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SUMMARY

Peat Core W3 was taken from the fen in Wolbrom (Silesian-Cracovian Upland, Southern Poland) in September
2015. Previous analyses of Core W3 showed a significant increase in lead concentration during the time of the
Roman Empire as well as some changes in peat accumulation conditions. The work reported here investigates
its geochemical composition in terms of major and trace elements (Pb, Zn, Na, K, Ca, Fe, Mg, Mn, Cu, Ni, Cr
by AAS) as well as Pb isotopic composition, to identify the sources of metal pollution in the Wolbrom peat
deposit. The geochemical record spans the period from 4900 BC to modern times, with a likely hiatus
corresponding to the period from the Middle Ages to the beginning of the contemporary metallurgical industry.
The Pb isotopic composition combined with a cluster analysis allows identification of the primary sources of
Pb. In addition, Principal Component Analysis (PCA) helps to decipher the most important factors that affected
the chemical composition of sediments at Wolbrom. These factors were linked to chemical denudation and

human activity.
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INTRODUCTION

Numerous investigations (e.g. Martinez-Cortizas et
al. 1997, Shotyk et al. 1998, Weiss et al. 1999, Baron
et al. 2005, De Vleeschouwer et al. 2007, 2009a,
2009b, 2010) have demonstrated that peatlands can
provide information on past natural environmental
changes as well as on anthropic impacts such as
heavy metal pollution. Investigation of both
ombrotrophic and minerotrophic peat deposits may
yield insights that are valuable in reconstructing
natural palaeoecological changes (e.g. in botanical
composition or climate) and heavy metal pollution.
In such studies, peat layers are dated and their
chemical composition is used to assess past
geochemical conditions. Therefore, the mobility of
metal elements is a crucial factor. It is determined by
the element type, chemical form, sediment type,
absorption by plants (MacKenzie et al. 1998), pH
variations, and adsorption on oxy-hydroxides
(Rausch et al. 2005) etc. Lead is rather immobile in
peat (MacKenzie et al. 1997, 1998; Vile et al. 1999,
Ali et al. 2008) although some studies have shown
that this element can also migrate (Novak &
Pacherova 2008).

In the natural environment, lead from different
sources contains different ratios of lead isotopes

(Shirahata et al. 1980). Hence, lead isotope ratios in
peat are commonly used to identify anthropic and
natural sources of this element (e.g. Shotyk et al.
1998, Weiss et al. 1999, 2004; De Vleeschouwer et
al. 2007, Renson et al. 2008, Allan et al. 2013,
Tudyka et al. 2017). Previous studies of minerogenic
peatlands in Poland have shown that primitive
smelting could have started during the 9™ century AD
(Chrést 2013, Godzik & Woch 2015, Magiera et al.
2016, Pawelczyk et al. 2017).

In this study we investigate a fen near Wolbrom
(Southern Poland) which provides an opportunity to
reconstruct the history of human activity. Peat
deposits from this fen were first studied by Trela
(1928), who reported the results of pollen analysis.
Subsequent palaeobotanical studies were undertaken
by Latatowa (1976), Obidowicz (1976) and Latatowa
& Nalepka (1987). These studies showed that
Wolbrom is a minerogenic peatland and the peat
contains numerous remains of Carex, Phragmites
and Bryales. The palaeobotanical analysis was
supplemented by some radiocarbon dates; however,
the dating was performed with low resolution.

The aim of the study described here was to
decipher the fen archive at Wolbrom using elements
and lead isotopes as proxies, with emphasis on
anthropic sources of lead.
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METHODS

Study area and site

The peatland at Wolbrom (Figure 1A) is located at
50°22.636' N, 19° 46.870' E in the eastern part of the
Silesian-Cracovian Upland, in the Wolbrom Gate
subregion (Kondracki 2013) about 40 km north of
Cracow. Peatlands are very rare in this vicinity and,
indeed, throughout southern Poland (IMUZ 2006).
The present climate is temperate with mean annual
temperature around 7°C and average precipitation
about 700 mm yr! (Kruczata 2000). The most
common winds are westerly and south-westerly.
Atmospheric fallout in this area is enriched in
potentially toxic elements because lead (Pb) and zinc
(Zn) ores occur nearby. These ores were extracted
15-30 km south-west of Wolbrom at Olkusz, Klucze
and Chrzandw (Figure 1B).

