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Chapter 4 
 

Reconstruction of historical atmospheric Pb using Dutch 
urban lake sediments: a Pb isotope study 

 
 

N.Walraven, B.J.H. van Os, G.Th. Klaver, J.J. Middelburg, G.R. Davies 
 

Sci. Total Environ. 2014, 484:185-195  
 
 
 

Abstract 
Lake sediments provide a record of atmospheric Pb deposition and changes in Pb isotope 

composition. To our knowledge, such an approach has not previously been performed in the 
Netherlands or linked to national air monitoring data. Results are presented for Pb content and 
isotope composition of 137Cs dated lake sediments from 2 Dutch urban lakes. Between 1942 
and 2002 A.D. anthropogenic atmospheric Pb deposition rates in the two lakes varied from 12 
± 2 to 69 ± 16 μg cm-2 y-1. The rise and fall of leaded gasoline is clearly reflected in 
reconstructed atmospheric Pb deposition rates. After the ban on leaded gasoline, late 1970s / 
early 1980s, atmospheric Pb deposition rates decreased rapidly in the two urban lakes and the 
relative contributions of other anthropogenic Pb sources – incinerator ash (industrial Pb) and 
coal/galena – increased sharply. Atmospheric Pb deposition rates inferred from the lake 
record a clear relationship with nearby measured air Pb concentrations. Based on this 
relationship it was estimated that air Pb concentrations between 1942 to 2002 A.D varied 
between 5 to 293 ng/m3. 
 
4.1 Introduction 

Due to the production (including mining and smelting), combustion (coal and leaded 
gasoline) and waste incineration of Pb and Pb containing products, anthropogenic Pb entered 
and continues to enter the atmosphere worldwide. In the 20th century, with a peak in the 
1970s, global anthropogenic emissions of Pb were found to exceed natural fluxes by a factor 
of 17 (Nriagu and Pacyna, 1998). High Pb contents are measured not only close to the actual 
source of anthropogenic Pb, e.g. near Pb smelters (e.g., Ettler et al., 2004, 2005) and in 
roadside soils due to the combustion of leaded gasoline (e.g., Chow, 1970; Milberg et al., 
1980; Banin et al., 1987; Goyer, 1988; Groot and van Swinderen, 1993; Othman et al., 1997; 
Emmanuel and Erel, 2002; Fakayode and Olu-Owolabi, 2003), but also in remote areas. For 
example, Boutron et al. (1991) and Rosman et al. (1993, 1994) measured elevated lead 
concentrations in Greenland snow and Wolff and Suttie (1994), Barbante et al. (1997) and 
Vallelonga et al. (2002) demonstrated that the lead content of Antarctic ice increased during 
the years of extensive leaded gasoline combustion.  
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Health concerns led to a series of worldwide measures to reduce the input of 
anthropogenic Pb to the environment, including the atmosphere. In the 1970s lead-based paint 
and the usage of Pb solder in water pipes and food cans was prohibited in developed countries 
worldwide (Von Storch et al., 2003). Gasoline lead, added for its antiknock properties, and 
the largest source of anthropogenic Pb in the atmosphere in the 1970s to 1990s (Nriagu, 1990; 
Von Storch et al., 2003; Denier van der Gon and Appelman, 2009), was the next target for 
worldwide regulations. Japan was the first country to market lead-free gasoline, which 
became available in 1972 (Nriagu, 1990). The European countries were more reluctant to 
introduce any change in the motor-fuel system that could threaten their automotive industry. It 
was not until 1989 before active measures were taken in the reduction of leaded gasoline. The 
1998 Aarhus Treaty stipulates the exclusive usage of unleaded gasoline in Europe by the year 
2005.  In 1999 the European Council Directive 1999/30/EC came into force. This Directive 
describes the numerical limits and thresholds required to assess and manage air quality for 
pollutants including  Pb. European Member States are therefore obliged to 1) analyse and 
report the Pb content in the air, 2) formulate plans and measures to improve the air quality if 
necessary and 3) inform inhabitants about the air quality. 

The Netherlands, as a European Member State, started monitoring of air Pb concentrations 
on a national level in the 1980s. Data are scarce before this time. To determine if measures 
taken have been successful and to inform citizens about the deterioration or improvement of 
air Pb concentrations, extended historical air Pb data (before the 1980s) could be very useful. 
Various studies have shown that natural archives, such as mires, lake sediments and ice cores, 
can be used to reconstruct historical air quality several hundred to thousand years before 
today (Komárek et al., 2008). These natural archives do not only give information about the 
atmospheric Pb content, but can also provide information about the various anthropogenic Pb 
sources in the atmosphere when integrated with Pb isotope studies.  

Lead consists of four stable isotopes with the following approximate abundances: 204Pb 
(2%), 206Pb (25%), 207Pb (21%) and 208Pb (52%). 204Pb is non-radiogenic and 206Pb, 207Pb and 
208Pb are formed by the radioactive decay of 238U, 235U and 232Th respectively with half-lives 
of 4.468×109, 0.7038×109 and 14.010×109 years respectively (Faure, 1986). Lead ores, used 
to manufacture Pb-based products, have characteristic Pb isotope ratios (e.g. 206Pb/207Pb, 
208Pb/207Pb and 206Pb/208Pb are the most commonly used Pb isotope ratios in environmental 
studies). These ratios mainly depend on the initial U/Pb and Th/Pb ratios and on the 
geological age of the source rocks from which Pb was derived during ore formation. Lead-
based products are often manufactured with Pb derived from an individual Pb ore deposit, 
hence Pb isotope ratios of these products are similar to the isotopic ratios of the ores (Faure, 
1986). In general it can be stated that the older the Pb ore, the lower the 206Pb/207Pb, 
208Pb/207Pb and 206Pb/208Pb ratios.   

Previous studies have been performed to determine atmospheric Pb deposition and 
changes in Pb isotope composition based on lake sediments, mires, soils, marine sediments, 
tree rings, coastal sediments and snow and ice cores (e.g., Shiharata, 1980; Rosman et al., 
1993, 1994; Graney et al., 1995; Farmer et al., 1996; Barbante et al., 1997; Weis et al., 1999; 
Erel et al., 2001; Eades et al., 2002; Renberg et al., 2002; Patrick and Farmer, 2006; Álvarez-
Iglesias et al., 2012; Walraven et al., 2013b; Leorri et al., 2014; Walraven et al., 2014). To 
date studies on lake sediments were never performed in the Netherlands and - to our 
knowledge - never linked to detailed national air monitoring data. In this study the sediments 
of 2 Dutch lakes have been investigated with the aim to reconstruct historical anthropogenic 
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atmospheric Pb deposition rates and to validate lake sediments as an effective proxy of 
atmospheric pollution. In addition, Pb isotope analysis were performed to determine the 
anthropogenic Pb sources. Lake sediment data will be compared with national air monitoring 
data and conclusions will be drawn on the effectiveness of the measures taken to improve the 
air quality with respect to Pb. 
 

