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Numerous palaeo metallurgical sites (n=70) characterized
by slag presenting a homogeneous typology have been
reported on the Mont-Lozére Massif (Southern France).
These activities took place inthe medieval period. The silicated
slag matrix comprises mainly Pb (25%), Sb (0.4%), and
several thousand parts per million of As, Cu, and Zn. Soil
samples were collected in and around two sites, to
understand the dispersion mechanism affecting the slag
tailings through use of metal concentrations and lead isotopic
compositions. The majority of polluted soil samples show
high enrichment factors (EF) for Pb and Sh, slightly lower EFs
for Cu, and much lower EFs for As and Zn. We show

that this “old” metal pollution was physically dispersed,
through erosion of workshop soils and slag tailings, in a
restricted area (ca. 200 m down slope form the site). There
is no evidence for massive leaching of slag metals by

soil waters, except for Zn. Thus, the pollution is mainly due
to the metal-making process, i.e., smoke-fallout, pieces

of ore, the crackling of smelting ore outside the oven during
reduction, and charcoal, etc. The lead isotopic compositions
of the soils define a binary mixing trend between local
granite or background soil and slag (which represent the
workshop soil). Simple mass balance equations using
either Pb isotopes or Pb concentrations suggest that between
40 and 100% of the total Pb in soils comes from the
Medieval workshop pollution, leaving any later pollution
negligible. The large number of sites on the Mont-Lozere
means this medieval pollution is significant and poses a real
environmental risk.

Introduction

Early metallurgists have exploited ore resources since before
the Bronze Age, ~ 6000 years BP (I). During the Bronze Age
and the Roman period, numerous Au, Ag, Sn, Cu and Pb
deposits have been exploited such as those at Harz (Ger-
many), Laurion (Greece) and the Rio Tinto mines (Spain).
These are among the most important mines for Pb extraction
in Europe.

The first important anthropogenic metallurgical impact
on the environment occurred during the Roman period (2)
and is clearly identified in archives such as ice cores (3) and
peat bogs (4). Anthropogenic metallurgical impacts in the
Medieval period are much less common and seem to have
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affected more restricted areas when compared to those of
the Roman period (5). The Industrial Revolution, ~150 years
BP, exhausted a significant amount of heavy metals compared
to both Roman and Medieval periods. The Industrial
Revolution marks the beginning of an era of worldwide
systematic pollution, leading to high contents of anthropo-
genic heavy metals in natural reservoirs such as the atmo-
sphere, oceans, groundwater, and soils (6).

According to their chemical forms in soils, different metals
will have different mobility behavior. Recent studies (7, 8)
have shown that metals may accumulate in the top 30 cm
of soils for a hundred years or more. In such soils, minor
fractions of Cd and Zn may migrate through preferential
pathways (earthworm’s galleries) to a depth of ca. 2 m (8).
Semlali et al. have suggested that the majority of or the entire
Pb pollution in some soils may be inherited from old industrial
activities (9). In this study, the isotopic composition of Pb
was demonstrated to yield crucial information concerning
the following: (i) the significance of enrichment factors, (ii)
the different Pb sources, (iii) metal fluxes, mixing, and
pathways, and (iv) the pollution history. This last point is of
key importance in quantifying a given regional mine heritage,
which is a problem with regard to the risk of contamination
(10, 11) and the responsibility of the polluters (12). Indeed,
besides documenting the pollution history on a large-scale
basis through the study of environmental archives, most
studies (13, 14) have focused on actual pollution problems.

Here, we report heavy metal(oid) concentrations (Pb, Sb,
As, Zn, Cu) and Pb isotopic compositions of highly con-
taminated soils from the Mont-Lozere Massif, Southern
France. The main intention is to document sources and
dispersion processes of the different metals from ca. 800-
year-old slag heaps produced by medieval metallurgical
activities (15, 16). This aims to demonstrate the importance
of characterization and quantification of old (pre-Industrial
Revolution) pollution in order to document and take into
account the mining heritage at a regional scale relative to
the impact of contemporary pollution. Furthermore, we
would like to highlight the environmental risk of this old
pollution, which occurs within a French National Park where
activities such as fishing, hunting, pastoral practices, and
tourism take place.

