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This paper focuses on past woodland changes and land uses in an ancient mining area of the Eastern
Pyrenees (Ari�ege, France). The area discussed is located at the western entrance of the Vicdessos, a valley
with significant steel production, and it is crossed by the road used from the 14th c. to the end of the 18th
c. for the iron-charcoal exchange with the forest Province of Couserans. The introduction of this singular
exchange and the silver ore mining history of this border area raise the question of their impact on forest
cover changes and changes in human practices and their link with anthropisation processes. To deal with
this issue, we put in place an interdisciplinary approach involving archaeology, charcoal analysis,
ecological history and geochemistry. The archaeological investigations and fourteen radiocarbon ages
allowed characterising and dating of mining and charcoal-making remains. They situate the emergence
of metal ore mining during the Second Iron Age and charcoal making activity between the 15th and 17th
c. The geochemical analysis of 9 galena samples showed some different isotopic signatures between ores
extracted in ancient times and those mined during the modern period. The charcoal analysis of (i) 2442
charcoals from 31 charcoal kilns (ii) 500 from one pedoarchaeological pit excavated in a waste heap
related to firesetting, and (iii) 250 from two pedoanthracological sampling points carried out in the
charcoal burning forest, permits a detailed reconstruction of the woodland cover changes from the
Second Iron Age to the 19th c. Furthermore, the combination of data from different disciplines allows for
a long-term reconstruction of human practices history and woodland management for different uses. In
particular, the results show the transformation of the fir-beech forest, still dominated by fir around the
turn of the Roman era, into pure beech wood managed on northern slopes for human daily needs, oc-
casionally mining, lumber and mainly charcoal production until the 19th c. The elimination of fir dates
back to the 17th c. This assumes the end of lumber activities in that period. Pedoanthracological and
palynological data suggest that southern slopes, progressively deforested since the Bronze Age, were
entirely devoted to permanent agropastoral activities probably at least since the end of the medieval
period.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

In the past, mining and ore processing activities in Europe
ragaglia).

reserved.
exerted a strong pressure on woodland cover and contributed
significantly to environmental changes (Monna et al., 2004a;
Breitenlechner et al., 2010; P�elachs et al., 2009; Ludemann, 2010;
Knapp, 2012; Roepke and Krause, 2013; Py et al., 2014; Knapp
et al., 2015; Tolksdorf et al., 2015). In the 80e90s, several studies
carried out in the Eastern Pyrenees (southwestern France) and
focused on charcoal making activity showed the importance of this
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phenomenon (Bonhôte and Vernet, 1988; M�etaili�e et al., 1988;
Bonhôte and Fruhauf, 1990; Izard, 1993; Davasse and Galop, 1994;
Davasse, 2000; Bonhôte et al., 2002). However, with some excep-
tions (Dubois and M�etaili�e, 2001), the data obtained for several
valleys remained partial and disparate, particularly for periods
prior to the 17th c. The most efficient way to understand the
different anthropogenic factors affecting an ancient mining terri-
tory is to utilise a global and integrated approach as it was suc-
cessfully done in the Basque Country (Galop et al., 2001; Monna
et al., 2004b), Mont-Loz�ere (Servera Vives et al., 2014; Bal et al.,
2015; Paradis-Grenouillet et al., 2015) and Harz Mountains
(Knapp et al., 2013). Our present study is a continuation of the
research conducted in the Eastern Pyrenees in the goal of deep-
ening our knowledge of two areas with fragile mountainous eco-
systems, which are particularly vulnerable to the effects of global
change: the Upper Vicdessos and Couserans (Fig. 1). The first site
contained rich iron ore deposits that were the subject of an
important mining activity in the Ranci�e Massif from the Roman era
(AD 3e5th c.) to the beginning of the last century (Dubois and
M�etaili�e, 2001; Dubois, 2001). The second area, located in the
neighbouring Province of Couserans and called Aulus Mountain
(Upper Garbet Valley), hosted an important silvermining district. In
both of these areas, texts from the 14th c. suggest that mining and
ore processing activities generated a significant consumption of
wood, which has increased with the emergence of the mouline
technology starting in the late 13th c. (Verna, 1994, 2001, 2008;
Leroy et al., 2012). For historians, this kind of bloomery using
Fig. 1. National and regional location map o
hydraulic force seems to have been responsible for the first forest
crisis, as is suggested by certain texts from the 14th c. (Verna, 2001).
But, in our study area, it seems as though it worked to the contrary.
In AD 1347e1348, an exchange treaty, sealing the fate of both these
mining regions, consisted in an agreement to exchange iron from
Vicdessos mines against charcoal from Couserans forests in order to
safeguard wood resources of the former and to promote the
development of the steel industry for the latter. But the real long-
term implication of this treaty on Couserans' forest history and
evolution is not well known and historical documentation prior to
the 19th c. is sparse (Davasse, 2000). In addition, the paleoenvir-
onmental studies that have been published on the subject are old
and rare (Kenla, 1977; Kenla and Jalut, 1979; Reille, 1993). More
recently, a palynological study of a peat core included in our study
area (Galop, 1998; see Fig. 2 for the coring site location), but this
sequence covers all the post-glacial period and its upper part is
consequently compressed and does not provide sufficient temporal
resolution to determine the accurate anthropisation processes such
as mining, which were contemporary with historical periods.
Consequently, this small area has focused our attention on the first
part of our study, whose first results are reported here. Its history,
closely tied to mining activities, raises the question of their impact
on forest cover changes, human practices and anthropisation pro-
cesses. In addition, we aim to characterise the implication of the
iron-charcoal treaty on Couserans’ forest history and evolution, in
particular in our study area. In the context of the Human-
Environment observatory Pyrenees-Vicdessos (Labex DRIIHM), we
f the study area discussed in this paper.



