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ABSTRACT

This paper presents the interdisciplinary investigation (archaeology, geochemistry, history) of a medieval silver and lead pro-
duction site located in southern France, in the Minier valley (Occitanie, Aveyron, Le-Viala-du-Tarn). In order to identify the
production sites, in situ geochemical surveys were carried out using a portable X-ray fluorescence spectrometer and differential
GPS, guided on the analysis of medieval archival sources. The cartographic representation of the metal concentrations in the
surface horizons shows significant enrichment of zinc and lead in the vicinity of the mines. This first type of enrichment makes
it possible to highlight the activities of separation of sphalerite and silver-bearing galena. The galena thus isolated on the hillsides
is then transported to the vicinity of watercourses, where it is crushed, washed, and smelted. These secondary activities result in
alast type of enrichment in which only lead is found in large quantities. The cross-referencing of the information made it possible
to overcome the challenges related to the location of the mineral processing workshops, which were often invisible on the surface.
The medieval workshops have been located and a function suggested, outlining the first trends in the spatial and social division
of labour and providing a solid corpus for future archaeological excavations. Finally, this study highlights the persistence of
significant metal contamination in the soils of a rural valley and encourages the consideration of former mining areas when
examining the environmental impact of metal production.

1 | Introduction understanding the organization of mining production and docu-

menting the processes used to sort, crush, and also smelt the ore

The identification of mineral processing sites, whether in the
ore preparation phase or the smelting phase, is often a challenge
for those working on ancient metal production. Although mines
can be located through geological contexts and indicators, topo-
graphical anomalies, or the tailings they produce, mineral and
metallurgical workshops that progressively transform ores into
metals are sometimes discreet or even invisible on the surface
(Stollner 2014). Locating those sites is nevertheless crucial to

extracted. The discovery of these sites enables in-depth archae-
ological studies, whether focusing on production techniques
or work organization, material tracing, or measuring metal-
lic contamination of the environment (Hruby 2021; Tolksdorf
et al. 2018; Benvenuti et al. 2014; Ploquin et al. 2010).

The aim of this paper is to present and evaluate the advan-
tages of an interdisciplinary approach that allows an efficient
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identification of metal production sites, not only geographically
but also functionally and even socially. This approach, which
combines geochemistry and history around an archaeologi-
cal question, has been applied to the Minier valley in south-
ern France (Aveyron, commune of Viala-du-Tarn—Figure 1).
During the Central Middle Ages, at least between the 12th and
15th centuries, silver-bearing deposits were exploited to vary-
ing degrees for the production of lead and silver (Dossat 1975;
Johans 2000; Belmon 2003; Garrigou Grandchamp, Mazeran,
and Gales 2013; Bernat 2018). Since 2019, collective research
has been carried out in Le Minier valley to shed light on the
work of the companies that shared the exploitation of the lead-
silver deposits and the riverbanks, which probably led to the
establishment of a small settlement in the centre of the valley,
supplying the regional metal market and subject to the control
and support of the local public authorities (Minvielle Larousse
et al. 2019a) (Programme Collectif de Recherche [PCR] of the
French Ministry of Culture [DRAC Occitanie]: https://zenodo.
org/communities/pcr_minier).

During our surveys, we encountered difficulties in locating
the mines tailings and the mineral processing and metallurgy
workshops: Some mines were identified, but the tailings were
largely covered by vegetation, and no workshops were visible
in the field. Neither pedestrian surveys nor the DTM recorded
by LIDAR were able to provide any significant clues. However,
we knew from medieval documents that this valley contained a
large proportion of the workshops necessary for metal produc-
tion. In principle, the medieval lead—silver production process
was divided into several stages. The ore was first extracted from
the mines, near which the main taillings (rock and gangue) was
deposited. Sufficiently mineralized blocks were recovered to be
crushed and sorted in mineral processing workshops (Bailly-
Maitre 2002; Téreygeol 2019). The aim of this operation is to

isolate the silver-bearing minerals and reject the non-silver-
bearing minerals. Once the silver-bearing minerals had been iso-
lated, they were finely crushed using rock anvils and hammers,
then grounded in hydraulic mills (Minvielle Larousse 2019),
and finally subjected to hydrogravimetric sorting in basins
(Hruby 2011, 102-129). The ore concentrate obtained could be
smelted in metallurgical workshops (Killick 2014). The result
of this stage was lead-bearing slag, matte, and lead ingots, in
which the silver is concentrated (Baron et al. 2009). This lead
was finally treated by cupellation to separate the lead and silver
(Téreygeol and Guirado 2012).

The workshops that can be found in a medieval mining area
are therefore numerous, especially because they could be dupli-
cated: sorting areas, crushing workshops, mills, washing plants,
and foundries (at least for the production of lead ingots). Their
common feature is that they produced mineralized wastes that
locally contaminated the soil with metallic elements. In order to
identify them, geochemical studies based on the in situ use of a
pXRF were carried out, combined with a careful reading of an
Digital Terrain Model (DTM) recorded by LIDAR and a close
commentary on the archival sources.

2 | Historical, Geological, and Geographical
Background

2.1 | Production Sites in Archival Sources

In most cases, the topography of a medieval silver production
can be partially reconstructed using information from archival
sources (Figure 2). The corpus on Le Minier currently contains
114 original, copied, or analysed documents dating from 1150 to
1460. These documents come from the charters of the co-lords
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FIGURE1 | Location of the study area (GIS—N. Minvielle Larousse).
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FIGURE 2 | Workshop mentioned in the medieval archives and their function (Data—1J. Belmon; GIS—N. Minvielle Larousse).

of Le Minier—the successive counts of Rodez, the count of
Toulouse, Alphonse de Poitiers and his successors, and the kings
of France—as well as from notarial registers. In addition to its
exceptional quantitative importance for a single production
area, the corpus has the advantage of covering a very wide typo-
logical spectrum. There are princely charters, legal documents,
administrative correspondence, administrative acts (surveys,
lists, terriers, accounts), and private transactions (Belmon 2003;
Minvielle Larousse et al. 2019a).

These documents therefore mention and locate mines, almost
all of which are located at the bottom of the western slope of
the Minier valley. From north to south, these are the mines of
Orzals, Sompa, and Socca, located near the Voltes thanks to
the toponyms of the terriers and the land registers; the mine of
Roucadou, located near a ravine that still bears this name; the
mine of Saliege, located in the Pradal ravine, one of the plots of
which still bears its medieval name in the old land register (19th
century); the mine of Cantamerle, located to the north of the vil-
lage and opening onto a cliff of the same name (Vaissiére 2011).
However, other mines have not yet been precisely located, such
as Doulsac, Grand Minier, or a mine exploited in 1452 near a
vineyard belonging to Jean Robi.