4.2 Materials and methods 
4.2.1 Sampling  

Although many lakes, both peat bogs and sedimentary lakes, are present in the 
Netherlands, most lakes are not suitable for historical reconstructions of atmospheric inputs 
because they are not isolated (connected with streams or rivers) or have recently been 
dredged. Two suitable lakes have been selected for sampling: Lake Vechten (LV) and Fort 
Vechten (FV) (Fig. 4.1). In addition, the ecology of Lake Vechten has been studied in detail 
(Gulati and Parma, 1982; Verdouw et al., 1987; Hordijk, 1993). 

 

 
 
Fig. 4.1. Map showing the locations of the two studied lakes. The sample position in Fort 
Vechten (FV) is located ~300 m to windward of highway A12. The sample position in Lake 
Vechten (LV) is located ~100 m downwind of highway A12. Both lakes are located in an 
urban area (city of Utrecht). 
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Lake Vechten is a meso-eutrophic lake with limnetic properties that have been constant 

for many years (since formation) (Gulati and Parma, 1982; Verdouw et al., 1987). The lake 
was formed in 1941 by excavation of sand for construction of the nearby highway A12. The 
lake has no surface inlet or outlet and may be classified as a seepage lake. The water 
residence time is approximately 5 years (Hordijk, 1993). The maximum water depth is 
approximately 11 m and sediments are characterised by a strongly reducing black organic-rich 
mud layer (gyttja; partilce size generally <4μm) of about 60 cm, overlying an impermeable 
clay layer. The lake is situated 50-100 m downwind of highway A12 (Fig. 4.1). Prevailing 
wind direction in The Netherlands is southwest. 

The lake at Fort Vechten, called Fort Vechten in this study, is a moat around a military 
fortress created in the eighteenth century. The moat has no surface inlet or outlet and is solely 
fed by groundwater and precipitation. The maximum water depth is approximately 3 m, with 
a strongly reducing black organic-rich mud layer (gyttja; particle size generally <4μm) of 
about 70 cm, overlying an impermeable clay layer. This lake is situated 50-500 m to 
windward of highway A12 (Fig. 4.1). 

Organoleptic observations (H2S smell, methane bubbles and black coloured sediment) in 
this study and bacteria counts, methane, Eh (-100 to -150 mV vs. SHE at sediments depths of 
0 to 2 cm and -250 to -300 mV at depths of 3 to 6 cm) and pS2- measurements performed by 
Cappenberg (1974) in the Lake Vechten sediment show that the lake sediments are formed 
and preserved under sulphate-reducing and methane producing conditions. This makes them 
suitable as natural archives to reconstruct historical atmospheric deposition of Pb, since 
migration of Pb is most likely negligible under reducing conditions. In 2002 A.D. at least two 
sediment cores were taken from each lake from a raft using a modified Livingstone piston 
corer. The sample locations of the sediments cores from Lake Vechten and Fort Vechten were 
~100 and ~300 m away from highway A12 respectively (Fig. 4.1). In addition to the sediment 
cores, subsoils (100-120 cm) were also sampled from the lake banks: 4 subsoil samples from 
the Fort Vechten site and 5 from the Lake Vechten site. Subsoil samples were taken with an 
Edelman hand auger. The Pb isotope composition of these subsoils is used as a proxy for the 
natural Pb isotope composition of lake sediments.  

 
4.2.2 Sample pre-treatment 

The sediment cores were dewatered in the field and transported vertically prior to 
processing. One core of each lake was sent immediately to the Nuclear Geophysics Division 
of the Kernfysisch Versneller Instituut (KVI) for 137Cs analysis. The other cores were 
immediately sent to the laboratory of Utrecht University for major element, trace element and 
Pb isotope analysis. Since the length of cores slightly differed (e.g. in one core the bottom 
clay layer was missing) the cores were cross calibrated based on visual characteristics (thin 
layers with distinct colour and/or grain size) at specific depth intervals. 

The sediment cores taken for major element, trace element and Pb isotope analysis were 
first deep-frozen in a controlled way. The frozen cores were cut manually into 1 cm thick 
slices with a paper cutter at a temperature of approximately 0 ºC. Thereafter, the lake 
sediment slices were defrosted, dried at 105 ºC and homogenised. The subsoil samples of the 
lake banks were also dried at 105 ºC and homogenised.  
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4.2.3 Analysis 
4.2.3.1 137Cs dating  

At KVI the 137Cs activity was measured by the non-destructive PHAROS (pluri-detector, 
high resolution, analyser of radiometric properties of soil cores) technique to assess the 
sedimentation history of the lake sediments (Rigollet and De Meijer, 2002). 137Cs is an 
artificial radionuclide. The two main sources of artificial fallout radionuclides in Europe have 
been atmospheric nuclear weapons tests during 1953-63 A.D., and the Chernobyl reactor fire 
in April 1986 A.D. The 137Cs technique is based on the detection, as a function of depth, of 
137Cs from these sources. The sampling interval of PHAROS was 2 cm. Based on an inferred 
sediment accumulation rate of 1 cm/year (see below), the absolute error in the 137Cs date is 
about 2 years.        

 
4.2.3.2 Bulk sediment density analysis 

The bulk sediment density (g/cm3) of the lake sediment was determined by filling a 1 cm3 
cup with wet lake sediment, drying the lake sediment at 105 °C and determining the bulk 
sediment mass using a high precision balance.  
 
4.2.3.3 Major elements, trace elements and Pb isotope analysis 

Major elements, trace elements and Pb isotopes were analysed after HF-based sample 
destruction (Van der Veer, 2006). After destruction, major and trace element content was 
determined with a VG Plasmaquad PQ2+ Inductively Coupled Plasma Mass Spectrometer 
(ICP-MS) with a low uptake nebulizer. Details of the ICP-MS method can be found in 
Huisman et al. (2009). For the element considered in this study – Al and Pb – the relative 
precision (2RSD) based on 21 duplicate pairs was 7.3% for Al and 3.6% for Pb. The accuracy 
for Al and Pb content – as determined by soil standard ISE 921 (n = 17; Al = 5.7 wt.% ; Pb = 
167 mg/kg) – is -13% and 0.005% respectively (relative bias). 

Lead isotope analysis was also performed with a VG Plasmaquad PQ2+ ICP-MS with a 
low uptake nebulizer. To properly determine the Pb isotope ratios using an ICP-MS, a method 
similar to that described by Krachler et al. (2004) was used. The methodology is described in 
detail in Walraven et al. (2013a). The relative precision based on 15 duplicate sample pairs at 
2 RSD was <0.28% for 206Pb/207Pb, <0.14% for 208Pb/207Pb, and <0.34% for 206Pb/208Pb. The 
average Pb isotope composition and precision (2 SD) of the measured ISE 921 sample (n = 
10) was 1.167 ± 0.008 for 206Pb/207Pb, 2.443 ± 0.007 for 208Pb/207Pb, and 0.478 ± 0.003 for 
206Pb/208Pb.  

Precision and accuracy are based on the entire analytical procedure starting with the 
sample splits. Blanks and reagents used were also measured and contained negligible amounts 
of Pb (<20 ng/kg).  