Setting

The study area is located on the Mont-Lozere Massif (MLM),
in Cévennes Mountains of the Lozere Department, Southern
France, and within the Cévennes National Park (PNC). More
than 70 metallurgical sites comprising large amounts of slag
have been reported within the MLM, suggesting that they
formed the locus of Pb—Ag ore smelting in medieval times
(Figure 1). The present-day vegetation around these sites
reflects the environmental impact of these old metallurgical
activities. The details of the historical and economical context
of these medieval sites are reported elsewhere (15—18).

Materials and Methods

Soils Material. Soils from the 70 metallurgical sites mainly
comprise arenaceous sands developed on the granitic
basement. Two representative sites (3 and 8) were studied.
On the downhill side of the sites, the slag heaps are apparent
on the surface soil and have dispersed down slope toward
a peat bog. Uphill, the slag and charcoal residues have been
buried along with the metallurgical workshop soils. Site-3
soil samples were collected during archaeological excavations
and site-8 soil samples during bore hole (35 x 40 cm)
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FIGURE 1. Map showing location of the study area within in the Cévennes National Park. The metallurgical sites mainly occur in the
northern part of the MLM. Sites 3 and 8 are located in the south western part of the map.

prospecting. At both sites, archaeological black soils (i.e.
workshop soils) and adjacent levels (above and under
colluviums/in situ soil) were sampled. At site 8, samples were
collected along a down-slope profile from within the slag
area (but without archaeological level), to the nearby peat
land. This profile is 200 m long. Another site-8 sample was
collected from a slag-free position, perpendicular to the
profile (ca. 20 m). These soils are colluviums from erosion
uphill. Soils were transported to the laboratory in plastic
bags and were dried at 30 °C during a 1 week period. All the
analyses were performed on the <2 mm fraction. Each of the
soil fractions were observed under a binocular microscope
in order to remove any apparent slag fragments that might
cause chemical “nugget effects”.

Slag Material. Two main types of slag, black- and white-
coated, occur at each site; more details are reported elsewhere
(16, 17). Slag samples were collected from within or near to
both sites. The slag pieces were cleaned with distilled water
and dried at room temperature. Furthermore, concentration
profiles of some elements were undertaken across the altered
glass surfaces of slag pieces. More details are reported
elsewhere (17, 18). As a result, the pieces then showed
evidence of surface alteration, but some heavy metals (Pb,
Sb) stayed mostly within the altered coating.

Granite Material. Three representative granites were
sampled on the MLM in order to estimate the composition
of the natural local background. More details are reported
elsewhere (15).

Elemental Chemical Measurements. Soils and Granites.
The elemental concentrations of metals were measured by
ICP-MS and, for Al, ICP-AES as routine analyses performed
by the SARM laboratory at CRPG (19). Alkaline fusion was
used, and calibration and controls were done by analyzing
international geological reference materials. According to
the concentration range measured, uncertainties are lower
than +5% for all elements and samples. For the reported
elements, the procedural blanks were negligible.

Slag Silicated Matrix. Each sample was crushed and
pulverized in an agate mortar prior to analysis. For As analysis,
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samples were dissolved in a mixture of concentrated HF,
HCI, and HNO; and the concentration was measured by
graphite furnace atomic absorption spectrometry. For Zn,
Cu, and Pb analyses, slag samples were dissolved in HF and
HCIO, and the concentrations were measured by flame
atomic absorption spectrometry. In all cases, procedure
blanks were negligible. These measurements were performed
asroutine analyses by the SARM laboratory at CRPG (http://
www.crpg.cnrs-nancy.fr/SARM/index.html). Controls were
done by analyzing international geological reference materi-
als, and uncertainties are lower than 5% for all elements
and samples. Antimony was measured by electron micro-
probe at CRPG following the previously reported procedures
(17). Slag matrix samples from sites other than 3 and 8 were
also collected for analysis in order to estimate chemical
heterogeneity.