The Wolbrom fen is situated on a forest-covered
watershed between the Szreniawa and Biata Przemsza
rivers. Two hundred metres south of the fen there is
a railway line which is near Wolbrom town centre
(Figure 1B). The dimensions of the fen are about
1000 m x 500 m, and the peat thickness is >260 cm.
Liquid scintillation counting (LSC) measurements
(Tudyka & Pazdur 2012, Tudyka et al. 2015) have
shown that the oldest peat dates back to ca. 9900 BC.

Coring

Peat Core W3 was taken from the south-eastern part
of the fen (Figure 1B) in September 2015, using a
Wardenaar peat sampler. The core was 105 cm long
with a cross section of 15 cm x 15 cm, and it was
divided into 0.5-1 cm thick samples. This core was
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previously **C and 2*°Pb dated. An age-depth model
(see Figure 1C) and some preliminary geochemical
and botanical analyses were reported by Pawetczyk
et al. (2017).

Major and trace elements analysis

Geochemical analyses were carried out on 36 peat
samples, whose thickness varied depending on the
depth. In the upper part of the core, from the surface
down to 15 cm depth, the samples were 0.5 cm thick,
and from 15 cm depth to the bottom the resolution of
sampling was 1cm. The concentrations of the
selected major and trace elements (Na, K, Ca, Mg,
Fe, Mn, Cu, Zn, Pb, Ni and Cr) were measured in
1.5 g of well-dried and homogenised peat powder.
The samples were ground manually in an agate
mortar which was cleaned and dried after preparation
of each sample. After grinding and drying at 105 °C,
the samples were combusted by heating to 550 °C for
five hours. This removed organic matter (OM) and
allowed determination of OM content. Afterwards,
each sample was put into a PTFE vial, then digested
in 8 ml of 65 % HNO3, 2 ml of 10 % HCI and 2 ml of
30 % H,0,. Next, the samples were put into a
mineraliser for one hour. Afterwards, the samples
were transferred into polypropylene beakers and
made up to 50 ml with de-ionised water. The
concentrations of major and trace elements were
measured after further proper dilution, using Atomic
Absorption Spectrometry (AAS). The chemical
preparation and the measurements were performed in
the Geochemical Laboratory at the Faculty of
Geosciences of the University of Szczecin, Poland.
The routine methodology of the laboratory was used.
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Figure 1. Maps showing the locations of the site (A) and Peat Core W3 (B). The direction and approximate
distances to the Klucze, Olkusz and Chrzan6w mineral ore mines are indicated. The age-depth model for
Peat Core W3 (C) was previously reported by Pawetczyk et al. (2017).
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Pb isotopes analyses

To measure the Pb isotopic composition, 24 samples
were dried and homogenised, then ground in an agate
mortar. After grinding, 1.3 g of each sample was
dried at 105 °C, placed in a PTFE vial and dissolved
in a mixture of 1 ml of 14 N HNOs and 4 ml of 22 N
HF, then heated at 125 °C for 48 hours in a laminar
flow clean air cabinet. After drying, 2 ml of 6 N HCI
and 2 ml of 14 N HNOs; were added to ensure
complete digestion, and the solution was evaporated
at 125 °C. For separation of Pb isotopes and rare
earth elements, the samples were dissolved in 500 pl
of 0.8 N HBr and centrifuged (12200 rpm, 10 min).
Next, to separate lead, the samples were passed
through exchange micro-columns filled with pre-
conditioned AG1-X8 anionic resin and rinsed with
HCI and HBr. The eluted pure Pb solution was
evaporated and re-dissolved in HNO; before the
isotopic analysis. The chemical preparation was
performed according to the protocol described by
Weis et al. (2005), in the Department of Geology at
the University of Liége. Pb isotope ratios were
measured using a Nu Plasma multi-collector -
Inductively Coupled Plasma Mass Spectrometer
(MC-ICP-MS) (©Nu Instruments, Wrexham, UK) at
the Department of Earth and Environmental
Sciences, Free University of Brussels.