 
4.2.4 Data analysis 
4.2.4.1 Calculation of the Pb content and Pb isotope composition of the anthropogenic 
Pb fraction 

Polluted lake sediments contain both natural and anthropogenic Pb. Consequently, to 
derive the Pb isotope composition of the anthropogenic Pb fraction, it is necessary to account 
for the amount of natural Pb present in the lake sediment. The following equation describes 
this mass balance principle: 
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(xPb/yPb)a × Pba =  (xPb/yPb)t × Pbt - (xPb/yPb)n × Pbn          (4.1)  

 
in which the letters a, t and n indicate the Pb content and Pb isotope composition (xPb/yPb) of 
the anthropogenic, total and natural Pb fraction, respectively. (xPb/yPb)t and Pbt of the lake 
sediments are measured in this study. The natural Pb content (Pbn) in sediments and soils can 
be calculated based on  
the common relationship between Pb and Al in unpolluted soils (Huisman, 1998; Van der 
Veer, 2006; Walraven et al., 2013a). Because Dutch lake sediments are seldom polluted with 
Al, and the studied lakes are not located close to industrial sites, the measured Al content is 
used as a lithogenic proxy for Pbn. Based on data from Walraven et al. (2013a) the following 
relationship for unpolluted sedimentary soils in The Netherlands was established: 
 
Pbn = 3.69 × Al + 1.75         (4.2)
  
in which Pbn is the calculated natural Pb content in mg/kg, and Al is the measured Al content 
in wt.% (n = 303; R2 = 0.89; Standard error of estimate is 2.6 mg/kg). For details see 
Walraven et al. (2013a) and Walraven et al. (2014). 
 

Based on Eq. (4.2), it is possible to calculate the anthropogenic Pb content in the polluted 
lake sediments according to Eq. (4.3): 
  
 Pba = Pbt - Pbn           (4.3) 
 
in which Pba and Pbn  (Eq. (4.3)) are the calculated anthropogenic and natural Pb content in 
mg/kg in the lake sediment, and Pbt is the measured total Pb content in mg/kg in the lake 
sediment. 

 
If the Pb isotope composition of the natural Pb fraction in the lake sediment is also 

known, the Pb isotope composition of the anthropogenic Pb fraction can be calculated (using 
Eq. (4.)). Potentially the Pb isotope composition of the natural Pb fraction in lake sediments 
can be estimated by analysing the unpolluted deeper lake sediments (Graney et al., 1995). 
Unfortunately, all lake sediment samples contain anthropogenic Pb (see Appendices 4.1 and 
4.2). Therefore, 9 unpolluted subsoils from 50-120 cm depth from the lake banks were used as 
a measure of the Pb isotope composition of the natural Pb fraction in the lake sediment (see 
Section 4.2.1). To calculate the Pb isotope composition of the anthropogenic Pb fraction in 
the lake sediments, the mean 206Pb/207Pb, 208Pb/207Pb and 206Pb/208Pb ratios of the subsoil 
samples per sample site were used.  
 
4.2.4.2 Calculation of the sediment accumulation and atmospheric Pb deposition rates 

The sediment accumulation rate of the lake sediments was calculated based on the 137Cs 
activity maxima as a function of position in the core. These 137Cs activity maxima are 
representative of the 1960s atmospheric bomb tests (with a peak in 1963 A.D.) and the 1986 
A.D. Chernobyl nuclear reactor accident. For each sediment profile 3 sediment accumulation 
rates were calculated, before 1963 A.D., between 1963 and 1986 A.D. and after 1986 A.D. 
Since the formation date of both lakes is known (see Section 4.2.1), the age of the bottom 
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sediment is known (assuming that the lakes have not been dredged) and sediment 
accumulation rates deposited before 1963 A.D. can be calculated. The sedimentation rate of 
the lake sediment after 1986 A.D. can be calculated when the age of the top sediment is 
known. The age of the top sediment is equated to the sampling date of the lake sediment. 

The calculated sediment accumulation rates are used to calculate the atmospheric Pb 
deposition rate according to the following equation: 

 
Pbatmos = Pba × ρs × vsed         (4.4) 
 
in which Pbatmos is the atmospheric Pb deposition rate in μg cm-2 y-1, Pba is the calculated 
anthropogenic Pb content in mg/kg (Eq. (4.3)), ρs is the measured bulk sediment density in 
g/cm3 and vsed is the sediment rate in cm/y. Sediment dating is based on the absence of 
compaction, which is a valid  assumption because density gradients are negligible 
(Appendices 4.1 and 4.2). Estimations of the uncertainties were calculated using the Gaussian 
law for the propagation of error, taking all errors (as 1 SD) of the quantified variables in Eq. 
(4.4) into account. 
 
4.2.4.3 Calculation of the anthropogenic Pb sources (end-members) 
The individual Pb isotope composition of a mixture of two (anthropogenic) Pb sources can be 
determined with a hyperbolic mixing equation under the condition that the Pb isotope 
composition of the two Pb sources differs significantly (Faure, 1986). The end-member 
calculations are performed for 206Pb/207Pb, because this is the most commonly used Pb isotope 
ratio in environmental studies. 

 The equation for a two component mixture is given in Eq. (4.5a), (4.5b) and (4.6): 
 

(206Pb/207Pb)a = [Pbs1 ×(206Pb/207Pb)s1 + Pbs2 ×(206Pb/207Pb)s2] / Pba                    (4.5a) 
 
hence 
 
(206Pb/207Pb)a = (206Pb/207Pb)s1 + [Pbs2 × [ (206Pb/207Pb)s2  - (206Pb/207Pb)s1 ]] / Pba             (4.5b) 
 
in which the letters a, s1 and s2 indicate the Pb content and Pb isotope composition 
(206Pb/207Pb) of anthropogenic Pb and anthropogenic Pb source 1 and source 2. (xPb/yPb)a and 

Pba of the lake sediments are calculated in this study (see Eq. (4.1) and (4.4)). 
 
Eq. (4.5b) is a hyperbola in co-ordinates of (206Pb/207Pb)a and Pba:  
 

(206Pb/207Pb)a = a / Pba + b     (4.6)
    
where: a = Pbs2 × [ (206Pb/207Pb)s2  - (206Pb/207Pb)s1 ] and b = (206Pb/207Pb)s1 
  

The mixing hyperbola can be transformed into a straight line by plotting (206Pb/207Pb)a versus 
the reciprocal of Pba. The intercept represents the Pb isotope composition of one of the 
anthropogenic Pb sources (end-member).  
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4.3 Results  
Appendices 4.1 and 4.2 summarise the analytical results of the lake sediment and subsoil 

samples.  
 
4.3.1 Subsoils  

The average Pb and Al content of the subsoils, sampled at the lake shores, fall within the 
average and upper confidence level (2s) of the relationship between Pb and Al content for 
unpolluted soils in the Netherlands (Eq. (4.3)) (Fig. 4A – Appendix 4.3). The Pb isotope 
compositions of the subsoil samples are within the baseline values for unpolluted Dutch 
sedimentary soils as established by Walraven et al. (2013a) (Fig. 4A – Appendix 4.3). This 
confirms that the subsoil samples of the lake shores are not polluted with anthropogenic Pb 
and can be used to calculate the Pb isotope composition of the anthropogenic Pb fraction in 
the lake sediments (Eq. (4.1)). 