Pb Isotopic Measurements. Soil samples were dissolved
according to the protocol reported by Aries (20). Lead was
separated from the matrix by ion exchange using the AG1 X8
resin, as reported by Manhes et al. (21). Merck Suprapur or
distilled reagents were used, and procedure blanks were
always negligible. Lead isotopic compositions were measured
with a MC-ICP-MS (GV Instruments) equipped with nine
Faraday cups allowing simultaneous measurement of all Pb
and Tl isotopes, and 2°°Hg. NIST SRM 981 Pb and NIST SRM
997 Tl were used to correct for instrumental mass bias,
according to the empirical technique used by Maréchal et
al. (22) and reported by White et al. (23) for lead application.
The correction is based on the relationship measured between
Pb and Tl mass bias. Reference values used for both Pb and
Tl reference materials were taken from Thirlwall (24). A Pb/
Tl ratio of 10 was used for both the reference solution and
samples. Repeated measurements of NIST SRM 981 Pb
yielded recalculated values (using the Pb—T1I relationship)
within the uncertainties of the assigned values, with the
following standard reproducibility (2 standard deviations):
better than 20 ppm for 2°¥Pb/20Pb, 108 ppm for 2°"Pb/ 206Pb,
246 ppm for 2%6Pb/2%4Pb, 284 ppm for 27Pb/?*Pb, and 251
ppm for 2%Pb/ 204Pb. The external analytical uncertainty
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TABLE 1. Heavy Metal Concentrations of Soils, Silicated Slag Matrix, and Granite (EF and LOI of Soils Also Reported)

sample ID

BAR3.1
BAR3.2
BAR3.3
BAR3.4b
BAR3.5
BAR3.6
BAR3.7b
BAR3.8?

bore A
BAR8.16
BAR8.17°
BARS8.18P
BAR8.19

bore B
BAR8.01
BARS8.02

bore C
BAR8.03
bore D
BARS.05
BARS8.04
bore E
BARS.06”
BARS8.07°
bore F
BARS8.10
BARS8.09°
BAR8.08
bore G
BAR8.11
BAR8.12
bore H
BAR8.13
BAR8.14 (duplicate)
BARS.15 (triplicate)
bore K
BARS.20

SoTo

n

SOm7

SO m 60.S 3
SO m 22
SO m 18
SO m 5"
SO m 45
SOm3
SOm3
SOm8

median

depth (cm)

10-30
30—40
40—45
>45

35—65
0—-35

15—40

0—-20
20—45

8—18
18—45

5-10
10—15
15—45

0—-30
30—45

LOI? (%)
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mineral fraction (%)

91.3
74.9
88.1
85.2
92.1
87.9
74.1
71.7

83.2
65.4
36.9
89.6

81.5
72.1

89.7

91.1
93.1

72.7
60.8

79.8
73.0
92.4

83.9
84.8

75.5
75.0
75.2

90.4

colors

orange colored brown
dark brown

brown

brown

orange colored brown
brown

black-brown

dark gray

Brown
black

dark brown
gray

bright brown
dark brown

bright gray

brown
bright brown

dark gray
dark gray

dark brown
dark brown
yellowish gray

brown
brown

very dark brown
very dark brown
dark brown

yellowish gray

vitreous black
vitreous black
vitreous black
white coated gray
white coated gray
vitreous black
vitreous black
white coated gray
vitreous black