The texts also mention equipment related to mining produc-
tion, namely, mills, whose millstones could be used to grind ore
or slag. However, it is rare for the texts to explain their role in
the silver production process: There is only one reference, from
1311, to the “wheel of the mine mill” to describe one of them.
A connection between the mine and certain mills can also be

inferred from the fact that some of these mills belonged to in-
dividuals involved in mining activities, such as the Count of
Rodez, his representative Géraud de Luzencon in the 1270s and
1280s, and the Ferrier brothers, masters of the Orzals mine in
the 1260s and 1270s. All these mills were located on the banks
of the valley's main river, the Amalou. Only a small number
have survived to the present day; in the absence of any mate-
rial traces, many of them have been located by the persistence
of toponymy; for a few, particularly where the potential area for
implantation could correspond to an important zone, the loca-
tion has proved imprecise. However, although mills are present
in the written records, mining documents do not mention the
location of smelters or ore washing facilities. This lack of doc-
umentation is perhaps due to the ephemeral nature of these in-
stallations: Furnaces were short-lived facilities that could be set
up in a variety of locations, whereas mills were more limited in
location, and their multifunctionality gave them greater dura-
bility over time. The absence of any textual information on the
location of the smelting or washing plants, and the imprecision
of the location of certain mills over relatively large areas, made
it necessary to carry out geochemical studies in order to try to
locate the missing equipment.

2.2 | A Permian and Anthropized Valley

This narrow valley, exploited by medieval miners, opens onto
an extension of the Permian basin of Saint-Affrique, then in
contact with the edge of the Palaeozoic dome of Lévézou to the
north and the edge of the Mesozoic Grands-Causses to the east
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(Figure 3). The various sulphide veins, mainly lead and zinc,
are embedded in the Permian formations, with the exception of
those of Saint-Symphorien and Orzals, which are embedded in
the Lévézou basement. These are mainly quartz and/or baryte
veins of rather modest dimensions, both in extension (a few tens
of metres) and in thickness (2 to 3m) (BRGM 1984; Cachau 1961;
Goloubinoff 1984; Hiibner, Korner, and Schneider 2011). The
veins are clearly of hydrothermal origin, with highly brecciated
zones. The ores present in the veins are mainly composed of as-
semblages of argentiferous galena (lead sulphides) and sphaler-
ite (zinc sulphides), supplemented in the Pradal vein by rare
argentiferous tetrahedrite (copper sulphosalts) finely associated
with the galena. These assemblages give rise to polymetallic
metallurgy producing silver, lead and possibly some copper (no
mention of copper has yet been found, but the smelting of some
tetrahedrites has been noted at La Rode; Tomczyk and Minvielle
Larousse 2023). No supergene alteration layers have been ob-
served in this mid-mountain region, which has been glaciated
recently.

The valley is structured by its main river, the Amalou, its main
tributaries, the Laurette (formerly the Oulette) to the north-west
and the Douzillenque to the north-east, and by several ravines
that cut into its slopes (Figure 4).

These ravines are important landmarks in its topography: They
determine part of the cadastre, the toponymy, and sometimes
expose the rocky substrate. This is how the veins were discov-
ered and their exploitation began. Today, the bottom of the val-
ley is occupied by the village of Le Minier in the centre and then
by gardens and fields. The slopes have some cultivated fields but
are mainly covered by dense forest (Figure 5).

Schistosandstone formation
(Lower Cambrian)

Grey sandstone alternations
(Autunian grey)

/| «422 Conglomerates
S (grey Autunian)

Undifferentiated marl and sandstone
(Anisian - Ladinian)

- Dolomite and dolomitic limestone
(Hettangian)

Cipolins (Gneiss outcrop)

Veins (SMMP, BRGM, 1977, p. 96
BRGM, BSS$406523)

terre

.

However, this landscape is relatively recent. Until the 1950s,
there were no forests or scrubland. Except perhaps in a few
places, the slopes were entirely cultivated or used for sheep
grazing. The banks of the streams were also exploited, both
for fields and gardens and for the use of hydraulic energy in
several mills (Bernat 2021). Due to the steepness of the val-
ley, the crops were distributed in a dense system of plots built
on terraces. They are still very visible on the left bank of the
Amalou or near the Pradal ravine, whereas they disappear on
the right bank, for example, towards the Roucadou ravine.
One sector may have partially remained or become more an-
cient heathland or woodland: the Voltes. These terraces and,
more generally, all the anthropic developments that marked
the valley before the advance of the forest have, of course, had
important consequences for its sedimentary dynamics. It will
therefore be necessary to interpret the results of the geochem-
ical surveys in the light of this long occupation, which limits
access to the soils and medieval remains.

3 | Material and Methods
3.1 | Geochemical Prospection
3.1.1 | Prospected Parcels

The parcels to be prospected were selected on the basis of in-
formation from documentary sources, in particular toponyms
characterizing relatively large areas known to have housed
equipment that has now disappeared, but without allowing
their exact location to be determined (Figure 2). The bottom of
the Minier valley and the lower parts of its western slope thus

4 of 30

Archaeological Prospection, 2024

85UB017 SUOWILLIOD BA1F81D) 3|edl|dde sy Aq peusnoB a1e sapile O ‘88N JO S3INJ 10} ARiq 1T 8UIUO AB]IM UO (SUORIPUOD-PLR-SLLLR}/ WO AB| 1M ARe1q 1)U UO//SURU) SUORIPUOD PLE SWB L 8U) 89S *[1202/0T/02] U0 Afiq1T8UIIUO AB|IM * 0URIH SLRILD0D - 88SN0IR 3| BIAUII Se|00IN AQ 96T /20T OT/I0p/W00 A3 | 1M AReiq 1B UO//SANY WO papeo|umoq ‘0 ‘€920660T



1690500 1691000

T —
o,
%

N
N

Les Voltes <+ - ~—~ Deux-Aygues
N \

A

/

(=3
£=3
n
=<3
b=3

3
LN

1690000 7

Lar Roubiére

7

FIGURE4 | Satellite and LIDAR view of the valley and the surveyed area (Data—IGN; GIS—N. Minvielle Larousse).

formed the epicentre of the prospections. From there, extensions
were made to the north and south, and tests were carried out
at the base of the eastern slope. Finally, the plots in the north-
east of the valley, at Doulsac—where medieval works are men-
tioned—and at La Roubiere, were added to the list. The area
occupied by the village and some inaccessible plots (fences,
blackberry bushes, etc.) had to be excluded from the survey. A
total of 0.16 km? was covered, from Les Voltes in the north to Le
Moulinet in the south, including part of the fields of La Roubiere
and Doulsac (Figure 6).

3.1.2 | Portable X-Ray Fluorescence Measurements

There is a wide array of instruments, methods, and practices
in the implementation of geochemical measurements of soils
and sediments to study the impact of human activities (Aston,
Martin, and Jackson 2015; Bintliff and Degryse 2022; Hruby
et al. 2012; Pastor et al. 2016). Mass spectrometry is often used
(e.g., Camizuli et al. 2018; Degryse et al. 2003; Hordk and
Hejcman 2016; Martin et al. 2014; Maulana et al. 2019), but
it is expensive to set up and it is difficult to cover large areas
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Le Minier.

FIGURES5 | View of the Minier valley (photo—N. Minvielle Larousse).

with a dense grid. Although it is still often used in the labo-
ratory, portable X-ray fluorescence has an important advan-
tage: it can be used in situ. Concentrations can then be read
directly and prospections can be oriented in real time (Carey
and Moles 2017; Janovsky and Hordk 2018; Kennedy and
Kelloway 2021; Mohammadi et al. 2023; Ravansari, Wilson,
and Tighe 2020; Save et al. 2020; Shugar 2013; Téreygeol
et al. 2010; Volpi, Dallai, and Donati 2019). This second option
was chosen for this study due to the large area to be prospected
and the difficulty of assuming the location of the production
workshops.