Fig. 2. Detail sampling points (ores and charcoals from soil and mining remains) and archaeological remains locations with both mining sectors (Les Argenti�ere and Lacore) and
charcoal kilns.

V. Py-Saragaglia et al. / Quaternary International 458 (2017) 141e157 143
put in place an interdisciplinary approach involving archaeology,
charcoal analysis, ecological history and geochemistry, in order to
answer these issues and (i) to characterise and date the archaeo-
logical remains of mining and charcoal-making; (ii) to determine
the geochemical imprint of lead ores that were exploited locally;
(iii) to identify forest resources exploited for mining and charcoal-
making; (iv) to understand their impact on soil charcoal concen-
tration and anthracological assemblages. Lastly, we aim to offer
new and additional insights into long term Pyrenean forest history
in relation with human activities and practices.
2. Regional setting

2.1. Geographical and geological contexts

The Couserans province covers a group of convergent Pyrenean
valleys opening onto the Salat catchment basin. This large moun-
tain area is situated in the central part of the Pyrenees and shares
30 km of common border with Spain (Fig. 1). The Upper Garbet
Valley forms its southeast extremity. This valley is backed by the
Bassi�es granitic massif and receives strong northwest winds and
precipitation. Annual precipitation can reach 1.600 mm per year in
the Upper Garbet Valley. On the high mountain slopes 2500 mm
can be attained. This well-watered valley lodges the Aulus-les-
Bains town which is located at the end of two glacial valleys; the
Upper Garbet Valley in the east and the Ars Valley in the west.
These valleys are separated by the Pic du Pouech (1.737 m a.s.l.)
(Fig. 1). The Upper Garbet valley marks the western border of a
polymetallic area that presents most of the Pyrenees’ ore resources.
Beyond this metallogenic boundary, from the Vicdessos Valley to
the CanigouMountains, the iron ores are predominant. In the Aulus
Mountain, polymetallic ore deposits are essentially hosted in
Devonian dolomites. This area also hosted one of the most impor-
tant silver mines called “Castel-Minier” (Fig. 1). These
mineralisations were remobilised in fractures during the Hercynian
folding and the simultaneous rise of a granite massif. The Pyrenean
orogeny might have contributed to the geological and metallogenic
complexity of this area. In total, about thirty mines were reported
by the BRGM (French geological survey) in the Aulus Mountain
(BRGM, 1983). In the geographical window of our study, on the
right bank of the Garbet River, the main studied mines are named
“Argenti�eres” and “Laquorre” or “Lacore”. The Argenti�eres mining
sector consists of two peaks that reach 1.600 m a.s.l. (Pic des
Argenti�eres) (Figs. 1 and 2). The main mineralisation consists of
cerussite (PbCO3), massive and dispersed galena (PbS), grey copper
(copper associated with galena presenting rich silver and antimony
content), and numerous alteration minerals (BRGM, 1983). For a
detailed and updated review of the ores implementation precisely
in this study area, please refer to Munoz et al., 2016.
2.2. Historical and archaeological contexts