2 Loss on ignition. » Workshop soils. ¢ Limit of determination (Id) is 5 ppm for Cu.

As

Soils 3
22.8
23.3
21.9
3245
29.2
47.7
181.4
310.4

Soils 8

87.2
471.7
39.8
16.8

21.1
15.3

20.8

72.0
26.5

59.1
52.8

21.7
44.3
10.7

30.8
20.4

16.2
18.2
15.9

17.1

Granites
7.8
6.8
6.6
7.1

Slags
140
260
295
115
375
230
295
820
290
290

Cu

359.9
147.7
1617
2907
260.2
368.4
5376
6 460

652.3
3280
3 485
622.6

16.93
32.98

350.8

541.8
376.8

1105
1242

301
908.9
148.8

732.9
3455

95.13
87.23
87.39

28.82

<ld°
6.15
5.65
5.90

1205
1750
1665
2 265
2015
2670
1935
1800
2 430
1930

Pb

7760
4526
15 705
150 235
9208
13912
72 296
19 2167

14 473
14 2514
79 266
8 832

55
524

3384

16 953
3737

26 933
29 658

7536
15 202
1650

7252
3634

1382
1436
1171

176

265 000
231000

90 000
291 000
296 000
110 500
442 000
382 000
183 000
265 000

Sbh

91.38
50.76
113.6
2535
156.1
241.8
898.4
1749

268.6
2043

345.9

56.3

1.404
5.312

23.75

300.5
34.91

257.7
276.4

99.9
238.5
10.3

80.47
33.77

16.9
19.68
13.97

3.124

3900

Zn

407.8
207
285.2
6561
458.1
617
1036
2376

1914

2030
122.2
159.4

88.45
99.28

283

3093
531.56

1033
727.1

632.6
827.3
180

523.1
263.4

149.5
152.4
145.8

181.5

Al

9992 6
9156 3
9226 0
5961 2
9767 4
9762 1
72907
5253 6

7912 6
3452 4
2294 4
79930

9933 6
77249

8078 8

8277 1
1026 60

6953 0
5784 3

7456 9
7226 4
9837 1

8507 6
8550 5

76713
7623 1
7660 6

9360 0

78322
79447
7821 4
7866 1

EFAs
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87
49

212
286

54
168
20

115
54

17
15
4

EFPb

179
114
392
5803
217
328
2283
8422

421
9 505
7 954

254

16
96

472
84

892
1181

233
484
39

196
98

41
35
4

EFSh

400
242
538

18 584
698
1082
5385
14 549

1483
25 861
6 588
308

6
30

128

1587
149

1620
2088

585
1442
46

413
173

96
113
80

15

EFZn

117




TABLE 2: Lead Isotopic Composition of Soils, Granite, and Slags

sample ID 208Pb/206Ph 207Pb/206Ph 206Ph/207Pb 208Ph/204Ph 207Pb/204Ph 206Pb/204Ph
Granites?
C 1.9622 0.8009 1.2486 38.544 15.733 19.644
F 1.9911 0.8131 1.2298 38.506 15.725 19.339
G 1.9783 0.8085 1.2368 38.483 15.728 19.453
Soils?
site no. 3
BAR3.1 2.0891 0.8465 1.1813 38.667 15.671 18.511
BAR3.2 2.0891 0.8466 1.1812 38.670 15.676 18.515
BAR3.3 2.0866 0.8466 1.1812 38.625 15.672 18.511
BAR3.4 2.0888 0.8464 1.1814 38.660 15.666 18.508
BAR3.5 2.0897 0.8466 1.1812 38.713 15.683 18.526
BAR3.6 2.0900 0.8467 1.1811 38.681 15.670 18.507
BAR3.7 2.0896 0.8466 1.1812 38.674 15.669 18.508
BAR3.8 2.0896 0.8466 1.1812 38.645 15.663 18.499
site no. 8
bore A
BARS8.16 2.0938 0.8482 1.1790 38.665 15.672 18.474
BARS.17 2.0949 0.8486 1.1785 38.689 15.672 18.468
BARS8.18 2.0949 0.8486 1.1784 38.668 15.671 18.464
BARS.19 2.0944 0.8485 1.1786 38.665 15.672 18.468
bore B
BARS8.01 2.0304 0.8218 1.2169 38.747 15.690 19.090
BARS.02 2.0893 0.8465 1.1814 38.660 15.669 18.509
bore C
BARS.03 2.0962 0.8485 1.1786 38.781 15.700 18.503
bore D
BARS8.04 2.0919 0.8477 1.1796 38.621 15.656 18.467
BARS.05 2.0941 0.8483 1.1788 38.681 15.672 18.473
bore E
BAR8.06 2.0940 0.8483 1.1788 38.662 15.671 18.470
BARS8.07 2.0940 0.8483 1.1788 38.662 15.671 18.470
bore F
BARS.08 2.0919 0.8474 1.1800 38.679 15.673 18.493
BARS8.09 2.0932 0.8481 1.1792 38.661 15.670 18.475
BAR8.10 2.0934 0.8480 1.1792 38.664 15.671 18.477
bore G
BARS8.11 2.0934 0.8481 1.1792 38.676 15.676 18.482
BAR8.12 2.0936 0.8481 1.1792 38.673 15.670 18.476
bore H
BARS8.13 2.0918 0.8473 1.1802 38.674 15.667 18.490
BARS8.14 2.0921 0.8475 1.1800 38.676 15.676 18.494
BARS8.15 2.0915 0.8472 1.1803 38.712 15.688 18.515
bore K
BARS.20 2.0774 0.8411 1.1889 38.693 15.667 18.626
Slags®
site 39 2.0922 0.8472 1.1804 38.776 15.701 18.534
site 3'd 2.0898 0.8467 1.1810 38.670 15.668 18.504
site 8 2.0938 0.8482 1.1789 38.682 15.670 18.474

