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Abstract

Europe has been continuously polluted throughoetlést two millennia. During the Roman Empire, thes
pollutions were mainly from ore extraction and singl across Europe. Then, during the Middle Ages e
Early times of Industrial revolution (i.e. 175Mgese pollutions extended to coal burning and cotidrusngine.
Belgian ombrotrophic peat bogs have proved an &ffearchive of these pollutants and provide thparpunity

to reconstruct the history of atmospheric depasitioNW Europe.

The results of recent and past trace metal accuionland Pb isotopes from a one-meter peat corgh@n
Mistenpeat bog) have been derived using XRF and Nu-plad@®dCP-MS. Combined with*C and®*%Pb dates
these data have enabled us to trace fluxes in@abgenic pollution back to original Roman times.

Several periods of well-known Pb pollution events alearly recorded including the Early and Latenfaa
Empire, the Middle Ages and the second industréaolution. Also recorded is the introduction of ded
gasoline, and more recently the introduction okaded gasoline. Lead isotopes in this site haweealabled us
to fingerprint several regional and global sourgkanthropogenic particles.

Keywords: Peat; Geochemistry; Belgium; Pollution; Last twdlemnia

1. Introduction

Centuries of atmospheric pollution caused by indisactivities, coal burning, and petroleum uses left an
indelible mark in Europe's soils in the form of iganetals. The fallout of these anthropogenic amsomix
with natural aerosols, for example from rock westlte become incorporated into the soils where they
preserved. Over time the release of these heavalsnitcluding lead, zinc, copper, and nickel, whigall
exceed natural levels (Boyd, 2004), can contamitiegesoil and surrounding land.

Peat bogs are particularly sensitive archives ofidu activities and more specifically of atmosphgadiution

(e.g. Shotyk et al., 1996, 2003; Weiss et al., 2002rtinez-Cortizas et al., 2002; West et al., 199ghall et

al., 2002; Novak et al., 2003; Le Roux et al., 2004ost importantly, peat is particularly effectiaé preserving
atmospheric metal deposition in the form of lead.(8hotyk, 2002; Shotyk et al., 1998, 2003; Vilale, 1999;
Weiss et al., 1999), copper (Rausch et al., 200gh8ll et al., 2002), nickel (Krachler et al., 20G#d zinc
(Rausch et al., 2005; Twardowska et al., 1999)eReresearch has shown that ancient Pb contaminatipeat
can be traced by Pb isotopes and fingerprinted ltcal or regional origin (e.g. Kempter and FrenZe99;

Monna et al., 2000; Le Roux et al., 2004; Kylaneteal., 2005). The more recent atmospheric Pb fiatiui.e.

coal burning and leaded gasoline) is shown to beemegional or even continental (Dunlap et al.,%4,92éron
et al., 1999; Le Roux et al., 2005; Shotyk et2005).

! Now at : Institut de Radioprotection et Sireté NMaak, DEI/ LERCM CEN Cadarache Bat. 153, BP 3533tlPaul lez Durance, France.
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Fig. 1. A. General map showing the Roman road system (redefter Corbiau, 1998). The actual Ruhr-Eifel Regis also reported.

Plain lines: Roman road system. Black circles: @pal Roman cities and village (size of the cirg@ges an idea of the relative importance
of each city). Grey lines: river system. B. Locatimap of the Hautes Fagnes Plateau and its suir@msidDashed area: alluvial mounds
remaining from gold prospectin{fiC-dated at A: 120 B.C.-140 A.D. and B: 400 B.C.-BC. Diamonds: 1. the gold mine gallery with
dated wooden piece; 2. the open-air gold mine (@uja3. sites with roman graves; 4. site with Romains. Plain lines: Roman road
system. Black circles: principal roman cities ailthge (size of the circles gives an idea of tHatiee importance of each city). Grey lines:
river system. Pb-Zn ores: lead-zinc ore depostefddejonghe, 1998). C. Radar derived peat thickméghe Misten bog (modified after
Wastiaux and Schumacker, 2003). Altitude lines5are distant in altitude. The different dotted lirseee forestry ways. Coring location is

reported by the open circle.
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The Hautes Fagnes Plateau (SE Belgium), the lapgeesitand area in Belgium, is located in an intefiate
position in Western Europe (surrounded by Franc&. @nd Germany). The Hautes Fagnes Plateau is also
situated to the South of Pb-Zn ore deposits (et¢thbetween the 19th and 20th centuries; Dejontd@8) and
nearby the German border which is 300 km from tegiéh of the Ruhr-Eifel industrial area. In moreciant
times the Hautes Fagnes plateau was surroundeéveyad Roman sites. On the site several archaaalogi
(Cauuet, 2005; Renson et al., 2005, 2007; Remy )188d historical (Graillet, 1998) investigationspport
Roman occupation and ore mining in the area (setdde 4.1 and 4.2).
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In this paper, we present the elemental recordsi,ofi, Sr, Pb, Cu, Zn and Ni for the top meteragbeat core
from the Misten Bog from the Hautes Fagnes Plat8aand Ti were used as evidence for periods oaecéd
atmospheric particle and Sr is used to demonsth@@mbrotrophic character of the bog. Ti is alseduas a
reference element for the calculation of enrichnfantors. A Pb isotopic study is also presentedriher to
decipher from the possible lead pollution sourddse main aim of this study was to use the results bigh
resolution investigation of heavy metal pollutiona peat core from Misten Bog to reconstruct thBupon
history of the Hautes Fagnes and in turn, conteiltatthe pollution history of Europe.