 
4.3.2 Lake sediments 
4.3.2.1 137Cs dating  

The depth variation in 137Cs activities in the lake sediments is visualised in Fig. 4.2. In 
each sediment profile two distinct peaks in the 137Cs activity are observed. These peaks 
represent the Chernobyl reactor accident in 1986 A.D. and the nuclear bomb test around 1963 
A.D. Based on these peaks the sediment accumulation rates in the 2 lakes were calculated 
(Table 4.1). 

 

 
 
 

Fig. 4.2. 137Cs activity profiles (Bq/kg) of the lake sediment from Fort Vechten (FV) and Lake 
Vechten (LV). The years 1963 A.D. and 1986 A.D. mark the nuclear bomb tests and the 
Chernobyl reactor incident respectively.  
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Table 4.1. Calculated sedimentation rates of the Fort Vechten and Lake Vechten lake 
sediments. 
 
Year (A.D.) Sedimentation rate (cm/year) 
 Fort Vechten Lake Vechten 
> 1986 1.40 0.88 
1963-1986 1.72 0.88 
< 1963 - 1.23 
 

The sediment layer in Fort Vechten is thinner than expected. Most likely, Fort Vechten 
has been dredged after the Second World War (WWII). During WWII, the moat could 
possible have been filled with trees that were cut to create a free field of fire. Since the date of 
dredging is unknown, the sedimentation rate in Fort Vechten before 1963 A.D. cannot be 
calculated. The atmospheric Pb deposition rate (see Eq. (4.4)) for For Fort Vechten is 
therefore only calculated between 1963 and 2002 A.D.  Sedimentation rates in Lake Vechten 
and Fort Vechten vary from 0.88 to 1.23 cm/year and from 1.4 to 1.72 cm/year respectively. 
Steenbergen et al. (1989) dated the Lake Vechten sediment both with 137Cs and 210Pb. Vertical 
sedimentation accretion rates based on both radionuclide dating techniques varied between 
0.6 and 0.74 cm/year (Steenbergen et al., 1989). 137Cs activity implies a linear sedimentation 
rate of 0.74 cm/year in the period 1963-1986 (Steenbergen et al., 1989). This agrees well with 
the sedimentation rate of 0.88 cm/year for this period established in this study. The observed 
difference might be explained by the different sampling techniques used in both studies,  
whereby in our study compaction due to sampling is negligible. 210Pb studies for the Fort 
Vechten sediment are not available.  

The sediment accumulation rates are used to calculate the deposition date (year A.D.) of 
each lake sediment sample. Since sediment accumulation rates in Lake Vechten are lower 
than those in Fort Vechten, the resolution of Lake Vechten is also lower. The sediments of 
Lake Vechten and Fort Vechten, discussed in this study, were deposited between 1942 A.D. 
and 2002 A.D., and ~1963 A.D. and 2002 respectively. In this study Pb contents and Pb 
isotope ratios are presented as function of deposition date (age). Sample depths corresponding 
with deposition dates can be found in Appendices 4.1 and 4.2. 

 
4.3.2.2 Atmospheric Pb deposition and Pb isotope composition  

The calculated atmospheric Pb deposition rate (Pbatmos) and the Pb isotope composition of 
deposited anthropogenic Pb ((206Pb/207Pb)a, (208Pb/207Pb)a and (206Pb/208Pb)a) are plotted versus 
the lake sediment deposition dates in Fig. 4.3. In both lakes, two distinct time periods in 
Pbatmos and the Pb isotope composition of deposited anthropogenic Pb are observed: before 
1975 A.D. (period I) and after 1980 A.D. (period II). Due to uncertainties in the 137Cs dating 
(see Section 4.2.3.1), a transitional period between 1975 A.D. 1980 A.D. is defined. Before 
the 1975-1980 A.D. transitional period, Pbatmos shows a fluctuating pattern with values 
varying from 47 ± 13 to 69 ± 16 μg cm-2 y-1 in lake Fort Vechten and from 19 ± 3 to 52 ± 7 μg 
cm-2 y-1 in Lake Vechten (Fig.4.3). From 1975-1980 A.D. to 2002 A.D., Pbatmos gradually 
decreases in both lakes: from 65 ± 12 to 20 ± 4 μg cm-2 y-1 in lake Fort Vechten and from 49 ± 
7 to 12 ± 2 μg cm-2 y-1 in Lake Vechten (Fig. 4.3). The Pb isotope composition of deposited 
anthropogenic Pb also shows a clear change around 1975-1980 A.D (Fig. 4.3). 
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Between 1963 A.D. and 1975-1980 A.D, (206Pb/207Pb)a, (208Pb/207Pb)a and (206Pb/208Pb)a 

gradually decrease in lake Fort Vechten (with some minor fluctuations), from 1.155 to 1.144, 
2.437 to 2.420, and 0.474 to 0.471 respectively (Fig. 4.3). A comparable decrease is observed 
in Lake Vechten between 1942 A.D. and 1975-1980 A.D.: from 1.171 to 1.140 for 
(206Pb/207Pb)a, 2.457 to 2.412 for (208Pb/207Pb)a, and 0.479 to 0.473 for (206Pb/208Pb)a (Fig. 
4.3). From the transitional period to 2002 A.D. the Pb isotope composition of deposited 
anthropogenic Pb increases in both lakes. In lake Fort Vechten, (206Pb/207Pb)a, (208Pb/207Pb)a 

and (206Pb/208Pb)a increase from 1.142 to 1.148, 2.420 to 2.425, and 0.471 to 0.474 
respectively (Fig.4.3). In Lake Vechten - over the same time period - (206Pb/207Pb)a, 
(208Pb/207Pb)a and (206Pb/208Pb)a increase from 1.140 to 1.169, 2.412 to 2.436, and 0.473 to 
0.481 respectively (Fig. 4.3).  

   
4.3.2.3 Anthropogenic Pb sources (end-members)  

To determine the end-member 206Pb/207Pb values of the atmospheric anthropogenic Pb 
sources in the lake sediments, (206Pb/207Pb)a is plotted versus [Pb]a and 1/[Pb]a in Fig. 4.4. 
Two mixing hyperbola are observed in the Fort Vechten data. Between 1976 and 1985 A.D 
the relationship is (206Pb/207Pb)a = -0.72/[Pb]a + 1.155 (n = 16; R2 = 0.80) and between 1985 
and 2000 A.D. (206Pb/207Pb)a = 0.58/[Pb]a + 1.130 (n = 20; R2 = 0.83). No clear mixing 
between anthropogenic Pb sources is observed between 1963 and 1975 A.D. in Fort Vechten. 
The (206Pb/207Pb)a end-members of the anthropogenic Pb sources in Fort Vechten are 1.155 
and 1.130 respectively. 