a Accuracy and uncertainties of granites are reported elsewhere (ref 75). » Accuracy and uncertainties of soils are reported in the manuscript.
¢ Accuracy and uncertainties of slags are reported elsewhere (ref 76). ? Sites 3 and 3’ are one site, an accumulation of slags having let down the

natural slope and giving “another site” (site 3').

(n = 16) of a given sample is 136 ppm for 2°Pb/2%Pb, 114
ppm for 27Pb/2% Pb, 451 ppm for 2°8Pb/2%4Pb, 431 ppm for
207pb/2%4Ph, and 380 ppm for 206Pb/2%4Ph.

Pb isotopic compositions of slag samples were determined
by dissolving lead spherules and analyzing the samples
directly without Pb purification. These data, along with those
on granites, are reported elsewhere (15, 16, 18).

Results

Concentrations. The different slag samples present a wide
range of elemental composition (Table 1). Thus, the median
concentration value for each element was used for mass
balance calculations: 290 ppm for As, 1 935 ppm for Cu,
265 000 ppm for Pb, and 18 000 for Zn. Although Sb was
measured in only two samples, its content is relatively
constant (0.39%) and will be considered as representative.

The soils exhibit very high metal contents over a wide
range of values according to their sampling location (Table
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1). The highest concentrations of metals analyzed are found
in black and dark-brown colored soils. The latter were buried
and charcoal-rich and are associated with slag and furnaces
(site 3), suggesting that they were the medieval workshop
soils, defined as “occupation soils” where medieval smelting
took place. These soils were exposed to the load of smelters
and integrated materials from smoke-fallout, sorting of ore
pieces, smelting ore crackling outside the ovens during
reduction, and charcoal, etc. (18). There is no relationship
between loss on ignition (LOI) values (volatile contents
including CO,, and organic matter) and heavy metal contents,
suggesting that the metals are not directly associated to
organic matter (charcoal) in these soils. Rather, the metals
must mainly occur as mineral species. The BAR8.01 sample
ofbore B (Table 1), located outside the polluted area, yielded
concentrations slightly higher than those found in local
granites. For example, the latter have an average Pb content
of 34 mg-g~!, whereas the BAR8.01 sample yielded 55 mg-g ™,



a)
1260 [
\B\ Local granite
120 [ @
§£ ol e P 1
E \9\soil
§ 1200 I (8 Granite \‘\ Soils 1
S8 o
1} 30
® Slag 8 "‘\
11051 | Eoreamrwmmsr il G I R
1.96 1.98 2.00 2.02 2.04 2.06 2.08 2.10 2.12
208pp,206pp,
b)
120 —— — y
1/1
— 100 [ ]
g%
:8‘&5 80 . 1
ot
1 X3 —
53
4 F ]
E 3
SE o} . ]
0 L i i i L
0 20 40 € 8 100 120
105 .
1/1
100 |
= [~
e L7 4
= - n I
=]
2S %0 |
FE st
E =
E 3
S8 &}
75 A

75 B 8 90 95 100 105
Contribution of pollution
(caleulated from Pb isotopes)

FIGURE 2. (a) 2Pb/27Pb vs 28Ph/2%Ph ratio of soils, granites, and
slag; (b) percentages of metallurgical Pb in soils calculated from
EF Pb and from Ph isotopes. The solid line is the 1:1 correspondence.

suggesting that ca. 40% of Pb measured in BAR8.01 would
be in excess relative to local crustal values.