2. Material and methods
2.1. Sitedescription

The Misten bog is located in the Northern parthef Hautes Fagnes Plateau, 5 km from the Germareb(d).
1A). It is a law-protected raised bog accumulatingre than 8 m of peat (Wastiaux and Schumacker3)200
dating back to 9000 years ago (Persh, 1950; Géza@4). The first meter of the Misten bog is congabsf
young Sphagnum imbricaturpeat withEriophorumfragments. Between 30 and 20 cm, sphagnum spdsies a
include aquatic species lil&phagnum cuspidai{@ersh, 1950).

2.2. Sampling and sample pr eparation

In summer 2003, a 1 m long, 10 cm diameter corereieved using a Belorussian-type stainless feebrer
(Belokopytov and Beresnevich, 1955; Jowsey 1965 Tnner parts of the corer are coated with Teflon®
adhesive to avoid metal contamination by the codeagice. Cores were bagged into PVC tubes and \ethpp
plastic. The 1 m core was cut into 1 cm sliceshimlaboratory using clean plastic tools. Each samals dried
(105 °C, 12 h) and then ground twice: (1) manual$ing an agate mortar; (2) mechanically in agate ja
pulverisette (400 rpm for 1 h). The mortar and jaese cleaned between each samples using tap andrt®
water, and finally air-dried.

2.3. XRF analyses

An average of 3.5 g of peat powder was pressedpelets at 200 kN/cfn Pellets were analyzed using ARL
9400 XP XRF spectrometer (University of Liege) foe following elements: Si, Ti, Sr, Ni, Zn, Cu aRd.
Calibrations were made using international starglazdals (CLB-1, NIST 1632b et NIST 1635), lich&CR-
482), pond sediments (NIES-2), tea leaves (NIES<Micle exhaust particulates (NIES-8) and sedim&isD-
2,JSD3, SGR). Reproducibility, accuracy and daiadimits are summarized in Table 1. Sediments\atdcle
exhaust particle standards were used in orderteEndxhe concentration range to higher values aftaurring
in highly polluted recent peat layers. Measuredmarmoncentrations are presented in Table 2.

Table 1: Mean statistics calculated on the analyzed stadslgsee text)
Si Ti S Cu Pb Ni Zn

Mean DL 0.18 70 3.7 15 32 13 14
Mean QL 0.55 210 111 4.6 9.7 3.8 4.2
Mean error 05 47 46 52 65 205 147
M ean reproducibility 97 96 98 75 87 93 96

Mean DL: mean detection limit (i.,ecB Mean QL: mean quantification limit (i.ec® Both are in % for Si and in ppm for other eletsen
respectively. Mean error (%)=10)= 100 x [mean standard values -certified orgested values]/certified or suggested values. Mean
reproducibility (%,n=10)=100 x [mean standard values-standard devidtioean standard values.

2.4. Measurement of heavy metalsin deep peat samples

Two samples from the bottom of the bog (660 and @n8depth, Table 2) were analyzed to establishrahtu
background concentrations. As their elemental eunteuld be expected to be very low and thus ubxdeF
detection limits, these two samples were acid dégksn clean air cabinets (University of Liége).id\c
digestions consisted of a two-step dissolutionlosed Savilex® beakers: (1) addition of®4 30% p.a. and
HNO; 65% cc. sub. in a proportion of 3:1 for organictrixadissolution, and (2) addition of HF suprapur
(Merck)+HNG; 65% cc. sub. of 1:6 for mineral matrix dissolutidhe beakers were placed on a hot plate at
130°C for 4 days. After drying, 0.5N HNO cc. sutasaadded to obtain the solution. Analyses wereopmed

on ICP-AES (IRIS Advantage) at the MRAC-Tervureref@um). Calibrations were made with In-Ru-Re-Bi
internal standards (10 and 20 ppb) and two inteynat reference materials: CRM-100 beech leaves (EU
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certificated) and granite GA (Govindaraju and deRlache, 1977). Accuracy was between 1-11% for major
elements and 1-2% for trace metals. Detection dimitre lower than 1 ppm for major elements. Datadtmits
for trace metals and other trace elements wererltvee 1 and 10 ppb, respectively.

2.5. Acid digestion for lead isotope analyses

All the samples were processed in clean air cabifidniversity of Liege and University of BrusseBglgium).
50 mg of original dry powder was acid-digested esvipusly described at Section 2.4, to which wadeada
further step. After drying, 6 N HC1 was added dmal perfectly pure solution obtained was slowly evated.
The dried residues were dissolved in HBr 6% cc. pubr to the chromatographic separation.

