IW, Cundy AB, Lewis JT. Lead isotopic
composition of airborne material from France and the Southern U.K.
implications for Pb pollution sources in urban areas. Environ Sci Technol
1997;31:2277-86.

Monna F, Loizeau J-L, Thomas BA, Guéguen C, Favarger P-Y. Pb and Sr
isotope measurements by inductively coupled plasma-mass spectrometer:
efficient time management for precision improvement. Spectrochim Acta
Part B 1998;53:1317-33.

Monna F, Dominik J, Loizeau JL, Pardos M, Arpagus P. Origin and evolution of
Pb in sediments of lake Geneva (Switzerland—France). Establishing a stable
Pb record. Environ Sci Technol 1999;33:2850-7.

Monna F, Hamer K, Lévéque J, Sauer M. Lead isotopes as a reliable marker of
early mining and smelting in the Northern Harz province (Lower Saxony,
Germany). J Geochem Explor 2000a;68:201—10.

Monna F, Clauer N, Toulkeridis T, Lancelot JR. Influence of anthropogenic activity
on the lead isotope signature of Thau Lake sediments (southern France): origin
and temporal evolution. Appl Geochem 2000b;15:1291-305.

Monna F, Petit C, Guillaumet JP, Jouffroy-Bapicot I, Blanchot C, Dominik J, et al.
History and environmental impact of mining activity in Celtic Aeduan Territory
recorded in a peat bog (Morvan, France). Environ Sci Technol 2004a;38:
665-73.

Monna F, Galop D, Carozza L, Tual M, Beyrie A, Merembert F, et al.
Environmental impact of early Basque mining and smelting recorded in a
high ash minerogenic peat deposit. Sci Total Environ 2004b;327:197-214.

Montaser A. Inductively coupled plasma mass spectrometry. New York: Wiley-
VCH; 1998.

Moor HC, Schaller T, Sturm M. Recent changes in stable lead isotope ratios in
sediments of lake Zug, Switzerland. Environ Sci Technol 1996;30:2928-33.

Mukai H, Furuta N, Fujii T, Ambe Y. Characterisation of sources of lead in the
urban air of Asia using ratios of stable isotopes. Environ Sci Technol
1993;27:1347-56.

Mukai H, Machida T, Tanaka A, Vera YP, Uematsu M. Lead isotope ratios in the
urban air of eastern and central Russia. Atmos Environ 2001;35:2783-93.

Nabais C, Freitas H, Hagemeyer J. Dendroanalysis: a tool for biomonitoring
environmental pollution. Sci Total Environ 1999;232:33-7.

Narbutt J, Bilewicz A. Gamma emitting radiotracers Ra-224, Pb-212 and Bi-212
from natural thorium. Appl Radiat Isotopes 1998;49:89-91.

Novék M, Emmanuel S, Vile M, Erel Y, Véron A, Paces T, et al. Origin of lead in
eight European peat bogs determined from isotope ratios, strengths, and
operation times of regional pollution sources. Environ Sci Technol
2003;37:437-45.

Nriagu JO, Pacyna JM. Quantitative assessment of worldwide contamination of
air, water and soils by trace metals. Nature 1988;333:134-9.

Nriagu JO. The rise and fall of leaded gasoline. Sci Total Environ
1990;92:13-28.

Patrick GJ, Farmer JG. A stable lead isotopic investigation of the use of
sycamore tree rings as a historical biomonitor of environmental lead
contamination. Sci Total Environ 2006;362:278-91.

Patterson CC. Native copper, silver and gold accessible to early metallurgist.
Am Antiq 1971;36:286-321.

Patterson CC. Silver stocks and losses in ancient and medieval times. Econ Hist
Rev. 1972;25:205-35.



576 M. Komarek et al. / Environment International 34 (2008) 562-577

Platzner I, Ehrlich S, Halicz L. Isotope ratio measurements of lead in
NIST standard reference materials by multiple-collector inductively
coupled plasma mass spectrometry. Fresenius J Anal Chem 2001;370:
624-8.