For both mining sectors, manuscripts attest several short pe-
riods of mining activity in the 18th (1773e1782) and 19th c.
(1835e1842, 1857e1859, 1898e1899) (Dietrich, 1786; Mussy, 1864;
Dubatik, 1981; Dubois, 1999; BRGM, 1983). Former mining phases
were suspected by Dubois (1999) but never attested by archaeo-
logical evidence or geochemical imprints (Dubois and M�etaili�e,
1991). Davasse (2000) studied in this area four kiln sites of which
two are reviewed here (CK 1, 17) (Fig. 2). In the Lacore sector,
mining works were more extensive, particularly underground.
Geologists and archaeologists have always connected them to the
modern period (Dietrich, 1786; Mussy, 1864; Passaqui, 1964;
Dubatik, 1981; BRGM, 1983). This chronology is disconnected
from the Castel-Minier site, located farther down in the valley
(Fig. 1), where themainmining phases took place between the 13th
c. and the end of the 14th c. Themouline exploited in the same area
was operated from the 14th to the 16th c. (Dillmann et al., 2006;
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T�ereygeol, 2007; T�ereygeol et al., 2010).
The iron-charcoal treaty signed by the Count of Foix, the

viscount of Couserans and the community of Vicdessos, is known
through three corrupt copies made in the 18th c. and the original
document is almost illegible (Verna, 2001). In these copies, the
treaty appears to have been reached in favour of Vicdessos. In ex-
change for supplying iron for Viscount Couserans’ moulines, the
Vicdessos people (especially the master ironworkers) obtained the
right to make charcoal in Couserans forest without any limitation.
Only the cutting of oaks and young treesmeasuring “one hand”was
prohibited. Verna (2001) assumes the existence of other conditions
intentionally left out in the later copies. Themule drivers with loads
(charcoal, timber wood and iron ore) used the mountain pass of
Port de Saleix (Fig. 1) located just beside Les Argenti�eres-Lacore
mines and that of Port de Lers further north. In the same place, on
the Coumebi�ere Plateau, there are also a lot of remains of agro-
pastoral structures, such as huts and enclosures, which are evi-
dence of centuries-old pastoral activities.
2.3. Current woodland

Currently, the Argenti�eres sector located on the southern side
occupies an area quasi-deprived of trees. Beech wood borders
expand on the margins of the Plateau de Coumebi�ere and the

southern lateral moraine of the �Etang de Labant. The dominant
vegetation consists of wet grassland: dwarf ericaceous shrubs
(Rhododendron ferrugineum L., Vaccinium myrtillus L., Calluna vul-
garis L. Hull), juniper heath patches (Juniperus communis subsp.
nana (Hook.) Sym), and a few willows and mountain ashes (Sorbus
aucuparia L.). The northern side vegetation is dominated by beech
wood (Fagus sylvatica L.) with high-growing coppices of old trees
and isolated fir (Abies alba Mill.) trees in regeneration. More dense
fir patches mixed with beeches constitute the treeline at
1.650e1.700 m. a.s.l. High altitudes pioneer species (Pinus uncinata
Ramond ex DC., Betula) are almost absent from ancient pastoral
areas. By contrast, the beech regeneration is very strong on the
edges of intermediate pastures (Plateau de Coumebi�ere).
3. Material and methods

3.1. Field survey

Detailed documentary research was conducted in historical ar-
chives and literature before the field investigation was carried out
in 2013e2016 (Py et al., 2013a). Archaeological prospecting has
focused within the area bound by the Plateau de Coumebi�ere in the
north (and including it), Lacore Ridge in the west, Labant Cirque in
the south and Argenti�eres peaty area in the east (Fig. 2). All mining
remains identified were the subject of observations, descriptions,
surface and underground topographical surveys (Py et al., 2013a).
The main surface topographic points were geo-referenced with a
differential GPS. Prospecting has focused on the Lacore side, and
also around the Pic des Argenti�eres and near the trail that leads to

the �Etang de Labant (a total area of 50 ha) because these areas
provide mining remains (Fig. 2). This prospected zone was locked
down from the foot of the sides up to the top of the ridges. All
topographic (flat terraces, small depressions) and phytological
indices (vegetation changes) are tested with a pedological hand
auger. The demonstrated kiln sites were recorded, described, drawn
to scale, photographed and geo-referenced. The data recorded were
integrated in a Geographic Information System (GIS). In the short
term we wanted to enlarge the investigated area at the east of the
Pic des Argenti�eres.
3.2. Sampling protocol