The geochemical dosages were carried out using a handheld
XRF, model Tracer 5i, acquired in May 2021 by the Quai Branly
consortium, ArScAn, and AoRoC laboratories as part of the
funding provided by the fle-de-France region (Dim Matériaux).
The model is the latest from the supplier Bruker. It allows the
precise quantification of light elements up to magnesium (Mg).
It has three calibrations: Alloys, Precious Metals, and Mudrock.
The Mudrock calibration, designed for the study of soils, was
chosen. It allows the quantification of its main elements
(Figure 7). Duplicate analyses were carried out in cases where
the concentrations appeared particularly anomalous (which can
be explained by the presence of a rock fragment or minerals in
the soil analysis window).

It should be noted that certain elements, such as silver (Ag) or
antimony (Sb), which are of interest in the context of our work,
are not measured by this calibration because they are not fixed
in the soils. Indeed, the fixation or not of certain chemical ele-
ments by the soils depends on several factors, such as their acid-
ity or the conditions of oxidoreduction (Forstner 1985). Thus,
copper (Cu) and zinc (Zn) are poorly fixed in acidic soils (which
are abundant in the study area and result from the alteration of
siliceous rocks), whereas arsenic (As), whose presence is gen-
erally associated with the oxidation of sulphides, is easily fixed
there (Table 1). A chemical element, on the other hand, is a valu-
able marker for tracing ancient mining, mineralogical, and met-
allurgical activities: lead (Pb). In fact, lead has very low mobility
in acidic soils and is very insensitive to variations in oxidation

reduction caused by the oxidation of sulphides discarded in
the production process. It is also associated with silver in the
extracted galena and all the way down to the smelting. Lead is
therefore favoured for the location of all metal production sites,
from mines to foundries.

The parameters of the handheld XRF make it possible to choose
the acquisition times for the measurement of heavy elements
and then light elements (the light/heavy elements limit is set by
the machine from manganese (Mn)). The longer the acquisition
time, the better the precision of the data. We have therefore cho-
sen a particularly long acquisition time for the heavy elements
(60s) in order to accurately quantify the elements, especially
lead (Pb) (Table 2).

On the other hand, the acquisition time for the light elements
(Table 3) was chosen to be short (15s) because, apart from sul-
phur (S), these are mainly markers of soil types and animal
presence (Barnett et al. 2016; Laenger et al. 2022; Williams,
Errickson, and Taylor 2021) and are therefore of little relevance
in the context of our study.

Finally, some of the elements measured by the calibration are
systematically absent or below the detection limit. These in-
clude chlorine (Cl), cobalt (Co), molybdenum (Mo), and ura-
nium (U).

3.1.3 | Prospecting and Recording Protocol

During the archaeological campaigns of August 2021 and
2022, a team of two to four people was mobilized to carry out
these surveys, which enabled 1303 points to be measured. The
measurements were made by direct contact with the ground,
taking care to remove vegetation by scraping with a trowel.
The surveys were not carried out on days with heavy rainfall,
as high soil moisture (>25%) can affect the quality of measure-
ments with this type of portable instrument (Laperche 2005).
The analyses were carried out using an 8-mm collimator
protected by a polypropylene film. The choice of an 8-mm
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FIGURE 6 | Location of surface pXRF analyses (Data—C. Tomczyk; GIS—N. Minvielle Larousse).

collimator, rather than a 3mm one, is based on the need to
obtain the widest possible observation window, avoiding pos-
sible “nugget effects” that could be related to the presence of
large soil aggregates (it should be noted that taking a sam-
ple that can be finely crushed before analysis helps to avoid
these aggregate effects and to obtain more accurate values,
as the soil is then homogenized. Although this practice is
useful for obtaining very fine signatures from very homoge-
neous soils, it is not essential for prospecting when the aim is
to highlight extremely marked differences in concentration)

or millimetre-sized mineralized fragments. However, we
checked for their absence before each measurement.

Each chemical analysis was accompanied by a set of coordi-
nates obtained using a differential GPS provided by LA3M
(University of Aix-Marseille, CNRS), operating in RTK mode
with an x,y,z accuracy of about 15cm in open terrain and about
1.5m in wooded areas—bearing in mind that the x,y accuracy
of the measurement then remained in the order of 30 cm. The
measuring points were spaced about 5m apart, but the inability
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FIGURE 7 | Table of elements quantified by pXRF.

TABLE1 | Mobility of certain trace metals in soils (C. Tomczyk according to Forstner 1985).

Ph Redox potential

Relative mobility Neutral-alkaline Acid Oxidizing Reducing
High As Zn, Cd, Mo, Se

Hg, Co,

Ni, (Mn)
Medium Mn Cu, Al, Cu, Co, Hg, Ni, Zn, Cd Mn

Pb, Cr

Low Pb, Fe, Zn, Cd, T1 Fe (I11), Tl Pb, Tl Fe, Zn, Co, Ni, T1
Very low Al Cr, Hg, Cu, Ni, Co Mo, Se, As Al Cr, Fe, Mn Al Cr, Hg, Cu, Se, B, Mo, Cd, Pb

to obtain a GPS signal in some wooded areas, and the pres-
ence of many very overgrown areas with a lot of blackberry
bushes in some of the plots surveyed, did not always allow us
to respect this distance. Finally, as the XRF pistol displays all
the quantifications for each element detected in the soil on its
screen, it was possible to orientate the surveys in real time. As
soon as a concentration higher than the natural geochemical
background was detected, a tighter grid was used to verify the
presence of an enrichment and define its contours.

3.2 | Chemical Elements Associated With Mining
Activities

3.2.1 | Chemical Elements Represented

Based on the results of the measurements, the nature of the ore
deposits, and the prospecting environment, we have chosen to
present only lead and zinc. In fact, in the Minier Valley, these
two elements are the only relevant markers for the presence
of mining, mineral processing, and metallurgical activities.
Several factors justify this.

Firstly, they are the two elements that are mainly present in
the local deposits, in the form of silver-bearing galena and
sphalerite. As lead is well fixed in the soil, it is not surpris-
ing that it shows significant variations (from none to around
20000 ppm). Moreover, even if zinc is not well fixed in the soil
and can be absorbed by plants, the surveys have shown that
it is present in such quantities (5000 to nearly 27000 ppm) in
certain sectors that it allows the identification of tailings areas
related to the processing of ores containing sphalerite. On
the other hand, sulphur, although present in these minerals,
has not been effectively preserved in soils. Its low detection
(about 750 ppm +80ppm on average) confirms its mobility.
Furthermore, if tetrahedrites have also been identified in the
veins, the low presence of copper in the soils (95 ppm + 10 ppm
on average) is difficult to interpret. Copper is easily ab-
sorbed by plants and is used in the form of Bordeaux mix-
ture (a mixture of copper sulphates and lime) in orchards
and vegetable gardens. Finally, the presence of arsenic in
large quantities (often >270 ppm = 7 ppm) calls for caution. In
fact, arsenic shares a peak (one of the lead rays [L alpha] and
one of the arsenic rays [K alpha] are very close in energy, at
around 10.55KeV) with lead, and the arsenic levels seem to
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TABLE 2 | Margin of error (%) provided by the pXRF (average of the 1303 analyses carried out for this study) for quantification of heavy elements

detected (C. Tomczyk).