Lead chemistry was performed by a single passagridgh anionic exchange micro-columns following the
protocol of Weis et al. (2005). Distilled (HNJOor sub-boiled (HCI, HBr) acids were used durihg themical
treatment. Total procedural Pb blanks ranged frabm@ to 0.4 ng and were negligible regarding Piteras in
50 mg of sample (615 ng at 28.5 cm<Misten conterd4ng at 3.5 cm).

Lead isotopic ratios were measured on a Nu Instnisn®ulti-Collector Inductively Coupled Plasma Mass
Spectrometer (MC-ICP-MS) at University of Bruss#ilsing four analysis sessions of 5 days in total.

Configuration of the collector array enabled sirao#ous collection of Pb (for masses 208, 207, 208)
together with Tl (205, 203) and Hg (202). Hg wasdito correct interferences on mass 204 (becauSéH).
Tl is added to all samples and standards to moaitdrcorrect instrumental mass fractionation. fdhslard and
sample solutions were prepared to obtain a Pbfitl od ~ 5, a signal of ~ 100 mV on the axial cotter °*Pb),
and to match the Pb, Tl concentrations of the staitsl (200 ppb and 50 ppb, respectively). The NBS981
provided regular checks of reproducibility and ddfiring each day. Sixty-four analyses of the NBE#®
standard were completed gave mean valueS®®b/*Pb = 36.7164 + 0.094 (2SDI*Pb/*Pb = 15.4969 +
0.0036, ?Pbf*Pb = 16.9401+0.0036, which are in agreement with tbng-term internal laboratory
reproducibility 6 = = 1000,2°%Pbf*Pb = 36.7130 + 0.012 (2SD¥'Pb*Pb = 15.4950 + 0.004°Pb/*Pb =
16.9393 £ 0.0044), the TIMS triple spike valuesl@Band Abouchami, 1998) and other Nu Plasma plusxdis
values (Weis et al., 2005). Replicates (i.e., eureef the same sample solution) are presentedlieT3.

2.6. *C and #°Pb dating

A C measurement was performed on a bulk peat sampt3.5 cm depth using Accelerator Mass Speatgm
(1.5 SDH-Pelletron Model "Compact Carbon AMS") azRan Radiocarbon Laboratory (Poland). This pravide
an age interval of 250 yr A.D.-401 yr A.D. (calited by Calib 5.0.2, Stuiveretal., 2005; Reimerl£t2004) and

a mean date of 326+76 yr A.D. [uncalibrated agel &5+30 yr B.P, Poz-7012], Radionuclid&$Rb,***Pb)
were measured using low background Gamma Spectrpif@€CW4028, HPGe, Canberra) in Heidelberg. The
maximum depth at which unsupportéPb could be detected is 10 cm. The age-depth aekitip was
calculated using the CRS model (Appleby, 2001)oiEsron Pb age dating and peat accumulation rate wer
calculated by propagation of errors following thesthod of Appleby (op. cit.). These errors were toug
estimations since the peat accumulation rate irréhent samples was very low. Results of theseyseslare
summarized in Table 4.

2.7. Calculation of enrichment factor

Lead Enrichment factor (Pb E.F.) was calculatedrater to decipher anthropogenic lead inputs froad lef

natural (i.e. crustal) origin. In line with previesimilar geochemical investigations in peat (&lgotyk et al.,

2000; Kempter, 1996), Ti was used as a refereremeit, because its mineral phases (e.g. titahitenite or

titano-magnetite) are resistant to alteration (VWedh et al., 1978; Nesbitt and Markovics, 1997).adle
enrichment factor was obtained as follows: Pb E fPb]sample/[Tilsample)/([PBlper crud[ T1] upper crust- Upper

crust reference values (17 and 4100 ppm for PbTaméspectively) were taken from Mc Lennan (2001).
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Table 2: Elemental content along the top meter of a peed é@m the Misten Bog