Two mixing hyperbola are also observed in the Lake Vechten data (Fig. 4.4). Between 
approximately 1945 and 1974 A.D. the relationship is (206Pb/207Pb)a = 1.12/[Pb]a + 1.132 (n = 
27; R2 = 0.45) and between 1976 and 2000 A.D. (206Pb/207Pb)a = 0.97/[Pb]a + 1.128 (n = 21; 
R2 = 0.97). The (206Pb/207Pb)a end-members of the anthropogenic Pb sources in Lake Vechten 
are 1.170 and 1.130 respectively. 

 

4.4 Discussion  
4.4.1 Reconstructed atmospheric Pb deposition rates 

Lake sediments and peat cores have been used to reconstruct rates of atmospheric Pb 
deposition. Most of these studies were performed in remote areas with relatively low rates of 
atmospheric Pb deposition ranging from 0.001 to 27 μg cm-2 y-1 (Shotyk et al., 1998; Weiss et 
al., 1999; Vile et al., 2000; Le Roux et al., 2005). High atmospheric Pb deposition rates (24.6 
to 162.9 μg cm-2 y-1) have been reported in organic-rich pool sediments situated close to a Zn-
smelter in Belgium (Sonke et al., 2002). Compared with previous data, the atmospheric Pb 
deposition rates determined in this study were relatively high, with rates ranging from 12 ± 2 
to 69 ± 16 μg cm-2 y-1.  

Fort Vechten and Lake Vechten are only ~0.5 km apart (Fig. 4.1). Nevertheless, 
atmospheric Pb deposition in Fort Vechten was on average 13 μg cm-2 y-1higher than that in 
Lake Vechten (Fig. 4.3). Fort Vechten is a 25-50 m wide moat surrounded by forest, whereas 
Lake Vechten is a less forested sand borrow pit with a width of 50-150 m. The trees on the 
shores of Fort Vechten are expected to contribute more atmospheric Pb than the trees 
surrounding Lake Vechten. In addition, a higher percentage of organic material, e.g. leaves 
with atmospheric Pb, will enter Fort Vechten than Lake Vechten due to the smaller width of 
Fort Vechten. This conclusion is supported by the higher organic matter (OM) content in the 
lake sediment of Fort Vechten (OM varies from ~23 to ~40 wt.% with an average of 32 wt.%) 
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compared with Lake Vechten (OM varies from ~12 to ~25 wt.% with an average of 19 wt.%). 
Organic matter contents were calculated from  bulk density data following Grishja (2006). 
This focussing effect might explain the higher atmospheric Pb deposition rate in Fort 
Vechten. Until 1996 A.D. Fort Vechten was being used by the military and they potentially 
performed activities that locally caused enhanced atmospheric Pb deposition in the moat. 

 

 
 

Fig. 4.4. (206Pb/207Pb)a versus [Pb]a and 1/[Pb]a in lake sediments from Fort Vechten and Lake 
Vechten.1 = Walraven et al. (2014); 2 = Walraven et al. (1997, 2013b); 3 = Pasteels et al. 
(1980); 4 = Cauet et al. (1982); 5 = Monna et al. (1997); 6 = Chiaradia and Cupelin (2000); 7 
= Hansmann and Köppel (2000); 8 = Carignan et al. (2005); 9 = Cloquet et al. (2006).  
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The profiles of reconstructed atmospheric Pb deposition rates in Fort Vechten and Lake 
Vechten resemble the profiles determined by others (Shotyk et al., 1998; Weiss et al., 1999; 
Vile et al., 2000; Le Roux et al., 2005). In all profiles a peak in atmospheric Pb deposition is 
observed in the period 1970-1980 A.D. After this period, the rate of atmospheric Pb 
deposition rapidly declined. This maximum in atmospheric Pb deposition is linked to the peak 
of leaded gasoline combustion in Europe in the period 1970-1980 A.D (Shotyk et al., 1998; 
Weiss et al., 1999). Rates of atmospheric Pb deposition decreased as a result of the 
introduction of gasoline with a lower Pb content and ultimately unleaded gasoline.  

Although atmospheric Pb deposition rates have decreased spectacularly since 1975-1980 
A.D. (Fig. 4.3), recent deposition fluxes (12 ± 2 and 23 ± 4 μg cm-2 y-1 between 1995 A.D. 
and 2002 A.D. for Lake Vechten and Fort Vechten respectively) are still much higher than 
background atmospheric Pb deposition rates elsewhere in (rural) Europe. Shotyk et al. (1998) 
determined background atmospheric Pb deposition rates of 0.001 μg cm-2 y-1 in remote areas 
in Switzerland (8030-5320 14C y B.P.). Background Pb deposition rates of 0.17-0.27 μg cm-2 

y-1 were determined by Sonke et al. (2002) in organic-rich sediments from small Belgian 
lakes situated close to Zn smelters. Atmospheric Pb deposition rates in the two Dutch lakes in 
2002 A.D. are still a factor 75 to 20000 higher than these background fluxes. 

 
4.4.2 Atmospheric anthropogenic Pb sources  

Lead isotope ratios of anthropogenic Pb in the lake sediment are used to identify the 
anthropogenic Pb sources. Based on the mixing hyperbola in Fig. 4.4, two dominant 
atmospheric anthropogenic Pb sources are distinguished in the lake sediment of Fort Vechten; 
incinerator ash and gasoline Pb (Fig. 4.4). Incinerator ash reflects the average Pb isotope 
composition of industrial Pb as all waste products are combusted together in incinerators 
(Monna et al., 1997). In other words, incinerator ash is a mixture of various anthropogenic Pb 
sources that can also include gasoline Pb, coal and galena. Gasoline Pb entered the 
atmosphere with the combustion of leaded gasoline. Based on a linear mass balance equation 
(similar to Eq. (4.1)), temporal changes in the relative contribution of the two identified 
anthropogenic Pb sources to the total atmospheric anthropogenic Pb input in Fort Vechten 
was calculated (Fig. 4.5). Between 1963 and 1975 A.D. industrial Pb (incinerator ash 
signature) was the dominant anthropogenic Pb source with a relative contribution between 87 
± 3% and 99 ± 4%. Between 1976 and 1985 A.D. the relative contribution of industrial Pb 
decreased due to the rapid increase in gasoline Pb: from 14 ± 1% in 1976 A.D. to 53 ± 2% in 
1986. After 1986 A.D., the effective time of the introduction of unleaded gasoline, the 
contribution of gasoline Pb decreased rapidly from 53 ± 2% in 1986 A.D. to 28 ± 1% in 2000 
A.D. This rise and fall of gasoline Pb is reported in other natural archives such as lake 
sediments and peat bogs (Shotyk et al., 1998; Weiss et al., 1999; Le Roux et al., 2005). The 
phasing out of Pb as an anti-knock agent in petrol at the end of the 1970s and the introduction 
of unleaded gasoline is clearly visible in the lake sediments of Fort Vechten.  