Element Mn Fe Ni Cu Zn Ga

Se Rb Sr Y Zr Nb Ba Pb Th

Average error (%) 3.6 0.5 11 33 12 43

16 3.5 4.7 3.2 3.2 46 75 07 438

TABLE3 | Margin of error (in %) provided by the pXRF (average of the 1303 analyses carried out for this study) for quantification of light elements

detected (C. Tomczyk).

Element Mg Al Si P

S K Ca Ti Vv Cr

Average error (%) 65.7 26.9 2.6 52.5

8.2 1.3 3.6 2.8 50.4 42.2

be explained by a failure to differentiate between these two
elements in portable X-ray fluorescence (Arles 2009, 211;
Laperche and Lemiere 2020).

3.2.2 | Natural Geochemical Background Variations
Across the Valley

In order to identify lead and zinc enrichments, it is first neces-
sary to establish the natural geochemical background. Although
there are national data that estimate local natural levels of total
lead in surface horizons (0-30cm) at over 200 ppm and zinc at
over 300 ppm, these data are not very precise as they represent a
very wide interval taken from few points (Gis Soil data: https://
www.gissol.fr/donnees/cartes/les-teneurs-en-plomb-total-des-
horizons-de-surface-0-30-cm-des-sols-de-france-2374). Its pur-
pose is to define a regional value, which is not well suited to
local studies.

In the Minier valley, it was first important to distinguish the
mineralized sectors from the others, because the deposits can
naturally enrich the soils that cover them. Then we checked that
there was no difference, even a slight one, between its northern
part, rich in amphibolites, gneiss, and quartzite, and its southern
part, composed of a Permian substrate of sandstone, conglom-
erate, and shale. Because the mineralization is associated with
different veins, the question arose as to whether there might be
a difference in lead and zinc enrichment between these sectors.
We therefore sampled from several locations to define the nat-
ural background as accurately as possible (Table 4). We based
this calculation on 15 surface analyses per sector. On the Voltes
slope, where there is an abundance of tailings, we dug a 1 m20
pit to ensure that we were measuring nonanthropogenic levels.
The absence of anthropogenic spills was only verified by simple
auger checks in the other sectors. Measurements in the valley
bottom were taken on stabilized horizons and not on alluvium.

Soils naturally formed on areas rich in veins (and not anthro-
pogenically modified) have comparable surface levels of lead
and zinc, around 300 ppm for lead and 460 ppm for zinc. Soils
at the bottom of the valley are richer near the village of Minier
(about 330ppm for lead and zinc). Although special care was
taken to select areas with no human activity, we cannot exclude
the possibility that these soils have been remixed or introduced.
However, the most likely hypothesis would be an accumulation
linked to mining activities upstream or closer to the valley of

Persignac. The values measured at high altitudes, outside the
mineralization, and on soils located downstream (last two rows
of the table) show much lower natural concentrations, around
230ppm for lead and 140 ppm for zinc.

3.3 | Spatial Representations

The most direct way of representing point concentrations is the
proportional circle. Although it is accurate and corresponds to
continuous data, it is difficult to read when concentrations are
close together and does not facilitate the identification of enrich-
ments. For this reason, discretization of the concentrations is
also useful. With an asymmetric positive distribution model (see
below), the Jenks algorithm is recommended as it maximizes the
interclass variance while minimizing the intraclass variance.

Finally, to obtain a continuous representation, among several
possible interpolation methods, kriging was chosen (Chiles and
Delfiner 2012, 147-238). This is a method that assumes that nearby
measurements tend to have similar characteristics, which corre-
sponds to the behaviour of metal contamination of soils, because
the composition of the latter varies little at the valley scale (matrix
effects are negligible at the scale of the study area [for more de-
tails, see in detail Huang et al. 2020; Kim et al. 2019; Li et al. 2022;
Ravansari, Wilson, and Tighe 2020). An ordinary kriging was
therefore carried out using the Arcgis software (Spatial Analyst
Tools, Interpolation, Kriging), based on a spherical model of the
semivariogram (https://desktop.arcgis.com/fr/arcmap/10.3/tools/
3d-analyst-toolbox/understanding-interpolation-analysis.htm;
https://desktop.arcgis.com/fr/arcmap/10.3/tools/3d-analyst-toolb
ox/how-kriging-works.htm). The resulting rasters were stretched
to improve contrast, with a standard deviation set at 2.5 and histo-
gram equalization. The first method (standard deviation) focuses
on the main concentrations, whereas the second expands and re-
fines the variations (histogram equalization).

Finally, the reading of geochemical maps, especially those
that are interpolated, must take into account the relief. For
this reason, they are superimposed on the DTM of the val-
ley, obtained with a resolution of 0.25m by a LIDAR survey
(survey carried out as part of the research programme in 2020
by Nicolas Poirier and Carine Calastrenc [TRACES - CNRS,
Université de Toulouse Jean-Jaures], then post-processed in
2021 by Véronique Rinalducci and Jules Fleury [CEREGE
and LA3M - CNRS, Université d'Aix-Marseille]. This survey
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TABLE 4 | Average values of the natural background measured in 2021 in different sectors (average of around 15 measurements—C. Tomczyk).

Sector Type Lead (Pb) Zinc (Zn)
Voltes Mineralized zone 270 ppm 460 ppm
Saliege/Arbus Mineralized zone 310 ppm 470 ppm
Amalou, entrance to the village Valley floor (nonalluvial) 325ppm 335ppm
Amalou, south Roucadou Valley outside dwellings (nonalluvial) 225ppm 150 ppm
South-west Voltes Nonmineralized area at altitude 240 ppm 130ppm

will focus on the valley floor and its slopes. It will be supple-
mented by the HD LIDAR survey now available from IGN).
The rasters were adapted to the archaeological analysis using
the Blender algorithm of the Relief Visualization Toolbox with
its default parameters (Stular et al. 2012).

4 | Results
4.1 | Pband Zn Concentrations

The maps of the measurements and their statistical distribution
show that a part of the detected lead and zinc levels exceed the
natural background (Figures 8-10).

However, only 25% of the 1303 samples exceed 1000 ppm for zinc
and 1300ppm for lead. Furthermore, only 10% exceed 2000 ppm
for zinc and 2300 ppm for lead, despite tighter netting in areas with
high concentrations. The maximum concentration quantified for
lead is 9169ppm (0.9%), whereas that for zinc is 27385ppm (or
2.7%). These exceptionally high levels are not unusual. They have
been observed on several occasions in areas of mines tailings (see
below) with almost no cover, where fragments of minerals, partic-
ularly sphalerite, are scattered. However, they do affect the aver-
ages, which reach 950 ppm for lead and 925 ppm for zinc. However,
the median, which is little influenced by very high values, shows
that slightly less than half of the lead and zinc concentrations mea-
sured are within the natural levels of the valley.

4.2 | Metal Enrichments: Scatter Plot

To better define the areas where lead and zinc are present, the lead
and zinc levels are discretized into five classes using the Jenks al-
gorithm—recommended in the case of asymmetric (Figure 11).