Potts PJ. A handbook of silicate rock analysis. Glasgow: Blackie Academic &
Professional; 1995. 622 pp.

Prohaska T, Stadlbauer C, Wimmer R, Stingeder G, Latkoczy Ch, Hoffmann E,
et al. Investigation of element variability in tree rings of young Norway
spruce by laser-ablation-ICPMS. Sci Total Environ 1998;219:29-39.

Prohaska T, Wenzel WW, Stingeder G. ICP-MS-based tracing of metal sources
and mobility in a soil depth profile via the isotopic variation of Sr and Pb.
Int J Mass Spectrom 2005;242:243-50.

Puchelt H, Kramar U, Cumming GL, Krstic D, Nolttner T, Schoéttle M, et al.
Anthropogenic Pb contaminations of soils, southwest Germany. Appl
Geochem Suppl 1993;2:71-3.

Quétel ChR, Thomas B, Donard OFX, Grousset FE. Factorial optimization of data
acquisition factors for lead isotope ratio determination by inductively coupled
plasma mass spectrometry. Spectrochim Acta Part B 1997;52:177-87.

Rabinowitz MB, Wetherill GW. Identifying sources of lead contamination by
stable isotope techniques. Environ Sci Technol 1972;6:705-9.

Rabinowitz MB. Isotopic characterisation of various brands of corroding grade
refined lead metal. Bull Environ Contam Toxicol 2002;69:501-8.

Rabinowitz MB. Lead isotopes in soils near five historic American lead smelters
and refineries. Sci Total Environ 2005;346:138-48.

Renberg I, Brinvall ML, Bindler R, Emteryd O. Stable lead isotopes and lake
sediments — a useful combination for the study of atmospheric lead
pollution history. Sci Total Environ 2002;292:45-54.

Reuer MK, Boyle EA, Grant BC. Lead isotope analysis of marine carbonates
and seawater by multiple collector ICP-MS. Chem Geol 2003;200:137-53.

Rieuwerts J, Farago M, Cikrt M, Bencko V. Heavy metal concentrations in and
round households near a secondary lead smelter. Environ Monit Assess
1999;58:317-35.

Rosman KJR, Ly C, van de Velde K, Boutron CF. A two century of lead isotopes
in high altitude Alpine snow and ice. Earth Planet Sci Lett 2000;176:413-24.

Sanchez-Cabeza JA, Garcia-Talavera M, Costa E, Pena V, Garcia-Orellana J,
Masque P, et al. Regional calibration of erosion radiotracers (Pb-210 and
Cs-137): atmospheric fluxes to soils (northern Spain). Environ Sci Technol
2007;41:1324-30.

Safiudo-Wilhelmy SA, Flegal AR. Temporal variation in lead concentrations and
isotopic composition in the Southern California Bight. Geochim Cosmo-
chim Acta 1994;58:3315-20.

Savard MM, Bégin C, Parent M, Marion J, Smirnoff A. Dendrogeochemical
distinction between geogenic and anthropogenic emission of metals and gases
near a copper smelter. Geochem Explor Environ Anal 2006a;6:237—47.

Savard MM, Bonham-Carter GF, Banic CM. A geoscientific perspective on
airborne smelter emissions of metals in the environment: an overview.
Geochem Explor Environ Anal 2006b;6:99—109.

Semlali RM, van Oort F, Denaix L, Loubet M. Estimating distributions of
endogenous and exogenous Pb in soils by using Pb isotopic ratios. Environ
Sci Technol 2001;35:4180-8.

Semlali RM, Dessogne JB, Monna F, Bolte J, Azimi S, Navarro N, et al.
Modeling lead input and output in soils using lead isotopic geochemistry.
Environ Sci Technol 2004;38:1513-21.

Shiharata H, Elias W, Patterson CC. Chronological variations in concentra-
tions and isotopic compositions of anthropogenic atmospheric lead in
sediments of a remote subalpine pond. Geochim Cosmochim Acta
1980;44:149-62.