On the whole, the heavy metal contents of soils studied
here show some concentrations in the same order of
magnitude as soils polluted by modern anthropogenic
activities (25).

Lead Isotopic Composition of Slag, Soil, and Granite
Samples. The lead isotopic compositions of slag, soils, and
granites are reported in Table 2.

The average lead isotope ratios of slags 3 and 3' are 1.1807
+ 0.0004 and 38.723 + 0.075 for 2°Pb/2°’Pb and 2°Pb/20“Pb,
respectively. Slag 8 yielded lead isotopic values 0of 1.1789 and
38.682 for the same ratios. Indeed, the two slag samples from
site 3 have different isotopic compositions that cover almost
the entire range of composition found for samples from 25
other sites (16). Workshop soils from sites 3 and 8 have lead
isotopic compositions very similar to those measured in slag,
with ratios of between 1.1784 and 1.1814 and 38.645—38.689
for 206Pb/207Pb and 2%8Pb/ 2%“Pb, respectively. Thus, the
workshop soils are equivalent to slag from the medieval
pollution. Three samples of local granite yielded the highest
206ph /207Ph and 2(8Pb/2%4Pb ratios with values ranging from
1.2298 to 1.2486 and 38.483 to 38.544, respectively. In a
conventional common Pb space diagram (Figure 2a), all the
samples analyzed form alinear array suggesting overall simple
mixing between different sources of Pb. These are the local

crustal Pb (granites) and the medieval pollution Pb (slag).
The BARS8.01 soil, located outside the slag area, has an
intermediate position in the Pb—Pb diagram of Figure 2a,
suggesting that ca. 40% of its Pb comes from Medieval
workshop materials, as supported by its Pb concentration.

Discussion

Enrichment Factors in Soils. To document the anthropo-
genic contribution in soils for a given metal, we used the
enrichment factor (EF) expression (4). For a given soil, the
heavy metal content is normalized to that of Al, a conservative
element relative to silicate crustal materials, to calculate the
enrichment factors according to the following equation:

Xl oir! [All 4o
EF = ([ ]smli [ ]smM) (1)

X, /1Al

where [X] is the concentration of given heavy metal in a
given soil (soil A) or in the granite (y). The mean concentration
of the three granites was used as the reference. Calculated
metal EFs in soils present a wide range of values which are
reported in Table 1. These are 16—9505 for Pb, 4—182 for As,
4-219 for Zn, 15—25861 for Sb, and 4—2025 for Cu. The
decreasing order in EF is Sb, Pb, Cu, Zn, and As. Thus, all the
heavy metals found in the studied soils are in excess relative
to the local background granite.

Relationships between Heavy Metal Concentrations.
Slags. There is no systematic difference in metal contents
measured in vitreous black slag and white-coated slag. There
is also no systematic correlation between metal concentra-
tions except for Zn and Pb, where a somewhat inverse
relationship may be evoked. The two slag samples from site
3 fall outside the trend defined by all the other samples. Also,
the heterogeneity of the supplied ores might directly explain
that of the different slag samples. The slags are heterogeneous
in composition, but they define coherent and restricted very
high metal content reservoirs compared to natural soils.