Considering the geochemical background and the measured
values, it can be assumed that there is a second class of con-
centration, starting from 600-ppm lead and 800-ppm zinc. This
second class corresponds to values between the median and the
third quartile. It marks the presence of weak anomalies or is on
the edge of more important concentrations grouped in the three
upper classes corresponding to the last deciles. The resulting
maps (Figures 12 and 13) thus highlight the metal concentra-
tions. Cartographically, the darkest points belong to the statisti-
cal classes with the highest lead and zinc values. The centre of
the various concentrations generally reaches 3000-5000 ppm for
lead (i.e., more than 10 times the geochemical background value)

and the edges of the concentrations exceed 1000 ppm. Zinc en-
richments exceed 1000-2000 ppm and often reach 5000 ppm. In
the valley floor, however, it is rare for the centre of concentra-
tions to exceed 600-1000 ppm (which is still well above the geo-
chemical background).

4.3 | Geochemical Concentrations: Continuous
Representation

The geochemical concentrations represent in a punctual form an
information that is continuous in space. Restoring this continu-
ity is therefore the challenge of mapping. The grids obtained by
ordinary kriging can be visualized in different ways, depending
on the questions asked. Here, we use two representations: one
based on the standard deviation (Figures 14 and 15), that is, the
measure of the dispersion of the values around the mean, and
the other based on the equalization of the histogram (Figures 16
and 17), designed to make the distribution as uniform as possi-
ble. These two visualizations of the same grid are complemen-
tary. The first highlights the areas of high variability, whereas
the second is useful when the distribution of lead and zinc es-
timated by ordinary kriging is characterized by the presence of
particularly high or low values.

These maps effectively target the places where metal concen-
trations are highest, while allowing a finer reading of soil con-
tamination. The soils of the valley are thus characterized by
more than a dozen lead-contaminated sites. The enrichments
form particularly large areas on the slopes, at Les Voltes and La
Saliége. In the valley, they are limited to a few tens of metres in
diameter. Zinc contamination is rarer, but particularly high and
widespread on the same slopes of Les Voltes and La Saliege. The
location of the enrichments and the comparison of lead and zinc
contamination are therefore the two geochemical data that will
be discussed and cross-commented with topographical informa-
tion and documentary sources.

5 | Discussion

5.1 | The Technical and Spatial Organization
of the Production Process

The first contribution of these studies is on a valley scale. It
is based on the observation that high concentrations of lead-
zinc are distributed on the slopes, whereas on the banks of the
Amalou, the concentrations are mainly lead and little zinc.
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FIGURE 8

5.1.1 | Identification of Ore Processing Workshops

The high concentrations of lead, and even more so of zinc,
which cover large areas on the slopes, are close to the mines.
The zinc and lead enrichments therefore correspond to areas
for sorting and rejecting ores considered sterile by the medi-
eval workers, directly at the mine exits or near the mineral
crushing workshops. The presence of numerous decimet-
ric gangue blocks containing sphalerite suggests (as did
Téreygeol et al. 2010) that zinc sulphides were not valued

Lead content represented by proportional circles (Data—C. Tomczyk; GIS—N. Minvielle Larousse).

and were rejected during the initial processing of the ores. Of
these taillings, only the one at Les Voltes was still mentioned
in the 19th century (Boisse 1858, 387-392), just before it dis-
appeared under the vegetation, like the one at La Saliege. The
geochemical maps allow us to identify them, to draw them,
and to assess the extent of the tailings, knowing that the ma-
terials have probably been marked by a process of dispersion
over the centuries: anthropic, during road works or the con-
struction of cultivation terraces, and sometimes natural (col-
luvium). The question remains, however, because if the spoil
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FIGURE9 | Zinc content represented by proportional circles (Data—C. Tomczyk; GIS—N. Minvielle Larousse).

heaps at Les Voltes and La Saliége are similar in composition
and size, those at Roucadou and Roubiére are different, being
poor in zinc and limited in area. This difference could be ex-
plained by a different mineralogy of the deposits, by different
places of dumping and treatment of the ores, or by the reuse
of the tailings.

At the bottom of the valley, it is mainly lead concentrations
that are observed, forming several areas with surfaces much

smaller than those of zinc. The materials present in these places
are therefore mainly galena, treated in workshops using water
from the Amalou. These could be the ore mills mentioned in the
documentary sources. However, the grinding of the ore cannot
be an important source of tailings, because the ground ore pro-
duced, except in the case of accidents or losses, were intended
to be enriched in washing plants. It is only after the ore have
been hydrogravimetrically sorted that the materials considered
sterile are discarded. Furthermore, although several foundries
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FIGURE 10 | Statistical distribution (boxplot and data summary table) of lead (Pb) and zinc (Zn) levels detected. Number of individuals: 1303

(Data—C. Tomczyk).

by < @ D ~ [l
© s © = ~ © = (323 w0 o
S ~ ~ < P S N © © ~
o o o o o o o o ~ o
1400 5 -+ = > 9 o o 400 - el - wr
2| = H e o =3 a b3 4 Y
1 g% 2 8 3 & 18| & & g i
a ] S| o o o 1le o o - o
1350 350
300 | 300
250 250
o) || 200
150 150
100
L
50 I
o JLI lm |
T T T T T T T T T T T T T 1
o 0.2 0.4 0.6 0.8 0.5 1 L5 2 2,5 3

FIGURE 11 | Histogram of the distribution of lead (left) and zinc (right) levels (expressed as a %) and values bounding the discretized statistical

classes (Data—C. Tomczyk; GIS—N. Minvielle Larousse).

could have been operating in the valley, we have so far only
identified slags around the La Rode mill. We have already es-
tablished that the enrichment identified is indeed due to these
slags, remobilized in the fills of a cultivation terrace (Tomczyk
and Minvielle Larousse 2023).

5.1.2 | Objectives and Organization of the Work

The aim of the workers was to separate the galena from the
baryte and quartz gangue that contained it, as well as from the
sphalerite. Sorting was carried out on leaving the mines, or
even inside them, and was continued for some of the material
by finer sorting carried out in nearby crushing workshops. As
the valley floor concentrations remain relatively rich in zinc,
this initial sorting was not perfect. Although the distinction
between galena and sphalerite is visually easy for experienced
workers, they can actually be intertwined on a microscopic
scale in the veins. Identifying the zinc thresholds reached at
each stage of the production process will therefore be a way
of evaluating and comparing the technical efficiency of the
workers, as well as questioning the consequences of a residual

presence of zinc in the smelting process. Indeed, it has been
shown that large quantities of zinc are detrimental to the sep-
aration of lead from silver (Chiarantini et al. 2021). However,
it is possible that a very small amount of zinc minerals may
have no effect on the metallurgical process (Anguilano,
Timberlake, and Rehren 2010; Olov¢i¢ et al. 2022) or may
even be slightly beneficial for the separation of lead and sil-
ver (Merkel et al. 2016). In the latter case, a certain amount
of sphalerite, yet to be defined, may have been deliberately
retained. Few studies currently address the question of the
threshold above which zinc could affect (positively or nega-
tively) the metallurgy of lead and silver. It therefore deserves
to be documented: first by excavating the workshops, then by
drawing up an experimental protocol.