Depth S Ti S Cu  Ni Pb Zn PbE.F.
0.5 4.32118714.18.40 14.2 537 106 109
15 4.34120617.212.3 18.3 647 133 130
25 3.41122316.413.2 145 766 153 151
3.5 3.40104819.118.7 22.8 949 214 218
45 3.67105616.110.6 9.4 617 133 141
55 4,93106616.78.71 7.2 413 117 93
6.5 3,60785 145560 3.9 299 106 92
75 260677 157463 49 265 135 95
85 1,98585 13.62.70 <D.L. 207 120 85
95 197576 12.72.08 <D.L. 139 105 58
10.5 1,48549 10.41.80 <D.L.89.191.6 39
125 1,53592 12.61.80 <D.L.61.6105 25
145 0,58272 10.51.70 <D.L. 32.397.3 29
16.5 0,53232 13.52.40 <D.L. 40.6135 42
185 0,61259 10.22.70 <D.L.31.991.8 30
205 044174 129250 <D.L.32.1107 45
225 0.31153 17.02.20 <D.L. 28.7123 45
245 0.46200 15.32.20 <D.L.25.0102 30
265 042191 129200 <D.L.19.0705 24
28,5 0.66302 10.3<D.L. <D.L. 12.347.1 10
30.5 0.63272 13.61.60 <D.L.13.552.1 12
325 0.47236 13.4250 <D.L.22.450.6 23
345 0.38197 13.22.10 <D.L.20.742.8 25
36.5 0.59259 124240 <D.L.21.334.2 20
38,5 0.33138 12.92.90 <D.L.24.933.8 44
40.5 0.28154 14.93.00 3.70 28.928.8 45
425 0.33165 15.62.50 <D.L.22.223.0 32
445 0.37159 16.82.00 <D.L.19.418.3 29
46.5 0.39145 18.03.90 4.00 35.017.7 58
48.5 0.37146 16.03.30 3.50 30.914.5 51
49.5 0.41159 18.14.47 6.69 39.516.7 60
50.5 0.61223 17.05.70 13.1 84.634.2 92
51.5 0.41154 16.46.08 10.9 58.616.7 92
525 0.30116 14.14.70 7.30 45.2125 94
545 0.32136 13.44.10 6.40 43.29.20 76
56.5 0.48138 13.84.10 6.50 43.88.80 76
58.5 0.63195 12.94.40 7.80 47.48.60 59
60.5 1.25318 9.30<D.L. <D.L. 32.3<D.L. 25
645 0.67233 7.50<D.L. 6.43 57.9<D.L. 60
68.5 0.79228 6.99<D.L. 3.85 60.4<D.L. 64
725 154468 7.91<D.L. 4.28 829<D.L. 43
76.5 0.52193 7.80<D.L. 4.25 81.8<D.L. 120
80.5 0.70252 10.6<D.L. <D.L. 139 <D.L. 133
86.5 0.65254 6.97<D.L. <D.L. 95.1<D.L. 90
88.5 1.07335 6.96<D.L. 6.19 98.7<D.L. 71
96.5 0.3698 8.533.06 7.26 60.9<D.L. 150
98.5 0.44144 9.1110.2 124 69.1<D.L. 116
660 - 208128.3<D.L. 51.4 7.6620.8 1
678 - 421563.911.3850.4 16.118.1 1

<D.L.:under detection limits. Values in italic aemi-quantitative (8<>6c). bis-samples are replicates. Si concentratioasiat measured
for 660 and 678 cm samples because of @ifatilization during HF digestion.
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Table 3: *PbF**Pb,? PbF*Pb, **PbF*Pb, * PbF*Pb, **PbF*'Pb, **®Pb/*Pb isotopic ratios

Depth  “®Pb/*Pb 2se “'Pp/MPh 2se “pp/*Ph 2se “Bpp/**Pb 2se “'Pp/*®Ph 2se

0.5 37.9300 0.0030 15.5947 0.0011 17.9864 0.0012 2.1088 0.00180 0.8670 0.00010
0.5bis 37.9300 0.0040 15.5947 0.0015 17.9856 0.0017 2.1089 0.0023 0.8671 0.00020
2.5 37.9350 0.0020 15.5962 0.0008 17.9857 0.0009 2.1092 0.00110 0.8671 0.00010
5.5 37.8979 0.0031 15.5829 0.0013 17.9701 0.0017 2.1089 0.00009 0.8672 0.00002
5.5bis 37.9221 0.0034 15.5931 0.0014 17.9806 0.0016 2.1090 0.0001 0.8672 0.00003
8.5 37.9540 0.0020 15.5969 0.0007 18.0042 0.0009 2.1081 0.00110 0.8663 0.00020
10.5 37.9465 0.0041 15.5867 0.0015 18.0102 0.0017 2.1069 0.00008 0.8655 0.00002
155 38.1640 0.0030 15.6117 0.0011 18.2119 0.0014 2.0956 0.00160 0.8572 0.00030
20.5 38.1903 0.0032 15.6087 0.0013 18.2464 0.0014 2.0930 0.00009 0.8554 0.00003
245 38.1417 0.0038 15.6030 0.0013 18.1881 0.0016 2.0969 0.00007 0.8578 0.00001
30.5 37.9950 0.0060 15.5971 0.0023 18.0678 0.0025 2.1029 0.00350 0.8633 0.00020
40.5 38.1196 0.0027 15.6078 0.0011 18.1652 0.0015 2.0985 0.00011 0.8592 0.00004
50.5 37.9310 0.0060 15.5935 0.0024 17.9881 0.0029 2.1087 0.00310 0.8669 0.00050
50.5bis 37.9400 0.0040 15.5985 0.0014 17.9964 0.0016 2.1082 0.0024 0.8668 0.00020
525 37.9844 0.0043 15.5943 0.0015 18.0424 0.0017 2.1052 0.00010 0.8643 0.00003
52.5bis 37.9789  0.0079 15.5930 0.0030 18.0415 0.0022 2.1051 0.0001 0.8643 0.00003
56.5 38.1012 0.0094 15.5985 0.0038 18.1486 0.0049 2.1319 0.00007 0.8594 0.00003
88.5 38.3310 0.0040 15.6191 0.0015 18.3631 0.0020 2.0874 0.00200 0.8506 0.00050
98.5 38.2245 0.0041 15.6088 0.0015 18.2656 0.0018 2.0926 0.00008 0.8545 0.00003
660 39.0227 0.0065 15.6770 0.0056 19.0430 0.0029 2.0491 0.00006 0.8233 0.00002
678 38.9966 0.0033 15.6878 0.0009 19.2016 0.0013 2.0309 0.00004 0.8170 0.00001

se refers to standard error, i.e. derived fromdsteshdeviation.