Shotyk W, Cheburkin AK, Appleby PG, Fankhauser A, Kramers JD. Two
thousand years of atmospheric arsenic, antimony and lead deposition recor-
ded in an ambrotrophic peat bog profile in Jura Mountains, Switzerland.
Earth Planet Sci Lett 1996;145:E1-7.

Shotyk W, Goodsite ME, Roos-Barraclough F, Frei R, Heinemeier J, Asmund
G, et al. Anthropogenic contributions to atmospheric Hg, Pb, and As
accumulations recorded by peat cores from southern Greenland and
Denmark dated using the '“C bomb pulse curve. Geochim Cosmochim Acta
2003;67:3991-4011.

Shotyk W, Goodsite ME, Roos-Barraclough F, Givelet N, Le Roux G, Weiss D,
et al. Accumulation rates and predominant atmospheric sources of natural

and anthropogenic Hg and Pb on the Faroe Islands. Geochim Cosmochim
Acta 2005;69:1-17.

Shotyk W, Le Roux G. Biogeochemistry and cycling of lead. In: Sigel A, Sigel H,
Sigel RKO, editors. Metal Ions in Biological Systems. . Biogeochemical Cycles
of ElementsBoca Raton: Taylor and Francis; 2005. p. 239—-80.

Simonetti A, Gariépy C, Carignan J. Lead and Sr isotopic compositions of
snowpack from Québec, Canada: inferences on the sources and deposition
budgets of atmospheric heavy metals. Geochim Cosmochim Acta
2000;64:5-20.

Simonetti A, Gariépy C, Banic CM, Tanabe R, Wong HK. Pb isotopic investigation
of aircraft-sampled emissions from the Horne smelter (Rouyn, Québec):
implications for atmospheric pollution in northeastern North America.
Geochim Cosmochim Acta 2004;68:3285-94.

Sturges WT, Barrie LA. Lead 206/207 isotope ratios in the atmosphere of North
America as tracers of US and Canadian emissions. Nature 1987;329: 144—6.

Teutsch N, Erel Y, Halicz L, Banin A. Distribution of natural and anthropogenic
lead in Mediterranean soils. Geochim Cosmochim Acta 2001;65:2853—64.

Thirlwall MF. Inter-laboratory and other errors in Pb isotope analysis investigated
using a 2’Pb/”*Pb double spike. Chem Geol 2000;163:299-322.

Thirlwall MF. Inappropriate tail corrections can cause large inaccuracy in
isotope ratio determination by MC-ICP-MS. J Anal At Spectrom
2001;16:1121-5.

Tommasini S, Davies GR, Elliott T. Lead isotope composition of tree rings as
bio-geochemical tracers of heavy metal pollution: a reconnaissance study
from Firenze, Italy. Appl Geochem 2000;15:891-900.

Tsaihwa J, John L. Lead isotopes in North American coals. Science 1972;176:
510-1.

USGS. Certificate of analysis. Andesite, AGV 2, BCR 2; U.S. Geological
Survey Open-File Report, Denver; 1998.

van Nevel L, Quétel CR, Norgaard JV, Smeyers P, De Smet M, Papadakis I, et al.
IMEP - 16, Pb in wine. Report to participants. Geel: Institute for Reference
Materials and Measurements, European Comission; 2001.

Véron A, Flament P, Bertho ML, Alleman L, Flegal R, Hamelin B. Isotopic
evidence of pollutant lead sources in Northwestern France. Atmos Environ
1999;33:3377-88.

Veysseyre AM, Bollhofer AF, Rosman KJR, Ferrari CP, Boutron CF. Tracing the
origin of pollution in French Alpine snow and aerosols using lead isotopic
ratios. Environ Sci Technol 2001;35:4463-9.

Vile MA, Novak M, Wieder RK. 200 years of Pb deposition throughout the
Czech Rep.: patterns and sources. Environ Sci Technol 2000;34:12-21.
Vilomet JD, Véron A, Ambrosi JP, Moustier S, Bottero JY, Chatelet-Snidaro L.
Isotopic tracing of landfill leachates and pollutant lead mobility in soil and

groundwater. Environ Sci Technol 2003;37:4586-91.