Pending further studies, it can be seen that the enrichment of
the ores at Minier was based on a double optimization: that of
the sequence of manual and hydraulic preparation techniques,
and that of the transport of materials (Figure 18). Most of the
sorting and crushing took place in the immediate vicinity of
the mines, in order to remove the maximum amount of tailings
with the minimum amount of transport: sterile rock, gangue,
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FIGURE 12 | Discretized lead content (Jenks) in five classes (Data—C. Tomczyk; GIS—N. Minvielle Larousse).

and sphalerite. Only the galena, together with the remaining
sphalerite, was then transported to the bottom of the valley
for further enrichment with river water. Preliminary calibra-
tions could be carried out near the mills, with some additional
tailings, then the ground ore were sorted by hydrogravimetric
methods. The ore ready for smelting could finally be smelted
on site or, more probably at the present stage of research, it
could be transported to a foundry to the south, near La Rode,
which could collect the materials from the companies in the
valley.

The number of enrichment zones found between Deux-Aygues
and the Minier suggests the presence of several workshops
with similar functions, unless these are subsequent remobili-
zations. This co-presence could indicate chronological devel-
opments, or the presence of several neighbouring workshops
designed to absorb the quantities of material extracted from
the mines without delay, or even workshops dedicated to
the processing of ores from different companies. In the lat-
ter case, spatial discontinuities would correlate with social
discontinuities. In the Central Middle Ages, each company
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FIGURE 13 | Discretized zinc content (Jenks) in five classes (Data—C. Tomczyk; GIS—N. Minvielle Larousse).

was indeed master of its production process and could build
workshops for its own use (see Braunstein 2003; Minvielle
Larousse 2023). Several parallel production processes could
therefore take place in the valley, multiplying the number of
workshops, regardless of the cumulative quantities of mate-
rials or other rationalities such as the reduction of transport
times. This question could also be answered by excavating
each of the sectors identified by the geochemical surveys.

5.2 | Locating the Workshops

The second contribution of the surveys is the ability to locate
each potential workshop more precisely. The combined reading
of the geochemical maps (point, discretized, and kriged) with
the digital terrain model and the topography from documentary
sources makes it possible to formulate hypotheses for each sec-
tor and thus to prepare excavation campaigns.
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FIGURE 14 | Spatial interpolation (ordinary kriging) of lead levels, raster as a function of standard deviation at 2.5 (Data—C. Tomczyk; GIS—N.

Minvielle Larousse).

5.2.1 | Mining Works: Les Voltes, La Saliége,
and La Roubiere

At Les Voltes (Figure 19), the terrain slopes negatively to the
north. With the exception of the field to the south, the valley
slope is currently covered with woods and coppices. Aerial photo-
graphs show a slight progression of the forest from the mid-20th
century to the present, but this cover appears to be old, as no cul-
tivation terraces are visible. Apart from the sedimentary dynam-
ics associated with the slope and erosion, and the more punctual

transport associated with the maintenance of the roads, the soils
appear to be relatively well preserved. Within a large contami-
nated area, lead and zinc are concentrated mainly in two sectors:
a northern sector (a) corresponding to mining remains (trenches
and surface dumps) and a southern sector (b) upstream, in a field.
A final concentration is observed between the two: in the imme-
diate vicinity of another set of mining remains (c).

This sector is beginning to be known as excavations are under-
way (pending publication, access to the archaeological reports is
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FIGURE 15 | Spatial interpolation (ordinary kriging) of lead levels, raster with an equalized histogram (Data—C. Tomczyk; GIS—N. Minvielle

Larousse).

available on request; Minvielle Larousse et al. 2022). To the north
and in the centre, the presence of workings and taillings has been
confirmed, and a small group of workshops is being excavated in
the field to the south. The contamination found on the surface
is therefore of multiple origin: from the mines and workshops
on the slope. However, several questions remain. It will indeed
be necessary to distinguish the three mines mentioned in the
texts, Orzals, which is the main one, La Sompa and Socca, which
seem to be more ephemeral; to be able to delimit the group of

workshops, especially towards the east; and to understand why
the miners chose to move the material from downstream to up-
stream, when an arrangement of the banks of the river could have
optimized the transport and processing of the ores, concentrating
in one place the manual and hydraulic stages of ore preparation.

At La Saliege (Figure 20), the terrain has a very steep negative
slope to the north, bordered by the ravine and the village. The
ravine where the workings are located (a) is entirely terraced, now
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FIGURE 16 | Spatial interpolation (ordinary kriging) of lead levels, raster with an equalized histogram (Data—C. Tomczyk; GIS—N. Minvielle

Larousse).

abandoned and covered with brushwood. Upstream there is an
open field to the west (b) and a stand of pine trees to the east (c).
The plantations are recent, occupying a field that was still open in
1970. The northern boundary of these two fields is marked by the
path, and higher up by some terraces, but the terrain here is not
cultivated. Perhaps it has been cultivated? In any case, the main
phenomenon that should structure the soil is this slope effect.

Two paradoxes characterize this sector. Firstly, the enrichments
are again upstream of the mine, which would mean that the spoil

heaps dumped downstream of the trench may have been remo-
bilized, but that at least some of the material was taken up to be
processed. Perhaps the mines were equipped with an ascending
shaft to facilitate this transport? This would imply that mineral
preparation workshops may have been located upstream of fields
b and c. Secondly, it seems that the highest concentrations are
found in the upper parts of these fields, despite the steep slope.
A fairly homogeneous distribution is observed over a length of
100m and a width of 35m. It is therefore possible that the spoil
heaps were contained by retaining walls, preventing the material
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FIGURE 17 | Spatial interpolation (ordinary kriging) of zinc levels, raster with an equalized histogram (Data—C. Tomczyk; GIS—N. Minvielle

Larousse).

from flowing towards the village. In addition, by comparing the
maps of lead and zinc, it can be seen that the field to the north-
west (b) seems to be mainly contaminated with lead, whereas
the field to the south-east is more contaminated with zinc (c). It
will be necessary to verify if this difference could be an echo of
the mineral preparation, with the preservation of galena in the
north-west and the rejection of sphalerite in the south-east.

At La Roubiére (Figure 21), a large area is located at the edge
of a forest and a path. The ground slopes steeply (around 10°)

towards the west and the vegetation in this area is sparse com-
pared with the wooded areas bordering this sloping area. This
difference in vegetation could be linked to the presence of nu-
merous blocks of quartz and baryte, mineralized with galena
and rarer sphalerite, 5 to 10cm in size, visible on the surface,
leading us to interpret it as a spoil heap. It should be noted,
however, that unlike Les Voltes and La Saliege, this tailing
is only enriched in lead and not in zinc. Further studies are
therefore required in this area before any excavation can be
considered.
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FIGURE 18 | Proposed modelling of the lead and silver production process in the Minier valley (C. Tomczyk).

5.2.2 | Mining and Mineral Processing: Roucadou

Around the Roucadou ravine (Figure 22), the terrain is varied. The
river, which is deeply incised here, and the ravines are surrounded
to the west by small cultivation terraces covered with coppice,
whereas to the east, there is a platform 25 to 50m wide, also built
with retaining walls on each side. It appears that a palacochannel
with a few blocks crosses its southern part, suggesting the pres-
ence of a hydraulic structure. Two geochemical enrichments have
been observed: a main one in the centre of this platform, strongly
marked by lead (a), and a secondary one on the other bank to the
west, marked by lead and to a lesser extent zinc (b).