Enrichment factor calculation

Determining an enrichment factor (EF) allows the
separation of anthropic supplies of trace metals from
natural mineral matter. For this purpose it was
necessary to select a conservative element indicative
of mineral matter as well as an indicator for the
geochemical background. We determined EFs for Pb,
Zn, Cu, Cr and Ni as follows:

EF = ([M]s/[X1)/(IM]/[XDiocar [1]

where [M]s is the total concentration of the element
measured in a specific sample, [X]s is the total
concentration of the conservative element measured
in the same sample, and ([M]/[X])iocal represents the
natural geochemical background of the site, derived
by calculating the median [M] and [X] for ten samples
taken from depths in the range 59-106 cm. The depth
limit for background samples was determined
arbitrarily with reference to the results of
geochemical analysis, which showed constant low
concentrations of the majority of tested elements
below 50 cm. The samples representing natural
geochemical background span the period 4900 + 110
BC t0 3270 + 130 BC. The procedure applied accords
with methods adopted elsewhere in environmental
research (e.g. Galuszka 2006, Shotyk et al. 2000).
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Dating

Radiocarbon (LSC technique) and ?*°Pb datings were
performed, and an age-depth model (Figure 1C) of
Core W3 was constructed using OxCal v4.2.4
software (Bronk Ramsey & Lee 2013). The model
was based on 13 21%Ph dates and 12 C dates, and its
average uncertainty was 118 years. The model
revealed a hiatus which lasted from 930 £+ 200 to
1860 + 15 AD (calculated using OxCal, function
“Interval”). The mean peat accumulation rate varied
between 0.53 and 6.48 mm yr. The age-depth model
and a more detailed description of the dating
methodology have already been reported by
Pawetczyk et al. (2017).

Statistical analysis

To obtain meaningful insight into a broad set of
geochemical data, we used multivariate statistical
analysis with cluster analysis. The levels of similarity
at which observations are merged were used to
determine distinct geochemical zones (GZ1-GZ5).
Principal components analysis (PCA) was used to
identify the sources from which the components were
supplied to the fen deposits. The input variables were
standardised values of the concentrations of organic
matter and all tested major and trace elements.
Statistical analyses were performed using PAST
software (Hammer et al. 2001).

RESULTS

Element geochemistry

The geochemical analysis of Core W3 showed the
variability of selected major and trace elements
(Figure 2). It confirmed and extended the analysis
previously conducted by Pawelczyk et al. (2017). In
this next step, five geochemical zones were
distinguished within the core by using cluster
analysis in the PAST software (Hammer et al. 2001).
The zones (coded as GZ1-GZ5) differ in terms of
both their major and trace element concentrations and
their geochemical indices (Figure 3).

e GZ1 (106.5-47.5 cm) - from 4900 + 110 BC to
1730 £ 360 BC. This zone is characterised by high
content of organic matter (88-91 %) and low
content of the majority of the measured elements.
Only Ca, Na and Mg reach significant
concentrations in this zone. The Fe/Mn quotient is
relatively low and increases only in the upper part
of the core, reaching a value of 165 at the
GZ1/GZ2 boundary. Na/K and Ca/Mg reach the
highest values found in Core W3 (5.9 and 49,
respectively).
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Figure 2. Concentrations of selected major and trace elements in Core W3, obtained by AAS analysis;
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GZ2 (47.5-26.5 cm) - from 1730 + 360 BC to 425
+ 65 AD. Rapid increase in the concentrations of
Pb, Zn, K, Fe, Mn, Cu, Ni and Cr occurs in this
zone. The content of OM varies between 79 % and
87 %. The concentrations of Na, Ca, and Mg
decrease.

GZ3 (26.5-14.63 cm) - from 425 £ 65 AD to 655
+ 55 AD. The concentrations of Pb, Zn, K, Fe,
Mn, Cu, Ni and Cr increase while the content of
Ca decreases and Mg slightly increases up to
828 ug gtat 17.5 cm. The content of Zn increases
and reaches its highest value (715 pg g?) at the
boundary between GZ3 and GZ4. Ca/Mg
decreases in this zone.