Soils. As, Sb, and Cu contents correlate well with Pb, with
correlation coefficients (R?) 0f0.82,0.88, and 0.78, respectively
(Figure 3). Zn and Pb contents are less well correlated (R?> =
0.46). Except for Cu, all the data points fall between the field
determined for “slag and workshop” compositions and the
local soil sample and granite samples. The mixing curves
shown in Figure 3 were derived from the median composition
of slag and either that of the soil situated outside the polluted
area (BAR8.01, “background soil” on the studied area) or the
average local granite (three samples). The BAR8.01 soil yielded
higher metal concentrations than those measured in the local
granites, probably because all the soils were polluted by
Medieval fumes prior to the dispersion of the metallurgical
workshop materials (see Results section of Concentrations).
The most realistic composition for the “low metal” end
member certainly falls between the granite and soil fields.
The curves model simple physical mixing between soils and
slag. Due to the fact that the slag field may be large for some
metals, the soil data fit the simple model relatively well,
suggesting that physical dispersion of slag is the dominant
process. We suggest that the large field for slag is related to
the fact that individual slag grains were analyzed. However,
it would be surprising if the true average slag composition
fell at an extreme measured composition. For this reason,
the median concentrations were used to calculate the model
mixing curves. Nevertheless, there is still a problem with Cu,
the soils being more enriched than both the model curves
and the slag field by a factor of 2—10. This means that the
composition of slag is not representative of the workshop
materials, which contain more Cu (Figure 3). Of all, data
from the Sb—Pb relationship best follow the model mixing
curves. This confirms the fact that Sb and Pb are both retained
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FIGURE 3. Relationship between heavy metals (metalloids) and Pb concentrations in slag and soils: (a) Sh vs Ph, (b) As vs Pb, (c) Cu
vs Pb, and (d) Zn vs Ph. The solid and dashed lines define simple mixing models between local granite or the BAR8.01 soil, respectively,
and the median values for slag (gray area). The numbers along the mixing curves are the amount of slag materials in mass percent.

in the altered rim of slag pieces so that leaching of these
elements by soil water is minimal. On the other hand, many
data points plot below the model mixing curves in Zn—Pb
space (Figure 3), suggesting that Zn was preferentially
removed by soil solutions. Sb is associated with sphalerite,
pyrite, and galena type ores such as those that fed the
medieval smelters. The boiling points of these elements are
quite similar (1587 °C for Sb and 1479 °C for Pb), so it is not
surprising to find them in slag. Also, the behavior of Pb and
Sb in soils at surface temperature may be similar. Their
concentration collinearity in bogs and peat bogs (26, 27)
suggests near immobility for periods as long as a few thousand
years. As for lead oxide phases found in the altered coating
of slag, oxidized Sb in acidic environments, like the Mont
Lozere soils, should form stable Sb oxide minerals (28).
Furthermore, Tighe et al. (29) showed that nearly all the Sb¥
added to an acidic soil (pH < 6.5) was retained by either iron
hydroxides or humic acids. This is probably why some authors
have found that Sb is not included in the vegetation cycle
(30) nor involved through the fauna barrier (31).

Despite the Zn content heterogeneity measured in slag,
some soil samples suggest a Zn deficit relative to Pb. Indeed,
many studies have reported a higher mobility for Zn than Pb
(mineral forms) in various types of soils (32—34) and at least
a different behavior (8). Metal inventories in soils close to
important smelting activities in Finland strongly suggest
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postdepositional Zn migration (35, 36). Zn mobility through
soil water might then readily explain the deviation of the
data points from the model mixing curve in Figure 3d.

Lead Isotopic Compositions. Slag and soil data form a
single trend in the 2°Pb/207Pb vs 2°Pb/2%Pb diagram (Figure
2a), suggesting binary mixing between natural source
(granite) and metallurgical Pb, the soil representing the local
background having an intermediate composition. Medieval
Pb was probably introduced to the soil BAR8.01 by the fumes
generated by the smelting activities at the time. The most
polluted soils from both sites define a restricted field in the
Pb—Pbisotope diagrams (Figure 2a) in which their respective
slag is included. As reported by Baron et al. (16), the Pb
isotopic composition of slag represents the average com-
position of supplied ore materials, which are more hetero-
geneous in composition. Metallurgical workshop materials
must have been even more heterogeneous in composition
because they certainly comprised fumes fallout, pieces of
ore sorting, ore materials crackling outside ovens during
reduction, and coals, etc. This may explain why these soils
are slightly more heterogeneous in Pb isotopic composition
than the related slag (Figure 2a).