The rise and fall of leaded gasoline is even more distinct in Lake Vechten (Fig. 4.4). This 
lake is situated closer to highway A12 (~100 m. for Lake Vechten vs. ~300 m. for Fort 
Vechten). In addition, it is situated downwind of the highway, contrary to Fort Vechten, 
which is situated windward of highway A12. Between 1945 A.D. and 1978 A.D. the relative 
contribution of gasoline Pb increased from 3 ± 0.2% to 75 ± 5% (Fig. 4.5). In contrast to Fort 
Vechten, the second major atmospheric anthropogenic Pb source is not industrial Pb, but 
coal/galena Pb (Fig. 4.4). Lead present in coal and Pb ores (mainly galena) enters the 
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atmosphere when coal is burned and galena processed to produce Pb containing products (e.g. 
lead white factories). Before the massif increase in usage of leaded gasoline, coal/galena was 
the dominant atmospheric anthropogenic Pb source in Lake Vechten with relative 
contributions between 90 ± 6 and 100 ± 7% in the period 1942 to 1945 A.D. After the ban on 
leaded gasoline the relative contribution of coal/galena increased from 25 ± 2% in 1978 A.D. 
to 96 ± 6% in 2000 A.D. reaching pre-world war II levels (Fig. 4.5).    

 

 
 

Fig. 4.5. Relative contribution of the main anthropogenic Pb sources in Fort Vechten and 
Lake Vechten to the total anthropogenic Pb content.  
 
 

Although Fort Vechten and Lake Vechten are situated only ~0.5 km. apart (Fig. 4.1), the 
anthropogenic Pb sources and their relative contributions differ greatly. In both lakes gasoline 
Pb is a major anthropogenic Pb source. However, in Fort Vechten industrial Pb (incinerator 
ash signature) is the second major anthropogenic Pb source whereas in Lake Vechten this is 
coal/galena. Until 1996 A.D. Fort Vechten was used by the military and this could potentially 
have caused local Pb release to the moat. The exact causes of the isotopic differences, 
however, remain unclear.  

 
4.4.3 Estimation of historical air Pb concentrations based on atmospheric Pb deposition 
rates  

The National Institute for Public Health and the Environment (RIVM) has monitored air 
Pb concentrations in the Netherlands since 1987 A.D. The legal limit of annual mean Pb 
concentrations in the atmosphere in the Netherlands and the other Member States of the 
European Union is 500 ng/m3. Between 1987 and 2000A.D. the annual mean air Pb 
concentration in the Netherlands decreased from approximately 80 to 10 ng/m3 (Hammingh et 
al., 2002). Since air Pb data before 1987 A.D. are lacking, it is unknown if annual mean air Pb 
concentrations in the Netherlands were ever higher than 500 ng/m3.  

The atmospheric Pb deposition rates determined from sediments in this study go back to 
1942 A.D. If a relationship can be established between the atmospheric Pb deposition rates as 
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determined in this study and the annual mean air Pb concentrations as determined by RIVM, 
then historical air Pb concentrations can be reconstructed.  

There is a RIVM air quality monitoring station located close to Fort Vechten and Lake 
Vechten (~7 km). To determine if atmospheric Pb deposition rates - determined in lake 
sediments - can be used to estimate air Pb quality, the annual mean air Pb concentrations 
(LML, 2014) are plotted against the calculated atmospheric Pb deposition rates (Fig. 4.6). A 
clear positive correlation is observed between the air Pb concentrations as determined by 
RIVM and the calculated Pb atmospheric deposition (Lake Vechten (R2 = 0.78) and in 
particular for Fort Vechten (R2 = 0.90)). These correlations were used to reconstruct historical 
air Pb concentrations based on lake sediment analysis (Fig. 4.7). 

 

 
 

Fig. 4.6. Atmospheric Pb deposition rates (Pbatmos) versus air Pb concentrations as determined 
by RIVM (LML, 2014). 
 

Fig. 4.7A and 4.7B show both the measured (RIVM data) and reconstructed air Pb 
concentrations between 1942 and 2002 A.D. The reconstructed air Pb concentrations in Fort 
Vechten and Lake Vechten vary from 5 to 280 ng/m3 (standard error of estimate is 9 ng/m3) 
and from 9 to 293 ng/m3 (standard error of estimate is 11 ng/m3) respectively. The patterns in 
the reconstructed air Pb concentrations are remarkably similar. Before 1960 A.D. air Pb 
concentrations appear to be quite stable (only Lake Vechten data). Between ~ 1960 A.D. and 
1975 A.D. the air Pb concentrations show fluctuations in both the Fort Vechten and Lake 
Vechten data. A major decrease in air Pb concentrations is observed in 1973 A.D. in the Fort 
Vechten data (Fig. 4.7A). This dip might represent the first oil crisis in 1973 A.D. In 1973-
1974 A.D. average gasoline sales in The Netherlands decreased by ~10% as a result of the oil 
embargo of the Organization of Arab Petroleum Exporting Countries (Fig. 4.7C). This 1973 
A.D. dip is not observed in the Lake Vechten data, which we interpret as due to the lower 
sediment accumulation rate - and thus lower resolution - in Lake Vechten compared with Fort 
Vechten (Table 4.1).   
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Fig. 4.7. A. Reconstructed air Pb concentration between 1963 and 2002 A.D. based on lake 
sediments from Fort Vechten. B. Reconstructed air Pb concentration between 1942 and 2002 
A.D. based on lake sediments from Lake Vechten. C. Yearly average gasoline sales in The 
Netherlands between 1946 and 2002 A.D. (CBS, 2013).  

 
 
Although air Pb concentrations fluctuate strongly between ~ 1960 and 1975 A.D., an 

average increase in air Pb concentrations (~ 100 ng/m3) is observed in both Lake Vechten and 
Fort Vechten (Fig. 4.7A and 4.7B). This is most likely caused by the increased usage of 
leaded gasoline in this time period (Fig. 4.7C). The lead isotope data confirms that gasoline is 
the major source of Pb (see Section 4.4.2). After ~ 1975 A.D. the air Pb concentrations start to 
decrease rapidly (Fig. 4.7). According to the Lake Vechten and Fort Vechten data, air Pb 
concentrations decreased from 293 to 9 ng/m3 (standard error of estimate is 11 ng/m3) and 
from 280 to 5 ng/m3 (standard error of estimate is 9 ng/m3) respectively. This is a decrease of 
97% and 98% respectively. During the decrease of the air Pb concentrations between 1978 
and 2002 A.D. in the Fort Vechten data, a short term decline is observed around 1979 A.D. 
This dip might represent the second oil crisis in 1979 A.D. Between 1979 and 1981 A.D. 
average gasoline sales in The Netherlands decreased by ~10% (partly) due to the Iranian 
Revolution that disrupted the Iranian oil sector reducing production and exports (Fig. 4.7C). 
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As in 1973 A.D., this resulted in a shortage of gasoline, increased gasoline prices and a 
decrease in gasoline sales. In addition, increased prices resulted in the increased sales of 
smaller and fuel-efficient cars (Autosnelwegen, 2013). This is reflected in decreased gasoline 
sales from the start of the 1979 A.D. oil crisis until approximately 1988 A.D. (Fig. 4.7C). The 
1979 A.D. dip in the air Pb concentration is not observed in the Lake Vechten data (Fig. 
4.7B), again probably due to poor temporal resolution in the sediments. 