GZ4 (14.63-2.25 cm) - from 655 + 55 AD to 1990
+5 AD. The deposits of this zone are characterised
by high contents of most of the elements. K, Fe,
Mn, Pb, Ni, and Cr reach the highest
concentrations found in the core (0.78 mg g*,
15.33mg g?,557.8 ugg?, 347.4 uggt, 9.9 ug gt
and 27.4 ug g2, respectively), while the content of
OM reaches its minimum value (<76 %). The
concentration of Ca decreases while Cu content
increases rapidly. This observation is probably
related to the facility of carbonates to precipitate
Cu (Kabata-Pendias 2011). The Fe/Mn,
Na+Mg+K/Ca, and Fe/Ca quotients reach their
maximum values (222, 0.22 and 2.19,
respectively) while Na/K reaches its lowest value
(0.1) and Ca/Mg continues to decrease. In this
zone, a hiatus occurs. It is supposed that this
results from the decomposition of OM, which
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would increase the concentration of mineral
matter, as indicated by the increased
concentrations of elements.

o GZ5(2.25-0cm)-from 1990+ 5 ADto 2015 AD.
The uppermost zone is characterised by the
smallest thickness. Its OM content is the highest
in the whole profile (> 92 %). The concentrations
of Na, K, Fe, Mg, Pb, Ni and Cr decrease. The Ca,
Mn and Zn contents are also low relative to those
found elsewhere in the core. The Fe/Mn, Fe/Ca
and Na+Mg+K/Ca quotients decrease while
Ca/Mg increases slightly.

Lead isotope quotients

The isotopic composition of lead is shown in Table 1.
The isotope quotients 2%%Ph/204Ph, 207Ph/204Ph and
206pp/204ph show a decreasing trend along the core,
from 38.5169 + 0.0011 to 38.3150 + 0.0010, from
15.6467 + 0.0005 to 15.6282 + 0.0005, and from
18.5047 + 0.0005 to 18.3481 + 0.0004, respectively.
The change observed at 40 cm depth coincides with
variations in Pb concentration. The binary diagram of
208pp/206ph versus 2°Ph/2’Ph (Figures 4A and 4B),
constructed using data for 23 Wolbrom samples and
12 ombrotrophic 700-2000 AD peat samples from
Stowinskie Bloto obtained from published literature
(De Vleeschouwer et al. 2009a), is used to determine
the origin of lead in the Wolbrom peatland. Figure 4A
also shows the lead isotope quotients for modern
industrial aerosols (Bollhéfer & Rosman 2001) and
the Upper Continental Crust (UCC; data from Millot
et al. 2004). Figure 4B focuses on Wolbrom samples

Ca/Mg Na+Mg+K/Ca Geochemical
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Peat type

20 40 0 01 0.2
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Figure 3. Depth profiles of some geochemical attributes of Core W3. GZ: geochemical zones. Peat type
according to Pawetczyk et al. (2017): black =Saprists; grey =Magnocaricioni, Cariceto-phragmiteti;
striped = Bryalo-Parvocaricioni, Cariceto-Bryaleti; white = Magnocaricioni-Cariceti.
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Table 1. Lead isotope quotients of samples from Core W3 with 2¢ uncertainty. Replicates are indicated by asterisks (*). For depths indicated by #, values were not
calculated in the age-depth model.

Depth | Modelled age range
(cm) | (68.2% probability)

0.25 # 38.31499 0.000972 15.62816 0.000500 18.34813 0.000420 2.088231 0.000017 1.174037 0.000023
1.75 1998-2009 AD 38.36027 0.000880 15.62748 0.000394 18.37643 0.000392 2.087463 0.000019 1.175881 0.000024
2.75 1985-1998 AD 38.36395 0.000884 15.62661 0.000466 18.37474 0.000372 2.087865 0.000025 1.175831 0.000016
3.75 1964-1978 AD 38.35076 0.000902 15.62199 0.000396 18.37166 0.000418 2.087503 0.000022 1.176012 0.000021
5.25 1938-1957 AD 38.36285 0.001012 15.62357 0.000524 18.37559 0.000452 2.087722 0.000025 1.176129 0.000021
6.25 1913-1933 AD 38.36228 0.000950 15.62212 0.000438 18.37683 0.000352 2.087513 0.000025 1.176347 0.000022
7.25 1897-1916 AD 38.37438 0.001240 15.62234 0.000578 18.38259 0.000440 2.087544 0.000035 1.176684 0.000032
8.75 1874-1893 AD 38.38536 0.001180 15.62683 0.000450 18.38586 0.000494 2.087781 0.000022 1.176577 0.000025