Contribution of Metallurgical Pb in Soils. There are two
available ways to estimate lead source mass balance in soils.
If anthropogenic and natural sources contribute equally to
the metal content of a given soil, then EF = 2. The contribution



of the anthropogenic sources may be expressed by

EF,, — 1
Contribution of pollution Pb = |——=——| x 100 (2)
EFp,

where EF is the enrichment factor for a given soil.

The Pb contribution of the anthropogenic sources may
be determined independently by using lead isotopes ac-
cording to

Contribution of pollution Pb =
(R.Pb),,; — (R.Pb),
(R.Pb),, — (R.Pb)y

) x 100 (3)
slag

where (R.Pb)si is the Pb isotopic ratio of a given soil sample,
(R.Pb)siagis the Pbisotopicratio of a given related slag sample,
and (R.Pb), is the Pbisotopicratio of the granitic background.
The 2%Pb/207Pb ratio was used in the calculations.

The percentages calculated with both eqs 2 and 3 are in
close agreement such that most values are close to the 1:1
line in Figure 2b. Between 40 and 100% of the Pb measured
in soils is from anthropogenic sources, more than 95% for
most soils. The least polluted soil (40%) was collected from
bore B, distant from the soil workshops (BAR8.01 soil). The
most polluted soils (100%) are the workshop soils as described
above. Values calculated using Pb isotopes are more scattered
and may exceed 100% simply because some soils have lower
206ph/207Ph than the related slag. On the contrary, the Pb
concentration in slag is much higher than that in soils, so
that no values calculated with EF can exceed 100%. Regard-
less, the correlation indicates a relationship between element
contents and lead isotopic compositions that suggests a
simple slag—granite mixing system. It confirms that the metal
pollution source came from medieval metallurgical activities.

Contribution of Products from Workshop Soils. A simple
mass balance equation may also constrain the mass per-
centage of workshop materials needed in a given soil to
explain its metal contents. According to the results obtained
from Pb concentrations and isotopic compositions, one may
postulate that the concentration of other metals resulted
from a similar simple mixing between metallurgical products
(represented by slag compositions) and the local “back-
ground” soil or granite, as suggested by the diagrams of Figure
3.

Accordingly, metallurgical products may contribute <0.1%o
to 72% (in mass) to explain the Pb content in soils (Figure
3). Soils with the highestlead content are workshop ones. Pb
and Sb yielded very similar values of workshop material
contributions to soils, suggesting that these two elements
were mainly dispersed through erosion of slag heaps since
the Medieval period, though some leaching from soil water,
cannot be excluded because Medieval Pb was found in the
vegetation of site 8 (18). However, more than 25% of the soil
samples suggest a “deficit for workshop materials contribu-
tion” when Zn concentrations are used for calculations. This
may be explained by the higher mobility of Zn compared to
Pb, Sb, and probably As, as stated earlier when discussing
the concentration relationships. On the contrary, all calcu-
lated contributions using Cu for concentrations yielded
systematically higher values (including more than 100%) than
the ones obtained with Pb. Thus, the old metallurgists
probably sorted the ores before smelting operations. Indeed,
some pieces of chalcopyrite, separated from Pb ore before
smelting, were found in some sites. During the smelting
process, iron and copper sulfides may produce “matte” (or
“speiss” if As rich) resistant to smelting so that copper
sulfides—iron sulfides were previously removed before
charging the furnace. The fact that Cu values form a well-

defined linear array in Figure 3 suggests that Cu was also
dispersed physically in surrounding soils.

This “old” metal pollution is physically dispersed, through
soils and slag tailings erosion, in a restricted area, and there
is no evidence of massive leaching of metals by soil waters.
However, the large number of sites on the MLM means this
medieval pollution is significant and likely has a strong impact
on the surrounding environment. Further studies are neces-
sary in order to asses if this important medieval pollution
has passed over the fauna barrier; thus, some sampling (of
trout) has already been carried out on the MLM. Heavy metal
speciation studies on these medieval workshops soils will be
indispensable in order to understand the modalities of heavy
metal integration by the fauna.
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