Based on the reconstructed air Pb data, it can be concluded that the (reconstructed) air 
Pb concentrations near Fort and Lake Vechten never exceeded the critical limit of 500 ng/m3. 
Moreover, due to legal measures, among others reduction of the Pb content in leaded gasoline 
and introduction of unleaded gasoline, air Pb quality improved greatly starting in the late 
1970s. This has also been observed elsewhere in the world by Shotyk et al. (1998), Weiss et 
al. (1999) and Le Roux et al. (2005) and shows that legal intervention on a national/ 
worldwide level can result in an improvement of environmental quality within a decade.  

 

4.5 Conclusions 
This study establishes that the studied Dutch urban lake sediments are useful natural 

archives for reconstruction of historical atmospheric Pb deposition rates. Between 1942 and 
2002 A.D. anthropogenic atmospheric Pb deposition rates in the two lakes varied from 12 ± 2 
to 69 ± 16 μg cm-2 y-1. The rise and fall of leaded gasoline is clearly reflected in reconstructed 
atmospheric Pb deposition rates. Data reveal that measures taken to improve the air Pb quality 
have been successful. After the ban on leaded gasoline, late 1970s / early 1980s, atmospheric 
Pb deposition rates decreased rapidly in the two urban lakes and the relative contributions of 
other anthropogenic Pb sources – incinerator ash (industrial Pb) and coal/galena – increased 
sharply. Despite the mitigation measures, atmospheric Pb deposition rates in the two Dutch 
lakes are still significantly higher (factor 75 to 20000) than European background fluxes. This 
is attributed to the proximity of the studied urban lakes to major highways and industrial 
activities (urban area of Utrecht).  

Atmospheric Pb deposition rates inferred from the lakes record a clear relationship with 
nearby measured air Pb concentrations. Based on this relationship it was estimated that air Pb 
concentrations between 1942 to 2002 A.D varied between 5 and 293 ng/m3. Although situated 
in an urban area, (reconstructed) air Pb concentrations near Fort and Lake Vechten never 
exceeded the EU critical limit of 500 ng/m3. Moreover, due to the implemented mitigation 
measures, reduction in the Pb content of leaded gasoline and introduction of unleaded 
gasoline, air Pb quality improved significantly starting in the late 1970s. 
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Appendix 4.1. Analytical results of the lake sediments and subsoils of Fort Vechten.  

 

Sample Depth 
137Cs 
Date 

Bulk 
density Al Pbt (206Pb/207Pb)t (208Pb/207Pb)t (206Pb/208Pb)t 

 (cm) (A.D.) (g/cm3) (wt.%) (mg/kg)    
FV2 1-2 2001.2 0.408 3.582 50 1.161 2.439 0.476 
FV3 2-3 2000.5 0.420 3.481 49 1.160 2.436 0.476 
FV4 3-4 1999.7 0.414 3.476 50 1.161 2.438 0.476 
FV5 4-5 1999.0 0.428 3.473 52 1.159 2.439 0.475 
FV6 5-6 1998.2 0.430 3.373 48 1.160 2.439 0.475 
FV7 6-7 1997.5 0.428 3.389 50 1.160 2.439 0.475 
FV8 7-8 1996.7 0.420 3.498 51 1.158 2.439 0.475 
FV9 8-9 1996.0 0.426 3.539 52 1.159 2.438 0.475 
FV10 9-10 1995.2 0.436 3.513 52 1.159 2.439 0.475 
FV11 10-11 1994.4 0.450 3.429 51 1.159 2.438 0.475 
FV12 11-12 1993.7 0.476 3.630 54 1.158 2.437 0.475 
FV13 12-13 1992.9 0.486 3.565 55 1.158 2.436 0.475 
FV14 13-14 1992.2 0.498 3.707 56 1.157 2.437 0.475 
FV15 14-15 1991.4 0.492 3.677 56 1.156 2.437 0.475 
FV16 15-16 1990.7 0.488 3.785 61 1.156 2.436 0.475 
FV17 16-17 1989.9 0.476 3.802 60 1.156 2.436 0.475 
FV18 17-18 1989.2 0.484 3.888 62 1.156 2.435 0.475 
FV19 18-19 1988.4 0.484 3.819 64 1.154 2.435 0.474 
FV20 19-20 1987.6 0.486 3.787 66 1.154 2.434 0.474 
FV21 20-21 1986.9 0.488 3.833 67 1.154 2.433 0.474 
FV22 21-22 1986.1 0.482 3.858 73 1.153 2.433 0.474 
FV23 22-23 1985.4 0.474 3.662 69 1.153 2.432 0.474 
FV24 23-24 1984.8 0.470 3.717 73 1.153 2.431 0.474 
FV25 24-25 1984.1 0.466 3.702 78 1.152 2.430 0.474 
FV26 25-26 1983.5 0.470 3.667 78 1.152 2.431 0.474 
FV27 26-27 1982.9 0.498 3.806 83 1.154 2.431 0.475 
FV28 27-28 1982.3 0.496 3.670 81 1.153 2.430 0.475 
FV29 28-29 1981.7 0.506 3.838 87 1.154 2.432 0.475 
FV30 29-30 1981.1 0.494 3.754 85 1.153 2.430 0.474 
FV31 30-31 1980.4 0.478 3.770 87 1.154 2.432 0.474 
FV32 31-32 1979.8 0.458 3.693 87 1.153 2.433 0.474 
FV33 32-33 1979.2 0.482 3.690 88 1.154 2.434 0.474 
FV34 33-34 1978.6 0.472 3.776 94 1.154 2.432 0.474 
FV35 34-35 1978.0 0.480 3.700 94 1.153 2.436 0.473 
FV36 35-36 1977.4 0.486 3.543 91 1.153 2.438 0.473 
FV38 37-38 1976.1 0.446 3.486 97 1.153 2.438 0.473 
FV39 38-39 1975.5 0.436 3.189 95 1.157 2.438 0.475 
FV40 39-40 1974.9 0.414 3.181 96 1.158 2.438 0.475 
FV41 40-41 1974.3 0.392 3.251 100 1.158 2.439 0.475 
FV42 41-42 1973.7 0.374 3.143 95 1.158 2.439 0.475 
FV44 43-44 1972.4 0.344 3.057 94 1.159 2.441 0.475 
FV45 44-45 1971.8 0.366 2.962 96 1.159 2.441 0.475 
FV46 45-46 1971.2 0.410 2.829 95 1.159 2.440 0.475 
FV47 46-47 1970.6 0.446 2.897 99 1.159 2.440 0.475 
FV48 47-48 1970.0 0.494 2.653 93 1.158 2.440 0.474 
FV50 49-50 1968.7 0.562 2.113 59 1.160 2.440 0.475 
FV51 50-51 1968.1 0.562 2.283 69 1.158 2.438 0.475 
FV52 51-52 1967.5 0.570 2.255 63 1.161 2.441 0.476 
FV53 52-53 1966.9 0.538 2.373 71 1.159 2.441 0.475 
FV54 53-54 1966.3 0.548 2.358 73 1.159 2.441 0.475 
FV56 55-56 1965.0 0.528 2.138 61 1.159 2.441 0.475 
FV57 56-57 1964.4 0.506 2.414 80 1.157 2.440 0.474 
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Sample Depth 
137Cs 
Date 