Table 4: Pb age depth relationship in the 10.5 cm depthpdam

Laboratory no. M ean depth (cm) Pb corrected date (year) Uncertainty (year)

PP OO~NOUR~WNERE

= O

0.5
15
2.5
3.5
4.5
5.5
6.5
7.5
8.5
9.5

10.5

2003
1984
1964
1950
1938
1935
1920
1874
1835
1835
1813
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Fig. 2. Concentration variations along depth for Mistengbfn % for Si and in ppm for other elements,
respectively). C mean age for 53.5 cm sample (3Bb)And last Pb (10.5 cm; 1835 A.D.) sedimentatiwodel
derived-date are reported. Dotted lines represbntgeparation between five major intervals (se¢i@exc4 and

5 for further details). The x-scale of Pb profidechanged at 15 cm depth for visual commodity.
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3. Results

3.1. Elemental content

Elemental concentrations and lead E.F. of Misteg hoe represented along depth in Fig. 2. For gcaphi
presentation purposes, samples from levels 660nch6@8 cm are not shown.

3.1.1. Si, Ti

Both Si and Ti display a similar pattern of changi¢h depth. Concentrations are low below 90 cm dept
([Si]<~0.4%, [Ti]<~ 120 ppm), and increase to madely between 90 and 55 cm depth (~ 0.4% < [Si1 5%,

~ 300 <[Ti]<~ 1300 ppm). These values are follovigda zone of minimum concentrations between 55 oth a
40 cm depth (~0.28%<[Si]<~0.62%, ~ 150 ppm< [Ti]€85pm). Between 40 cm and 20 cm depth, a slight
increase in concentrations can be detected (~0.B8i%%6<0.70%, ~250 ppm<[Ti]< ~850 ppm). Finally, the
concentrations increase significantly towards tindase of the bog (~0.6%< [Si] < ~ 5%, ~ 50 < [&i}~ 500

ppm).
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3.1.2. Sr

Low Sr concentrations ([Sr] <20 ppm) were expecaed are typical of peat from ombrotrophic bog (e.g.
Shotyk, 2002). The two samples (660 and 678 cmhiegmalyzed for natural background Sr gave a mean
concentration of 46 ppm, a doubling concentratioomf the samples above the top meter. This higher
concentration reflects the minerotrophic charactethe peat, starting to accumulate just above kibtom
sediment (loess and quartzite fragments).

3.1.3. Cu, Ni, Pb, Zn

Between 100 cm and 50 cm, Cu and Zn concentratiofilgs are partially under detection limits (D.Land Ni
concentrations are low. Pb concentrations do howslew relatively high values (32.3 ppm to 139 ppRor
the top 50 cm of the core, values of Ni, Cu anddRblay similar trends, with minimum concentratiqfigb]~
13 ppm, [Zn]~50 ppm, [Cu] ~ 1.5 ppm and [Ni]<D.laf around 30 cm depth, with increased values ({pbjp
949 ppm, [Zn] up to 214 ppm, [Cu] up to 18.7 pprd §Xi] up to 22.8 ppm) toward the surface.

3.2. Lead isotopic ratios

Profiles of lead isotopic ratios vs. depth are shawFig. 3.2 °Pb/%Pb, °’PbF*Pb, 2°PbF*Pb isotopic ratios
exhibit similar trends: poorly radiogenic valué¥®bf*Pb>38.2002°’Pb/**Pb around 15.615°Pb/*Pb> 18
250) between 100 and 90 cm, and com-paratively dimgenic values (37.93¥%Pbf%Pb< 38.120,
15.594€°PbP*Pb<15.608, 17.990LPb/*Pb< 18.165) between 60 cm and 30 cm. Then ratiifstetvard
more radiogenic values between 30 cm and 10 crmi%88°%Pbf*Pb<38.200, 15.605&Pbf*Ph< 15.615,
18.200€°°Pb/**Pb< 18.300) and in the top 10 cm show a suddert shifards low isotopic values
(*%%PbF*Pb<37.9502Pb*Pb< 15.600°°Pb/*Pb< 18.015).

Fig. 3: 2PbP%Pb, 2Pb*Pb, 2°PbF*Pb isotopic ratio vs. depth. Open circles are reples.’*C mean age
for 53.5 cm sample (325 A.D.) and last Pb (10.5 t&85 A.D.) sedimentation model derived-date apored.