3.2.1. Charcoal Kilns (CK)
A study of a single or few CK, even if it is exhaustive, provides

incomplete information. In order to obtain a broad spatial vision,
we have chosen to sample all CK using pedological core sampling.
The results obtained in this present study show that two sampling
points are sufficient to determine the anthracological composition
of a CK. But three and four supplementary points may be required
to obtain a sufficient amount of charcoal for the initial diameter
estimation of the wood. These points are located between the
central part and lower border of the terraces in a way that avoids
the sharp break with the upstream side that is marked by colluvial
deposits. The sampling was performed in intervals of 20 cm in
depth, which is governed by the hand auger length. The coring was
stopped when the degraded substratum level (ochre) had been
reached. In order to avoid contamination, the hole and the auger
were cleaned between each sample. All samples were sieved with
water in a column of sieves with 4 and 2 mm meshes.

3.2.2. Mining works

3.2.2.1. Charcoal sampling. The detailed examination of the mining
remains on the Pic des Argenti�eres resulted in the identification of
innovative firesetting marks i.e. rounded working face fragments
(Fig. 2, Les Argenti�ere sector, C) and charcoal particles within the
waste heaps spread out on the hill side 10 m down. In order to date
and characterise this mining phase prior to the use of explosive
powder, a pedoarchaeological pit (0.6 mwide and 1.30m deep) was
opened in the top part of the waste heaps (Fig. 3). The excavation
was stopped when the altered limestone substratumwere found. A
cross-section has revealed 6 Stratigraphic Units (SU) described in
the Fig. 3. Five litres of materials have been taken in the SU 0, 1, 3
and 4 for charcoal analysis. The SU 2 being only decimetre blocks
was not sampled. All samples were sieved with water in a column
of sieves with 5, 2 and 0.8 mm meshes.

3.2.2.2. Ores sampling. To characterise the geochemical imprints of
the differentmining phases and to create a lead isotopic database of
local metallic resources exploited during ancient times, several ore
pieces were sampled. One set of ores is from the ancient waste
heaps located at Les Argenti�eres (on the SU 4 surface) (Figs. 2 and 3),
and one from the Lacore crosscut residual vein (Fig. 2). The lead
isotopic analyses have been conducted on these samples to un-
derstand the implementation of ores in this wide mining district
situated in the Pyrenean Mountains. The protocol and method are
reported in Munoz et al., 2016.

3.2.3. Pedoanthracological pits
Two pedoanthracological pits were opened in the Lacore slope

(northeast-facing), with the goal of characterising the potential
impact of charcoal burning activities on the charcoal assemblages
within soils (Fig. 2). A first sampling point (Lacore 1) is located a few
metres below the Lacore ridgewithin a beechwood at 1.578m a.s.l.,
and next to the CK 21 and 22 (Fig. 2). Locally, the bedrock is lime-
stone. The slope is quite steep (70e80%) and granitic rock outcrops
are located near it. The pit has been dug 100 cm deep. It showed a
simplified pedological structure with two main soil horizons A and
B (1e2) (Fig. 4). Four levels have been sampled for pedoanthraco-
logical analysis: I (0e6 cm), II (6e20 cm), III (20e70 cm) and IV
(70e100 cm). The second sampling point (Lacore 2) is located at the
foot of the same slope, 30 m below and next to the CK 13 (Fig. 2).
The total depth of the pit is 90 cm. The pedological structure is
similar to the first one with two horizons A and B (1e2) (Fig. 4).
Four levels have been sampled: I (0e17 cm), II (17e45 cm), III



Fig. 3. (1) Stratigraphic profile of the pit carried out in the ancient dump (Les Argenti�eres) and location of ore and charcoal samples; (2) description of the Stratigraphic Units (SU);
(3) percentage anthracological spectra.
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(45e74 cm) and IV (74e90 cm). Isolation of soil charcoals was based
on a procedure previously published by Talon et al. (1998).