208ph/204ph 26 | 27Pp/pp 26 | 25Pp/pp 26 | 2%Pp/spp 26 206pp/207Ppy 26

10.75 # 38.39738 0.000968 15.62665 0.000520 18.39312 0.000434 2.087592 0.000028 1.177052 0.000029
12.75 # 38.39216 0.000994 15.62338 0.000458 18.39370 0.000466 2.087242 0.000025 1.177327 0.000017
13.75 # 38.39779 0.001286 15.62430 0.000542 18.39645 0.000532 2.087237 0.000023 1.177449 0.000022
15.5* 600-660 AD 38.43146 0.000892 15.63350 0.000412 18.40728 0.000390 2.087847 0.000018 1.177441 0.000021
15.5* 600-660 AD 38.41084 0.001074 15.62649 0.000542 18.40182 0.000486 2.087301 0.000023 1.177608 0.000027
20.5 500-595 AD 38.40316 0.000820 15.62378 0.000408 18.40116 0.000340 2.086974 0.000018 1.177776 0.000019
255 395495 AD 38.40091 0.001276 15.62427 0.000602 18.39612 0.000500 2.087425 0.000034 1.177407 0.000024
30.5 215-395 AD 38.43335 0.000832 15.63554 0.000364 18.40100 0.000314 2.088669 0.000021 1.176865 0.000019
355 90 BC-175 AD 38.40710 0.000914 15.62388 0.000420 18.40413 0.000334 2.086903 0.000025 1.177940 0.000019
40.5 490-75BC 38.44476 0.001002 15.63867 0.000608 18.41780 0.000478 2.087407 0.000029 1.177667 0.000030

49.5 2530-1695 BC 38.49801 0.001040 15.64634 0.000470 18.46169 0.000408 2.085320 0.000022 1.179929 0.000021
59.5 3430-3170 BC 38.46130 0.000934 15.64024 0.000424 18.41979 0.000416 2.088092 0.000023 1.177717 0.000019
69.5 3855-3610 BC 38.50595 0.000804 15.64753 0.000412 18.45877 0.000338 2.086085 0.000017 1.179656 0.000024
81.5 4285-4090 BC 38.45490 0.000806 15.64238 0.000352 18.41505 0.000346 2.088226 0.000019 1.177250 0.000019
915 4585-4410 BC 38.51694 0.000954 15.64674 0.000520 18.50472 0.000468 2.081459 0.000021 1.182633 0.000025
106.5 4995-4790 BC 38.44524 0.001092 15.63576 0.000500 18.44128 0.000478 2.084745 0.000020 1.179431 0.000023
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Figure 4. 28Pb/2%%Ph versus 2°°Pb/?’Ph diagrams. (A) shows 24 peat samples from Wolbrom (this work),
12 peat samples from Stowinskie Btoto (De Vleeschouwer et al. 2009a), modern urban airborne particles
from Europe (Bollhéfer & Rosman 2001) - marked with a dotted line, and Upper Continental Crust (UCC)
(Millot et al. 2004). (B) shows the peat samples from Wolbrom, distinguished on the basis of geochemical
zones (GZ 1-5), set against the background of local galena ore samples: 9 from Klucze (the nearest location
to Wolbrom), 2 from Olkusz and 1 from Pomorzany (Church et al. 1996); and 5 from Chrzanéw, 4 from
Pomorzany and 2 from Olkusz (De Vleeschouwer et al. 2009b). The error bars are negligible.
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distinguished according to the geochemical zones
GZ1-GZ5 and shows them alongside local Silesian
galena samples from Klucze, Olkusz and Pomorzany
(Church et al. 1996) and from Olkusz, Pomorzany
and Chrzandw (De Vleeschouwer et al. 2009b).

The binary diagram in Figure 5 shows the
relationship between lead content and isotopic
composition. It was constructed by combining the
isotopes data from Table 1 with lead concentration
data (see Figure 2). It documents changes in the Pb
isotope composition that are consistent with Pb
contamination.
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Figure 5. 1/Pb versus 2%Pb/?’Pb binary diagram,
distinguishing the five geochemical zones in Core
W3. Constructed by combining 2°Pb/2’Pb data
from Table 2 with Pb content data (see Figure 2).
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Enrichment factor