Dotted lines represent the separation between rinegor intervals (see Sections 4 and 5 for more itta
Background samples (660 cm and 678 cm) are notsgmited.
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4.1.1. Historical and archaeological backgroundast Belgium

During the second Iron age (480 B.C. to 27 B.Cgltwere established in South Belgium (Graill&98;
Remy, 1981). These people were the first imporamhers and land clearers in the area, but theicatural
activities remained small compared to those of filowing Roman period (Ferdiere, 1988). They were
however known their mining activities. They deveddpgold extraction from, river overbank, river sednts,
and arkose mines for making grinds (Cauuet, 20@5n\R 1981; Graillet, 1998). Archeological eviderafe
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early gold mining in Southeast Belgium are attetgdnore than 1000 mining waste mounds (fluvialais)
dumped near the source, mainly rivers and stre@aauet, 2005 and reference therein). Two of thesenas
are found overlying peat. These provide respeatadgiocarbon age ranges of 120 B.C.-140 A.D. (Dumont
1979; Gilot, 1997) and 400 B.C.-200 B.C. (Dumor8Q; Gilot, 1997). Though it would be beneficial to
confirm these data with further dates and fieldestigations, there are in good agreement with gw&d Iron
age and the Early Roman Empire.

Romans then extended land clearance for pasturecaltidation. Further evidence for pasture are sthomw
several pollen diagrams from peat sequences frenHdutes Fagnes. Indedtlantago lanceolatgconsidered
as the best indication for pasture) made a firsumnce during the Neolithic, becoming more abuhdaning
the Gallo-Roman period (Damblon, 1994). Cerealgrdlindicative of increase anthropogenic activitiese
also found in significant amounts in the Hautesresgrepresentative of the Roman period (Damblo84;19
Gotjé et al., 1990). Additional archaeological remis from the Roman period are prolific in Belgi(fig. 1B).
Evidence of early mining activities include an of@ngold and arkose mine with grind remnants (RiB.2),
and a mine gallery (Fig. 1B.3). (Cauuet, 2005;Reb®81). The open air mine is still not well dated aequires
further archaeological investigation. Actually, thely link to the Roman period is made by field garison
with similar sites in France (Cauuet, 2005). In thiee gallery, a piece of wood used once used rfopgng up
the mine shaft was dated to an age interval of 40-440 A.D. (Cauuet, 2005) which correspondshi® Late
Roman Empire period. However, as no evident ardbgamal artifacts of Roman facture have been foumtthis
gallery, the age of gold extraction should be takéth caution. However, this piece of wood coulgresent
later re-occupation of the mine. No further archegical artifact of Roman age have been found fpstt this.
Therefore the exact age of the extraction is stiitertain. There is no further evidence for metalimg or
smelting Romans in the area. Moreover, from thecéthtury A.D., a decline of the agricultural adias is
observed in Belgium (Brulet, 1990). The Early Mieldhges were characterized by a more extended éxgac
industry and Pb-Zn ore extraction occurred (Deja)gh998; Renson et al., 2005; see also Sectiori)4.2.
Further Si and Ti inputs to the bog are due todkiensive clearance and mining exploitation of seditary
rocks, associated with the second industrial reieru

4.1.2. Chronological control

The chronology of the core is based on dates adddirom radiocarbon dating, palynology &#b. Only one
sample at 53.5 cm has be@dated. This gave an age of 32676 cal A.D. (Laim& Empire). The results of
pollen profiles from previous studies in the sarng livere used to delineate critical periods of humetivities
(Hindryckx, 2000; Hindryckx and Streel, 2000; Géral004; Goormaght-igh, 2005). All cores used for
palynology were retrieved within 100 m of the csite used in this study, where peat thickness exigmore
than 6.5 m (see Fig. 1). In all pollen diagramsduslee top meter is representative of the youngaSaiticum
Zone Xl (as defined by Firbas, 1939), covering tdygthe last 2000 years. This zone is characterizgd
abundant pollen maxima &agus(beech tree) and significant presenc€afpi-nus(hornbeam) (>1-2%). These
palynological characteristics have been controlledhe present core by Gérard (2004) and Goormglghti
(2005). Coincidence of abunddrdagusand start ofCarpinushas been recently dated at 150 A.D. by Streel.et al
(2006) in a peat bog a few kilometers to the Sdrakt of the Misten bog. In the Misten bog, Hindryand
Streel (2000) dated the third peakFafgusat around 1140 + 125 A.D. This third maximumFafgusis found at
30 cm depth in the present core (Goormaghtigh, R@bviding a chronological indicator for the MiddAges.

With the date of 150 A.D. around 95 cm depth (Stee¢al., 2006), our new date of 32676 A.D. at5t@m, the
date of 1140 £ 125 A.D. (Hindryckx and Streel, 2p@fbund 30 cm depth, and finally our Pb age méatethe
subsurface, a rather accurate age-depth relatjpioshi be accepted.