Documentary sources mention a mine, the Roucadou mine,
whose ravine runs perpendicular to the vein, and a mill in the
Théron terroir, called the wheel of Géraud de Luzencon (an of-
ficer who represented the Count of Rodez at Le Minier between
at least 1276 and 1281). In 1311, the link between this mill and
the mine is made explicit by its designation as the “wheel of the
mine mill.” It would therefore seem logical that this sector was
both a mining site and, at the very least, a place for the prepa-
ration of minerals (crushing, grinding, and washing). To date,
neither the mine nor the mill have been found. Topographical
clues are rare and ambiguous, geochemical maps confirm the
potential and provide some clues. If sphalerites were discarded
during sorting and crushing, they would be found in area b, near
the mill. Processing of galena (grinding and washing) would
take place on platform a.

5.2.3 | Hydraulic Workshops: From Deux-Aygues to
La Rode

The Deux-Aygues mill (Figure 23) is located at the confluence
of two streams. The present mill is situated on a small plat-
form surrounded by woods and pastures surrounded by dry
stone walls. We did not detect any metal content in the ruin
of the mill itself, but two concentrations were detected around
ten metres. It is certain that this area is not mineralized and
that the lead (zinc) contamination can only be anthropo-
genic. These two concentrations are nevertheless difficult to
interpret because of the remobilization of the soil during the
construction of the terraces. They have similar grades (of the
order of 3000-ppm lead and around 1000-ppm zinc) and it is
possible that these two enrichments reflect the remobilization
of the tailings from the mill (which would explain the similar-
ity of the two concentrations). The most that can be assumed
from the text is that the mill, in its medieval state, could have
been used to grind ore.

Further south, at the Arbus mill (Figure 24), there are the re-
mains of a mill that was still active in the 19th century. It is
situated on a terrace along the river. In fact, the whole of this
sector consists of gardens and terraced fields. The cadastre
divides small plots on this boundary and larger plots to the
west, upstream of the road. The land is flat on all plots, but
has a negative slope to the north-east, from the base of the
slope to the river. The soils have probably been marked by tens
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FIGURE 19 | Detailed maps of the Voltes (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).
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FIGURE 20 | Detailed maps of the Saliege (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).

of years or more of ploughing and fertilizing. Moreover, the
construction of these terraces, at an unknown time, undoubt-
edly marks a clear break in the sedimentary dynamics of this
sector. In fact, the lead contamination is diffuse. They are ob-
served over a length of 150m and a maximum width of 50 m.
However, it is likely that a medieval ore mill operated in this
sector. The fact that these terraces are contaminated confirms
this, unless it is a case of transporting mining tailings from
elsewhere.

At the Raynal mill (Figure 25), a field runs along the river. It is
a flat terrace over its length, with a slight slope to the south-west

over its width. A mill is recorded here in the Middle Ages, al-
though it is not known whether it was used for grinding ore.
This overgrown field was certainly cultivated, so one might
have expected an extensive concentration such as that observed
at the Arbus mill. On the contrary, it is found to be confined
to the lower part of the field, against the wall of the upper ter-
race, and its lead content is high: between 0.4 and 0.9%. The
context of this field is both significant and complex. The field is
located downstream of a mill, along the river, on whose banks
a fragment of an ore millstone has been observed (Minvielle
Larousse et al. 2021). However, the field is not far from the mod-
ern mines of Persignac, one of whose entrances is 100 m further
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FIGURE 21 | Detailed maps of the Roubiere (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).
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FIGURE 22 | Detailed maps of the Roucadou (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).

downstream. The other possibility would be to see a heap of re-
cent tailings dumped in this field during or after the closure of
the Persignac mine.

At La Rode Mill (Figure 26) there is a long and wide terrace that
runs along the river. The mill, which was built in the centre,
is in ruins but was in operation until the present day. The soil
contamination is high and is located on the northern plot, up-
stream of the mill. It occupies the whole width of the field for
55m in length and forms distinct contours. We know that an
ore mill was documented there as early as 1287. It was known
as the Ferrier wheel, referring to Bertrand Ferrier or his brother

Raymond, lords of the Orzals mine from the 1260s. Lead-bearing
slag was scattered throughout the site, suggesting the presence
of a foundry. An archaeological study has already established
that the metal contamination is due to the spread of this slag in
the terraces (Tomczyk and Minvielle Larousse 2023). However,
no metallurgical or mineral processing structure has yet been
identified within the limits of the survey. Further trenching is
therefore required.

At the Bousquet (Figure 27), further terraces built along the
river structure the terrain. The metallic contamination identi-
fied, spread by the crops, is relatively faint and therefore of little
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FIGURE 23 | Detailed maps of the Deux-Aygues (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).
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FIGURE 24 | Detailed maps of Arbus (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).

significance. This could be due to short processing activities, the
transport of materials during the construction of the terraces, or
the erosion of a dump from contemporary mining in the valley,
deposited above the terrace.

5.3 | Methodological Choices, Relevance
and Limitations

At the end of these discussions, we propose some methodologi-
cal considerations aimed at extending or improving the results.
In fact, two deliberate choices have structured the geochemical

surveys: the decision to carry out in situ measurements and the
decision to base the survey on a generic grid of approximately
5m. This work has been carried out mainly by cross-reading
documentary, geochemical and topographical sources.

5.3.1 | Relevance of the Methods Used

In situ measurements without sample preparation are less accurate
than measurements taken in a plastic bag, in the field, or prepared
in the laboratory, ex situ, for the quantification of light elements
(Williams, Taylor, and Orr 2020). However, the gap narrows
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FIGURE 25 | Detailed maps of Raynal (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).
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FIGURE 26 | Detailed maps of the Rode mill (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).

for heavy elements such as lead (Horta et al. 2021; Hiirkamp,
Raab, and Volkel 2009; Lagerstrom, Norling, and Eklund 2016;
Shuttleworth et al. 2014). Thus, in situ pXRF analyses remain rele-
vant for the study of heavy metal contamination in soils and allow
for efficient surveys (Carr et al. 2008; Ding et al. 2018; Higueras
et al. 2012; Peinado et al. 2010; Qu et al. 2019; Sut-Lohmann
et al. 2022; Weindorf, Paulette, and Man 2013).

In fact, the enrichments detected in this study have such high
concentrations of lead and zinc that neither the analytical error
margin of +0.7% for lead and +1.2% for zinc, nor the other
parameters that may vary the elemental composition of the

measurements (humidity, compaction, etc.) prevent the anom-
alies (whose edges have concentrations higher than 800ppm)
from being distinguished from the natural geochemical back-
ground, which is more than twice as low. This margin of error
is even very small for the objective of these surveys. With the
benefit of hindsight, it would have been possible to reduce the
survey time to achieve an error margin of +10% for lead and zinc
and to cover the surface more quickly.

We then chose to distance each measurement by 5m whenever
lead levels remained below 500 ppm (considering these levels to
be close to the natural geochemical background). The spacing
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FIGURE 27 | Detailed maps of the Bousquet (Data—C. Tomczyk, J. Bemon; GIS—N. Minvielle Larousse).

was only reduced to 2m when lead levels exceeded 1000 ppm.
In retrospect, this 2mx2m grid seems sufficient, as the con-
centration (including centres and edges) do not appear to be less
than 4m?2. Given the shapes taken by medieval ore processing
workshops (e.g., Belli, Francovich, and Grassi 2005; Flament,
Téreygeol, and Sarah 2019; Hruby et al. 2021; Minvielle
Larousse et al. 2019b), even a single building on a slope would
occupy an area of more than 5m?, even more so if the space for
the disposal of tailings is included. Although smaller areas are
always conceivable, they would probably not correspond to indi-
vidual or clustered workshops, but rather to a remobilization of
contaminated sediments. Of course, this observation applies to
sedentary and relatively intensive production. For other periods
or contexts, the question of the grid should be reconsidered.