Bulk 
density Al Pbt (206Pb/207Pb)t (208Pb/207Pb)t (206Pb/208Pb)t 

 (cm) (A.D.) (g/cm3) (wt.%) (mg/kg)    
FV58 57-58 1963.8 0.540 2.474 76 1.158 2.443 0.474 
FV59 58-59 1963.2 0.520 2.399 70 1.158 2.442 0.474 
FV60 59-60 1962.6 0.504 2.449 70 1.158 2.442 0.474 
FV62 61-62 ND 0.494 2.562 68 1.159 2.446 0.474 
FV63 62-63 ND 0.460 2.463 67 1.158 2.442 0.474 
FV64 63-64 ND 0.594 2.635 75 1.158 2.443 0.474 
FV65 64-65 ND 0.634 2.542 78 1.159 2.445 0.474 
FV66 65-66 ND 0.664 2.653 81 1.163 2.447 0.475 
FV68 67-68 ND 1.124 2.305 25 1.173 2.457 0.477 
         
FV 
subsoils 
(n = 4) 

100-
120 ND ND 6.132 26 1.192 2.474 0.482 

ND = not determined 
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Appendix 4.2. Analytical results of the lake sediments and subsoils of Lake Vechten. 
 

Sample Depth 
137Cs 
Date 

Bulk 
density [Al] [Pb]t (206Pb/207Pb)t (208Pb/207Pb)t (206Pb/208Pb)t 

 (cm) (A.D.) (g/cm3) (wt.%) (mg/kg)    
LV 
01+2 0-1 2002.0 0.594 5.694 45 1.179 2.452 0.481 
LV 03 1-2 2000.9 0.602 5.644 45 1.179 2.451 0.481 
LV 04 2-3 1999.7 0.596 5.728 46 1.180 2.450 0.482 
LV 05 3-4 1998.6 0.624 5.825 45 1.181 2.450 0.482 
LV 06 4-5 1997.5 0.618 5.830 47 1.180 2.448 0.482 
LV 07 5-6 1996.3 0.648 5.839 47 1.178 2.446 0.482 
LV 09 7-8 1994.0 0.620 6.038 47 1.180 2.449 0.482 
LV 10 8-9 1992.9 0.628 5.957 49 1.178 2.448 0.481 
LV 11 9-10 1991.8 0.690 6.079 50 1.177 2.447 0.481 
LV 12 10-11 1990.6 0.670 6.037 51 1.176 2.446 0.481 
LV 13 11-12 1989.5 0.668 6.064 50 1.176 2.446 0.481 
LV 15 13-14 1987.2 0.710 6.228 65 1.169 2.439 0.479 
LV 16 14-15 1986.1 0.668 6.195 67 1.166 2.436 0.478 
LV 17 15-16 1985.0 0.694 6.280 66 1.166 2.437 0.478 
LV 18 16-17 1983.8 0.682 6.091 74 1.161 2.432 0.477 
LV 19 17-18 1982.7 0.666 6.080 83 1.156 2.429 0.476 
LV 21 19-20 1980.4 0.714 6.254 86 1.158 2.429 0.477 
LV 22 20-21 1979.3 0.686 6.273 91 1.155 2.427 0.476 
LV 23 21-22 1978.2 0.684 6.299 93 1.153 2.427 0.475 
LV 24 22-23 1977.1 0.738 6.076 93 1.155 2.428 0.475 
LV 25 23-24 1975.9 0.770 6.216 95 1.155 2.431 0.475 
LV 27 25-26 1973.7 0.780 6.543 98 1.161 2.437 0.476 
LV 28 26-27 1972.5 0.844 6.618 94 1.163 2.440 0.477 
LV 29 27-28 1971.4 0.782 7.006 92 1.164 2.440 0.477 
LV 30 28-29 1970.3 0.788 6.905 90 1.164 2.441 0.477 
LV 31 29-30 1969.1 0.818 6.388 78 1.165 2.442 0.477 
LV 33 31-32 1966.9 0.802 6.702 82 1.167 2.443 0.478 
LV 34 32-33 1966.1 0.846 6.975 90 1.170 2.445 0.478 
LV 35 33-34 1965.3 0.824 6.653 79 1.175 2.450 0.480 
LV 36 34-35 1964.4 0.790 6.697 71 1.170 2.445 0.479 
LV 37 35-36 1963.6 0.862 6.548 66 1.173 2.447 0.479 
LV 39 37-38 1962.0 0.924 6.917 63 1.174 2.449 0.479 
LV 40 38-39 1961.2 0.972 6.648 62 1.175 2.449 0.480 
LV 41 39-40 1960.4 1.020 6.861 64 1.175 2.450 0.480 
LV 42 40-41 1959.5 0.962 7.069 69 1.171 2.446 0.479 
LV 43 41-42 1958.7 0.890 7.032 64 1.174 2.448 0.479 
LV 45 43-44 1957.1 0.876 7.030 66 1.173 2.447 0.479 
LV 46 44-45 1956.3 0.836 6.962 67 1.173 2.446 0.479 
LV 47 45-46 1955.5 0.858 6.707 65 1.174 2.455 0.478 
LV 48 46-47 1954.6 0.908 7.069 66 1.174 2.453 0.478 
LV 49 47-48 1953.8 0.884 7.131 65 1.175 2.455 0.478 
LV 51 49-50 1952.2 0.920 6.812 62 1.175 2.456 0.479 
LV 52 50-51 1951.4 0.896 6.773 64 1.175 2.456 0.478 
LV 53 51-52 1950.6 0.918 6.554 59 1.175 2.456 0.478 
LV 54 52-53 1949.7 0.974 6.460 57 1.176 2.456 0.479 
LV 55 53-54 1948.9 1.000 6.260 57 1.176 2.458 0.479 
LV 57 55-56 1947.3 1.038 6.626 55 1.178 2.457 0.479 
LV 58 56-57 1946.5 1.064 6.599 57 1.179 2.458 0.479 
LV 59 57-58 1945.7 1.054 6.561 58 1.174 2.445 0.480 
LV 60 58-59 1944.8 1.104 6.523 52 1.180 2.459 0.480 
LV 61 59-60 1944.0 1.149 5.699 38 1.183 2.462 0.480 
LV 63 61-62 1942.4 1.169 5.601 39 1.186 2.465 0.481 

 114



  Chapter 4 
____________________________________________________________________________________________________   

 115

Sample Depth 
137Cs 
Date 

Bulk 
density [Al] [Pb]t (206Pb/207Pb)t (208Pb/207Pb)t (206Pb/208Pb)t 

 (cm) (A.D.) (g/cm3) (wt.%) (mg/kg)    
LV 64 62-63 1941.6 1.314 5.211 34 1.185 2.466 0.480 
         
LV 
subsoils 
(n = 5) 50-120 ND ND 7.613 35 1.194 2.472 0.483 

ND = not determined 
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