The calculated enrichments of heavy metals which
characterise the fen in Wolbrom are related both to
the supply of natural mineral matter and anthropic
influence (Figure 6). The EFs are most pronounced for
Pb and Zn, reaching maximum values of 5.2 and 2.4
for these two elements, respectively. The maximum
EF value for Cu (1.4) occurs close to the ground
surface. Cr and Ni are characterised by EF values
oscillating around 0.5 times the background values,
which are statistically insignificant. For each
measured metal, EF increases from 45 cm depth,
reaching a peak at ~ 40 cm (except for Pb, whose first
peak is at 33.5 cm) which corresponds to a date of
170 BC (o=115 yrs). Then, the EFs for Cu, Cr and
Ni decrease up to 33.5 cm, subsequently remain
stable up to 10.75 cm, and finally increase slightly
towards the surface. From 30 to 15 cm depth (335 to
640 AD), the EF for Pb fluctuates around 3. It reaches
its maximum value (5.2) at~ 5 cm depth (~ 1955 AD).
The value of EF for Zn ranges between 0.9 and 2.4.
It changes from 1.5 at 40-21 cm to 2.4 at 20-15 cm
(560-640 AD), then decreases to 0.9 at 3 cm (1990 AD)
before increasing again, reaching 2 near the surface.

INTERPRETATION AND DISCUSSION

Principal component analysis (PCA) enabled the
most important factors affecting the chemical
composition of the sediment to be distinguished
using Kaiser’s criterion (Stanisz 1998), as the factors
that had eigenvalues of correlation matrix greater
than unity. Based on the concentrations of the 12
studied geochemical components of the deposit, three
complementary components were identified that
explained 91.6 % of the geochemical variability of
the Wolbrom peat (Figure 7).
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Figure 6. Pb, Zn, Cu, Cr and Ni enrichment factors (EFs) in Core W3. The EFs were calculated using K as

the reference element.
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The first component (PC1) explains 67.2 % of the
total variation and is connected to human activity
because it is positively correlated with the
concentrations of K, Fe, Mn, and the heavy metals
Cu, Zn, Pb, Ni and Cr (Figure 7A). Moreover, it is
strongly negatively correlated (R=-0.88) with OM,
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Na and Ca content. The positive correlation with K,
which is a part of aluminosilicate, indicates a relative
concentration of clay minerals in biogenic deposits
(Last 2001). It is noteworthy that the highest values
of PCL1, indicative of high content of trace elements
(Cu, Zn, Pb, Ni, Cr), occur in the geochemical zones
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Figure 7. A: Eigenvalues of the correlation matrix (top left) and correlations of the geochemical variables
determined by chemical analysis with the first three principal components (R =correlation coefficient);
B: depth profiles of geochemical zones (GZ1-5) and the principal components PC1-PC3 in Core W3; and
C: the age-depth model previously reported by Pawelczyk et al. (2017).
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GZ3-GZ4 (Figure 7B). The enrichment of K, Fe and
the heavy metals Zn, Pb, Ni, and Cr in the same zones
suggests increased human activity (e.g. mining,
smelting), which is also indicated by the lead isotope
composition. The strong positive correlation with Fe
and Mn (R=0.9 and 0.48, respectively) combined
with negative correlation with Ca suggests some
groundwater  involvement.  The  increasing
Na+Mg+K/Ca quotient in GZ4 (0.2<) and negative
correlation with OM content means a positive
contribution of mineral matter in PC1, suggesting
increased mechanical denudation and allochthonous
supply of mineral matter and selected elements (e.g.
Cu, Cr and Ni migrate passively with mineral matter)
to the deposit as a result of surface runoff or aeolian
supply (Landner & Reuther 2004). PC1 is of low
importance in the remainder of the profile.

The component PC2 explains 15.8 % of the total
variance. It is positively correlated with Ca, Mg, Mn,
and Zn content and negatively correlated with the
content of OM, Cu and Cr (Figure 7A). This
component reaches its maximum values within zones
GZ3-GZ4, in parallel with the highest Zn
concentration. This may indicate some exploitation
of Zn-rich galena ores at that time (560-640 AD).
However, the negative correlation with Pb, Ni, and
Cr suggests that anthropic influence is less obvious
during this period and, rather, a connection with the
hiatus, which is an effect of the decomposition of
OM. A small peak in PC2 at a 70-80 cm in GZ1 is
connected with an increase of measured elements and
may indicate some selective chemical denudation.

The third component (PC3) is positively
correlated with the concentrations of Na, Mg, and Fe
and negatively correlated with Mn and Zn content.
While PC3 is less important and explains only 8.6 %
of the total variance, possibilities for any further
interpretation are limited. The geochemical
variations are reflected by changes in the peat
accumulation rate (see Figure 7C).