4.1.3. Can Si and Ti measurements provide evidiemd@oman activities?

Si and Ti increase significantly between 90 andcBbdepth. It has already been shown that land aheay,
farming, and following erosion could play a roleShand Ti inputs to a peat bog (Holynska et &98; Holzer
and Holzer, 1998; Gorres, 1993). An increase imi®l Ti often reflects an increase in soil dust tapie.g.
Holynska et al., 1998; Shotyk et al., 1998; Gori&83). In support for this in our core, the cealen content
increase between 80 and 60 cm (Goormaghtigh, 208&)ring the hypothesis of cultivation. Arkose mig
and gold prospecting could also have played a Hdevever, with little known about the age of thesi@es, we
conclude that it is most likely that the primaryin of Si and Ti-bearing particle are due to exten&®oman
agricultural activities.
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4.2. Origin of heavy metalsthrough the last 2000 years

The origin of lead and associated heavy metaldeagstablished both BYPb°Pb vs2°PbF°’Pb diagram and
Pb E.F. coupled with*PbF°’Pb isotopic ratio (Fig. 5). The principle being iketopic signature changes with
origin of particles form the upper continental ¢rutrough Belgian ores and toward a signature ofiem
Benelux aerosols (see Fig. 4 for references). dverimost samples (660 cm and 678 cm) show goodt agnet
with upper continental crust values (Millot et &Q04; Hemming and McLennan, 2001; Grousset etl8b4;
Asmeron and Jacobsen, 1993) and Belgian pre-indudtackground sediments from Sonke et al. (2002).
However, the least radiogenic values®8Pb/°Pb and®**Pbf°’Pb ratios are still far from The Netherlands
gasoline (similar to Belgian gasoline) valué¥Rb/°Pb = 2.28 + 0.013°Pb/°’Pb = 1.062 + 0.019) reported
by Hopper et al. (1991).

4.2.1. Roman Empire

In the core Pb enrichment factors display a widgesof variation during the Early Roman Empire vidghtopic
ratios being very low (see Fig. 5, samples at 98rband 88.5 cm depth). During the Roman Empire, and
particularly towards the upper end (60 cm-40 cm)EhR are quite high (up to 110) aff@Pb/°’Pb ratio shows
lower radiogenic value®®Pb°’Pb up to 1.154).

It is known that Romans mined and extracted a walgge of ores all over NW Europe and around the
Mediterranean Sea, increasing significantly the ambhoof aerosol which has a wide range of Pb-isatopi
composition particles in the air. However, in théstdn bog, it seems that a more local influence een
recorded. Indeed, the isotopic values of samples 88.5 cm to 50 cm depth show good agreement tivéh
isotopic field of the Belgian Pb-Zn ores (Fig. 4).

In Belgium, there is no historical, archaeologioafield evidence for Roman Pb-Zn mining. HoweuRenson
(2005) and Renson et al. (2007), in their studwqreat column taken nearby an archaeological sitstituted

by a Roman to Merovingian road in the Hautes Fagoesd and dated very high Zn concentrations ¢upQ00
ppm) associated with peaks in lead concentratiprt@B0 ppm). Such high concentration clearly fkelocal
pollution linked to the road (Renson, 2005). Moreowhe lead isotopic compositioff®Pb/ 2°’Pb~1.17-1.18,
208ppf%%Pp~2.08-2.10) of the Pb and Zn-contaminated lefeelad by Renson (2005) and Renson et al. (2007)
are in very good agreement with isotopic compasitid Pb-Zn ores located 15 km northwards to thetétau
Fagnes Plateau. These new data suggests thatlocah ores from the Verviers area (for location Bag 1.)
were extracted and transported through the Hawtgeds Plateau from around A.D. 150 (Renson, 2005).

In conclusion, although there is no field archagual evidence for Roman lead-zinc ore mining irigdem,
this study from this study and from Renson (200%) Renson et al. (2007) show significant suppartriming
of Pb-Zn ores in Belgium during the Roman Empire.

4.2.2. Late Roman Empire and Early Middle Ages

Following the Roman Empire, the next phase of chaegharacterized by a decrease in Pb enrichraetdrs

(~ 40 cm-25 cm depth), reflecting the decline @& Boman mining activities. Minimum Pb E.F values§ than
20) are observed between depth of 35 cm and 25Tbis. Early Middle Ages period has already been well
documented in other European peat bogs (e.g. L& Boal., 2004). Its main geochemical characteristipeat
bogs is a wide range of Pb isotopic composition,ltmr Pb E.F, as various ores were mined acrosegeyrbut

in smaller quantities, as suggested in the estimdtom Settle and Patterson (1980) and the data fiong et

al. (1994). Here however, although mining industreere growing up across Europe, the most prolsdlece

of anthropogenic dust is the Belgian ore bodieg.(&iabove).