Walder AJ, Abell ID, Platzner I, Freedman PA. Lead isotope ratio measurement
of NIST 610 glass by laser ablation inductively coupled plasma mass
spectrometry. Spectrochim Acta 1993;48B:397-402.

Walraven N, van Os BJH, Klaver GTh, Baker JH, Vriend SP. Trace element
concentrations and stable lead isotopes in soils as tracers of lead pollution in
Graft-De Rijp, the Netherlands. J Geochem Explor 1997;59:47—58.

Watmough SA, Hutchinson TC, Evans RD. Development of solid calibration
standards for trace elemental analyses of tree rings by laser ablation
inductively coupled plasma-mass spectrometry. Environ Sci Technol
1998;32:2185-90.

Watmough SA. Monitoring historical changes in soil and atmospheric trace metal
levels by dendrochemical analysis. Environ Pollut 1999;106:391-403.

Watmough SA, Hughes RJ, Hutchinson TC. 2°°Pb/*°’Pb ratios in tree rings as
monitors of environmental change. Environ Sci Technol 1999;33:670-3.

Watmough SA, Hutchinson TC. Historical changes in lead concentrations in
tree-rings of sycamore, oak and Scots pine in north-west England. Sci Total
Environ 2002;293:85-96.

Weiss DJ, Shotyk W, Appleby PG, Kramers JD, Cheburkin AK. Atmospheric Pb
deposition since the Industrial Revolution recorded by five Swiss peat
profiles: enrichment factors, fluxes, isotopic composition, and sources.
Environ Sci Technol 1999;33:1340-52.

Weiss DJ, Shotyk W, Boyle EA, Kramers JD, Appleby PG, Cheburkin AK.
Comparative study of the temporal evolution of atmospheric lead deposition
in Scotland and eastern Canada using blanket peat bogs. Sci Total Environ
2002;292:7-18.



M. Komarek et al. / Environment International 34 (2008) 562-577 577

Weiss DJ, Kober B, Dolgopolova A, Gallagher K, Spiro B, Le Roux G, et al.
Accurate and precise Pb isotope ratio measurements in environmental
samples by MC-ICP-MS. Mass Spectrom 2004;232:205—15.

Woodhead JD, Volker F, McCulloch MT. Routine lead isotope determinations
using a lead-207-lead-204 double spike: a long-term assessment of
analytical precision and accuracy. Analyst 1995;120:35-9.

Woodhead JD, Hergt JM. Pb-isotope analyses of USGS reference materials.
Geostand Newsl 2000;24:33-8.

Xie Q, Kerrich R. Isotope ratio measurement by hexapole ICP-MS: mass bias
effect, precision and accuracy. J Anal At Spectrom 2002;17:69-74.

Yafa C, Farmer JG, Graham MC, Bacon JR, Barbante C, Cairns WRL, et al.
Development of an ombrotrophic peat bog (low ash) reference material for
the determination of elemental concentrations. J Environ Monit
2004;6:493-501.

Yoshinaga J. Isotope ratio analysis of lead in biological materials by inductively
coupled plasma mass spectrometry. Tohoku J Exp Med 1996;178:37-47.



	Lead isotopes in environmental sciences: A review
	Introduction
	Basic information about Pb isotopes
	Analyses of Pb isotopes
	Recent analytical techniques used for Pb isotopic ratios measurements
	TIMS
	ICP-QMS
	ICP-SFMS

	Factors influencing measurement precision and accuracy
	Quality control and quality assurance of Pb isotopic ratios determination

	Pb isotopic ratios of different anthropogenic sources
	Leaded gasoline
	Coal combustion
	Metallurgical activities
	Waste incineration

	Pb isotopes in different reservoirs
	Atmospheric aerosols
	Peat deposits
	Sediments
	Lake sediments
	Stream sediments
	Marine sediments

	Soils
	Tree rings
	Other applications

	Discussion and perspectives
	Acknowledgements
	References