A review of the possible geochemical and
archaeological sources of Pb pollution indicates that
local Pb ores are the most likely sources of the
contamination observed in Wolbrom peat. The
results of the Pb isotope analysis allowed us to
reconstruct the lead sources (Shirahata et al. 1980).
In Figure 4, the samples from Wolbrom are scattered
within a triangle, which suggests that there are at least
three different contributing sources:

e The first end-point is characterised by high
205pp/207ph (1.183) and low 2%®Ph/?°Ph (2.082),
and corresponds to the oldest GZ1 samples (4900
1165 BC). The concentration of Pb at this point is
7.78 ug g It coincides with the natural crustal
source represented by UCC (Millot et al. 2004).

HOLOCENE ELEMENTAL AND LEAD ISOTOPE RECORD IN PEAT FROM WOLBROM

e The second end-point, with average values
206pp/20’Phy = 1.174, 28pb/?®ph = 2.088 and
[Pb] = 88.34 ug g1, comes from the uppermost
part of the core (0.75 cm) and is consistent with
the average signature of modern urban airborne
particles (2°Pb/?°’Ph = 1.145, 2%8ph/2%°Ph = 2.1186;
Bollhdfer & Rosman 2001). Therefore, this end-
point represents the modern anthropic Pb
pollution derived from industrial activity and
fossil fuel combustion. The most recent samples
(GZ4-GZ5) are located close to the second
(modern) end-point. They also plot close to peat
samples  from  Stowinskie = Btoto  (De
Vleeschouwer et al. 2009a).

e The third end-point is located in an area of the
diagram represented by the local Pb-Zn ores. The
linear trend of samples from GZ2 and GZ3
indicates local ores as a source of lead.

Most of the samples define a linear mixing trend
between modern pollution and natural crust.
However, there are points from the middle part of the
core that suggest a contribution from local Zn-Pb ores
as a third source. Moreover, the changes in Pb isotope
quotients are related to the ages of the samples. The
decrease in 2%Ph/20’Ph throughout the core is
associated with an increase in Pb. It is noteworthy
that a small increase in 2°°Pb/?°’Ph is visible between
the fifth and sixth centuries AD (GZ3). During the
same period, we notice a decrease in Zn and Pb
enrichment factors which could have been caused by
decreased human activity in the Great Migration
Time, i.e., a period of extremely cold climate in
Europe (Buntgen et al. 2011).

CONCLUSIONS

The investigated profile (W3) from the fen in
Wolbrom spans the period from 4900 BC to the
present day. The deeper layers of peat (from 4900 BC
to ca. 1730 BC) are undisturbed, and no reflection of
human activity is observed there. The Pb isotope
composition in this part of the core resembles that for
Upper Continental Crust, indicating a natural origin.
The middle and upper parts of the core (~ 1730 BC to
present day) show the effects of the most important
factor for development of the fen which was, simply,
human activity. There is an early connection to local
ore mining and smelting. The first significant change
in Pb isotope quotients (at the boundary between
zones GZ1 and GZ2) indicates ore exploitation
before the time of the Roman Empire. Next, we can
observe a progressive increase in the value of PC1
from 40 cm depth (ca. 370 BC to 30 AD), although
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this trend has changed over time - for example, when
human activity decreased during the Great Migration
Time between the fifth and sixth centuries AD.
Recently, a regional human impact connected to
fossil fuel combustion is visible, especially in the
uppermost part of the core (corresponding to the last
~50 years) where the Pb isotope composition in
conjunction with Pb concentration indicates heavy
airborne pollution. The PCA confirms previous
conclusions about human activity in the study area
and shows that it took place even earlier than
previously thought. Additional factors that influenced
the fen at Wolbrom were chemical and mechanical
denudation, surface runoff (which can result from
human activities such as deforestation) and changes
in the water table level, but their effects were smaller
and harder to assess because the PCA provided only
sparse relevant information. Moreover, the
fluctuations of lead isotope quotients indicated that
exploitation of local ores started between 370 BC and
30 AD (95.4 % probability), which is much earlier
than shown by previous investigation. Our results
demonstrate the usefulness of peatlands as archives
of lead pollution, as well as the high level of past
human impact on the environment.
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