This period is followed by the Classic and Late M&lAges (i.e. 900 A.D. to 1450 A.D.), and the Earmodern
period (i.e. 1450A.D. to 1700 A.D.). This time poetiis represented by Pb isotopic signatures whih match
well with Belgian ores. The extraction of thesesoaee well documented in historical texts back iddie Ages
(Dejonghe, 1998), adding a new source for Pb infmuBelgian bogs.
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Fig. 4. “PbfPb vs.?®PbF*Pb isotopic ratios, and’Pb/°Pb vs. Pb E.F. Modern industrial Belgian
aerosols from Bollhéfer and Rosman (2001), and &atlal. (2002). Belgian ore data from Cauet et(5882)
and Dejonghe (1998). Data from archeological sitenf Renson et al. (2007) are also reported. Belgeat

industrial sediment from Sonke et al. (op. cit.pper continental crust field from Millot et al. (@0), Hemming
and McLennan (2001), Grousset et al. (1994) and eksm and Jacobsen (1993). Gasoline from The
Netherlands from Hopper et al. (1991).
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Fig. 5: Summary of major Pb, Pb E.F. and®Pb/ ?°Pb in the first meter Misten bog and interpretatioh
historical intervals. The x-scale of Pb profile Hzeen changed at 15 cm depth for visual clarity.
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4.2.3. Industrial revolution

Between 10 cm (1835 A.D.) and 2.5 cm (1964 A.Db) B=F. increase in parallel with a small decreddebd Pb
ratio. During this period enhanced local Pb-Zn precessing (~1840 A.D., Dejonghe, 1998) togethén whal
mining and burning (Gaier, 1988), and the introductbof leaded gasoline, allow the addition of trexheus
amounts of anthropogenic aerosols in the atmospAeoeind 1975, the estimated anthropogenic Pb Wwasita
4240 metric tons per annum (p.a.) in Belgium, 2@&&ric tons p.a. in The Netherlands, 18,860 métrs p.a.
in France, and 16,500 metric tons p.a. in nearbyn@ny (cumulated FDR and DDR, von Storch et al03)0
This strong increase in atmospheric pollution torded in the Misten bog by a marked increase ifréth 89.1
ppm at 10.5 cm to 949 ppm at 3.5 cm depth. Thisliswed by related heavy metals concentrationsn(fr10.5
cm to 3.5 cm depth, Cu from 1.8 ppm to 18.7 ppmirdlin <D.L. to 22.8 ppm, Zn from 91.6 ppm to 214mp
together with an increase of Pb E.F. (from 39 t8)24nd shifts in lead isotopic raticSPbF*Phis cx= 1.1666,
then 2°Pb°Ph, o= 1.1532). Reduced radiogenic Pb/ Pb values do hewever, predate the maximum Pb
concentrations and Pb E.F. as previously reponiqukat cores from Denmark, Greenland (Shotyk e2aD3)
and the Faeroe Islands (Shotyk et al., 2005). &hettwl. (2003) argued that in Denmark or Greenl#mid shift
is linked to the predominance of coal burning miwan the total Pb pollution. It is therefore likehat, in the
Hautes Fagnes, leaded gasoline accounts at leastids as the other Pb sources (industries andbeoalng)
for the Pb input in this area. This is further otnwrated by observations from von Storch et al080who
reported that among the diverse anthropogenic Blrss, leaded gasoline is the main one, incredsimg its
introduction (1931 A.D.) and reaching a maximumtlie early 1970's. During this period, leaded gasoli
accounted for 75% of the total atmospheric leadssioin across Europe. In the same study, decadialagisins

of anthropogenic Pb emissions over the last 50syslaow a maximum around 1965, which also agreds it
findings.

4.2.4. Unleaded gasoline

The phasing out of lead in gasoline began in 1%i7Europe. Indeed, during the European oil crisisin@&ny
began to adopt policies to reduce lead contentebline. This was followed by the first EU regudati(1981).
Between 1984 and 1989, unleaded gasoline was pmsigety introduced across Europe. As a result,
atmospheric Pb emissions began to decrease slightiye second half of the 1960's, then suddenlthbymid-
1970's (von Storch et al., 2003). Although there dight discrepancies of age in our peat coretdsampling
intervals (1 cm representing a mean of 20 years@aBam depth, see Table 2), this decrease in Rteotration
and Pb E.F. is marked in the upper samples fromveaBcb cm depth, and is therefore representativedst-
A.D. 1950. These records also correspond with deverecords from Belgium (Petit et al., 1984), Feanc
(Rosman et al., 2000; Arnaud et al., 2004), andZ&aniand (Kober et al., 1999; Shotyk et al., 1998).

5. Conclusions

Geochemical and lead isotopic derived from thertegber of peat from the Misten peat bog (Fig. 5prddour
major periods of pollution. Firstly the Roman EnepifP-I), represented between 100 cm and ~ 57 cm, is
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characterized by local pollution sources from PbeZes mining and agriculture activities. Betweeb7~cm and

~ 30 cm, the geochemical profiles show a declinthénRoman activities and the transition to Earigdiie Ages
(P-IT). The Middle Ages and Early modern period (~30tom-10 4cm, P-Ill) rapidly give way to the modem
industrial Revolution (from ~10 cm to the actualfage, P-IV) in which lead gasoline accounts foleast 50%
of the lead pollution.

This study provides the opportunity to complete Eueopean datasets for pollution reconstructiooantinental
environments.
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