5.3.2 | Archaeological Contributions and Limitations

From an archaeological point of view, geochemical maps pro-
vide more than just potential workshop locations. We have
seen that variations in concentrations and surfaces allow
functional hypotheses to be made which, when corroborated
by the topographical environment and documentary informa-
tion, can form a preliminary discourse on the organization of
production at the scale of the prospected space. In the case
of research on metal production, this prospecting method
is therefore as easy to implement as it is useful. In other
cases, it can be used to complement geophysical or thermal
prospecting.

However, two difficulties remain. The first is knowing at
what depth the remains—tailings or workshops—are located.
Surface surveys should therefore be followed by auger boreholes
to identify contamination levels, to provide evidence of the ori-
gin of this contamination and to provide elements of dating. The
second difficulty is to know whether the contamination is from

primary or secondary materials, and therefore from workshop
remains, or just tailings. The distribution or concentration of
contaminants can be a clue, but only in the context of soil for-
mation. For example, when more diffuse concentrations were
found on the surface of the terraces, we assumed that the remo-
bilization of sediments and materials in the fills could explain
this dispersion. The drilling carried out at the Rode mill con-
firmed this. On the other hand, where the soils appear to be less
disturbed, as at Les Voltes, workshops have indeed appeared
from the first drillings.

Thus, if we can reasonably expect to bring to light remains at
the centre of concentrations reaching 3000-5000 ppm, it will
be necessary to implement more preliminary drillings in places
where the concentrations are lower or in those characterized by
important sedimentary dynamics.

5.3.3 | The Interdisciplinary Approach

Finally, we would like to underline once again that the ap-
proach taken in this study is interdisciplinary. If we had had
to organize these surveys without the knowledge of documen-
tary sources, the area studied would undoubtedly have been
larger and the grid more widely spaced. In addition, the few
mine tailings exploited in the 19th and 20th centuries on the
eastern slope of the valley (Persignac) would also have been
measured, which would have significantly modified the
thresholds corresponding to the enrichments sought, those
of medieval production (contemporary tailings have lead and
zinc concentrations three times higher than medieval waste
dumps). This pre-established temporal and spatial discrimina-
tion made the surveys more efficient and immediately usable.
However, although it has been fruitful in terms of operational
efficiency, keeping the geochemical surveys within an accept-
able time frame and budget, this discrimination runs the risk
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of leaving out areas of exploitation that are not covered by the
documentation. It is therefore essential that a detailed knowl-
edge of the terrain and the observation of its enrichment can
correct this bias and also guide the geochemical surveys, as
shown by the Roubiére sector.

The main interest of the approach therefore lies in the inter-
pretation of the results. Our understanding of some workshop
sites and by knowing that the extraction took place on the
slopes and the processing in the valley floor, we have been

able to understand the distribution of the concentrations and
to develop a discourse that needs to be refined, but which is al-
ready verified by the sounding of the plots. The isolated com-
mentary of documentary sources suffers from certain gaps
and spatial inaccuracies. Geochemistry alone can define en-
richment areas, but it depends on sedimentary dynamics and
its ability to interpret the origin of enrichments will be lim-
ited. Here, the LIDAR DTM was mainly characterized by the
contemporary forms of occupation of the valley, so that traces
of medieval soils and remains only appeared in exceptional
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FIGURE 28 | Overview map. Geochemical and documentary topography of medieval production in the Minier valley (Data—C. Tomczyk, J.

Bemon; GIS—N. Minvielle Larousse).
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cases. By cross-referencing these three sources, identifica-
tions have been made more precise and complete, and inter-
pretations have been broadened and consolidated. Because
it is rare, even exceptional, to find a similar approach in the
studies we have examined, we conclude with a plea in favour
of linking sources and methods. Of course, the Minier valley
is a particularly suitable case study for this purpose, but the
tools needed to effectively locate the sites and identify their
functions had to be put in place.

6 | Conclusion

At the end of this study, all the archaeological objectives had
been achieved. After compiling the archival corpus of the valley
and measuring 1303 points in situ with a pXRF at a distance of
approximately 5m, the topography of the medieval production
was actually drawn (Figure 28). Although the mines were lo-
cated, their spoil heaps were no longer visible. Now, they had
been demarcated. Although we did not know the location of the
mineral processing workshops, the combination of their docu-
mentary references and the geochemical maps made it possible
to draw up an inventory, at least representative, of the places
where their remains can be found. A dozen sectors are listed.
Uncertainties remain in terms of depth and, above all, preserva-
tion, but the locations are precise enough to plan and carry out
coring with a drill, followed by archaeological excavations to fill
in the gaps.

In addition to defining the location of these sites, a double dis-
course on silver production has been developed. The research
has made it possible to outline part of the organization of the
work, between mining sectors on the slopes (the Voltes, La
Saliége), which seem to have been dedicated to the sorting of
ores rich in galena and sphalerite, and other sectors in the val-
ley bottom, mainly enriched in lead, which seem to have been
dedicated to the rest of the process, probably grinding, wash-
ing, and metallurgy. The fact that several lead enrichments
have been identified suggests that mineral processing was not
centralized in space or permanent in time. As we know that
several mining companies were active in the valley at the same
time, several parallel production processes were in operation.
This suggests a social division of labour as well as a technical
sequence of workshops. One of the aims of future excavations
at workshop level will therefore be to understand the economic
choices and spatial practices of each company. In this respect,
Géraud de Luzencon's wheel currently offers the best poten-
tial. In fact, we have a relatively precise site facing one of the
most remarkable metallic concentrations on the left bank.
Moreover, the fact that we can link a workshop to its tenant
and, more generally, to its operating context, will enrich and
consolidate the study.

More generally, the results provide food for thought in the field
of methods and palaeopollution. In addition to feedback on the
mesh and acquisition time of pXRF measurements, the appli-
cation of geostatistics to the construction of geochemical maps
has only been touched upon here. The dataset associated with
our study could be remobilized in the future to refine the geo-
chemical commentary (e.g., Mikotajczyk and Milek 2016; Trant
et al. 2021). This will be all the more useful as we are already

able to compare surface maps with waste scatters or the remains
of the workshops that produced them. Finally, this study has
also demonstrated the existence and persistence of metal con-
tamination in the soils of a rural valley largely removed from
contemporary industry. Even if they are localized, we have seen
that the concentrations measured remain punctually high for
several centuries after production has ceased. Old mining areas
must therefore be taken into account in inventories and consid-
erations of the environmental impact of metal production (Maus
and Werner 2024). At Le Minier, the question of this impact—its
knowledge and its management—arises both for the medieval
community at its origin and for all those who have occupied and
still occupy the valley (Geltner 2023; Walraven et al. 2016). More
than an extension, it is the opening of a new avenue of research
that this study makes possible, at the intersection of social and
environmental sciences.
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