3.3. Laboratory analyses

3.3.1. Charcoal analysis

3.3.1.1. Charcoals from charcoal kilns (CK). Fragments from the
4 mmmesh were analysed. The 2 mm fractionwas kept for a future
study focusing on differential fragmentation of main taxa (Fagus
sylvatica and Abies alba). A minimum of 50 fragments per core was
analysed (exceptionally less for the second sampling level in CK 30).
A smaller number of fragments per core was analysed when several
sampling points were sampled within the same site (Table 1). The
transversal cut was performed in such a way that it could be as
complete as possible. The radial and tangential cuts were carried
out into the other part or breakage wastes. The microscopic
observation and taxonomic identification were carried out using a
reflected light microscope equipped with a 100, 200, 500 and 1000
magnification lens (Leika DM4), and with the help of xylology
atlases (Schweingruber, 1978, 1990; Vernet et al., 2001) and also
charred wood references of the GEODE laboratory.

Statistical analyses were performed using R software version
3.3.1 (R Development Core Team, 2015) with the “Rcmdr” package
(Fox et al., 2016), the FactoMineR plugin (Husson et al., 2016) and
the “ggplot2” package (Wickham et al., 2016). First, a Hierarchical
Clustering on Principal Components (HCPC) was carried out in or-
der to gather the CK into a couple of clusters which would corre-
spond to different consumption profiles (i.e. different group levels
of fir/beech proportions per core). Then we calculated the pairwise
comparisons between these independent clusters respectively for
fir and beech, using Wilcoxon rank sum test (ie. pairwise.-
wilcox.test R function). This nonparametric test (also called Mann-
Whitney test) is applied on small sample size with the null
hypothesis that two samples come from the same population.
When the bark was preserved, the growth arrest zone was

identified (early wood, end of early wood, late wood and end of late
wood) as a way to determine cutting seasons (Py-Saragaglia et al.,
2015). The minimal initial diameter of charred wood was
measured with a sliding caliper when pith and bark were pre-
served. But in most cases, this measure was not possible. In order to
establish an estimate of the initial diameter, we measured the
radius curvature (distance between the last visible ring and the
pith, i.e. the heart wood) on charcoal using a macroscope (Leika
ZAPO) connected to a computer running the software “Anthraco-
LoJ” developed by the GEOLAB laboratory (Paradis-Grenouillet
et al., 2010; 2015). This dendroanthracological approach is still
being perfected.

On the basis of previous studies interested in characterising the
quality and state of the wood before carbonisation (Th�ery-Parisot,
2001; Marguerie and Hunot, 2007; Moskal-del Hoyo et al., 2010;
Th�ery-Parisot and Henry, 2012; Py et al., 2013b; Henry and Th�ery-
Parisot, 2014), we carried out other examinations. The presence of
reaction wood has been recorded for conifers. Parasite traces e

mainly fungal hyphae e and anatomical deformations related to
fungal decay infestation (cells collapsed) have been sought within
different anatomical planes. Vitrified charcoals (partially or totally)
and those with radial cracks were sought. On the basis of the
protocol described in Py et al. (2013b), 12 samples were selected for
radiocarbon dating (Table 2).
3.3.1.2. Charcoals from soils. Anthracomass was calculated on the
basis of themass of charcoal fragments larger than 0.8mm (Table 3)
(Cunill et al., 2015). A taxonomic analysis was done for all charcoal
extracted (n ¼ 108) in Lacore 1 due to the low quantity of charcoal
present in this sampling point. In the case of Lacore 2, the totality of
charcoals from sampling levels 2, 3, and 4 were analysed for the



Fig. 4. Soil profiles and specific anthracomass per profile (SAP)* and per identified taxa (SAT) (in milligrams per kilogram) of Lacore 1 and Lacore 2. *Please refer to Touflan et al.,
2010.
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same reason (n¼ 15).100 pieces from 0.8mmmeshwere randomly
selected and a total of 127 fragments were analysed from the
sampling level 1. A total of 312 charcoal fragments were isolated
from Lacore 2. In order to avoid bias due to the potential differential
fragmentation of main taxa, charcoals from each mesh (>5 mm, 5-
2 mm, and 2e0.8 mm) were analysed separately. Fir and beech
charcoals infested by hyphae fungi and/or vitrified were counted
(Table 3). A total of 4 samples were selected for radiocarbon dating
(Table 2 and Fig. 4).
3.3.1.3. Charcoals from mine waste heaps. Their study protocol is
based on previous works (Py, 2006; Py et al., 2013b, 2014). All
fragments from the 5 mm mesh and the majority of those from
2 mm have been analysed in order to identify a minimum of 100
fragments per SU (n ¼ 500). The 0.8 mm non-passing fraction is
sorted to retrieve charcoals, seeds, microfauna and insect remains.
It is currently being studied. The Pareto index has been calculated
for each SU and also the entire corpus (Table 4) (Chabal, 1997).
These charcoals being small, they were not investigated in terms of
dendroanthracology but other observations were feasible (pres-
ence of hyphae, vitrifications and radial cracks) (Table 4). Two
samples from the base of SU 4 and the main body of SU 3 were
selected for radiocarbon dating (Fig. 3 and Table 2).

3.3.2. Radiocarbon dating
Charcoal samples selected for radiocarbon dating (total of 18)

have been dated by Accelerator Mass Spectrometry (AMS) in the
Center for Applied Isotope Studies (UGA, US) and Poznan Radio-
carbon Laboratory (Poznan, Poland) (Table 2). The radiocarbon ages
were calibrated using the Oxcal program, version 4.2 based on the
Intcal 13.14c database (Reimer et al., 2013) and with a standard
deviation of 2 sigma (95% probability).

4. Results

4.1. Archaeological evidences

4.1.1. Ancient mining sectors and related Pb isotopic signatures of
ores

Les Argenti�eres sector. The crossing of historical sources and
archaeological data suggests that mining remains identified in the
field mainly correspond to the 18th c. The activity in the 19th c. has
consisted principally in clearing and scraping former works. The
main mining remains were distributed in three areas (Fig. 2): the



Table 1
Charcoal analysis results of samples from 31 charcoal kilns (CK) with (i) taxa, (ii) bark fragments, (iii) charcoals with hyphae, (iv) charcoals with vitrifications (vitrifi.), (v)
conifers with compression wood (CW), (vi) charcoals with radial cracks (RC) absolute (n) and relative frequencies (%).

CK [depth-S] Abies
alba t.

Fagus
sylvatica

Fraxinus M. Ericaceae Taxus
baccata

U. Angio. U. Gymno. Total bark Total w/hyphae w/vitrifi. Gymno.
w/CW

w/RC

1 [0-20 cm) 3 155 0 0 1 0 0 159 16 175 86 45 1 13
(%-H) 1.9 97.5 0 0 0.6 0 0 _ 9.1 _ 54.1 28.3 25 7.4
2 [0-20 cm) 1 92 0 0 0 0 0 93 7 100 81 24 0 1
(%-H) 1.1 98.9 0 0 0 0 0 _ 7 _ 87.1 25.8 0 1
3 [0e20m] 24 59 0 1 0 0 1 85 15 100 56 20 4 4
(%-H) 28.2 69.4 0 1.2 0 0 1.2 _ 15 _ 65.9 23.5 16 4
4 [0e20 cm] 5 68 0 0 0 0 0 73 2 75 52 14 _ _
(%-H) 6.8 93.2 0 0 0 0 0 _ 2.7 _ 71.2 19.2 _ _
4 [20e40 cm] 29 51 0 0 0 0 0 80 2 82 42 10 _ _
(%-H) 36 64 0 0 0 0 0 _ 2 _ 53 13 _ _
T-4 34 119 0 0 0 0 0 153 4 157 94 24 8 1
(%-H) 22.2 77.8 0 0 0 0 0 _ 3 _ 61 16 23.5 0.6
5 [0e20 cm] 3 41 0 0 0 0 1 45 5 50 23 17 1 2
(%-H) 6.7 91.1 0 0 0 0 2.2 _ 10 _ 51.1 37.8 25 4
6 [0e20 cm] 5 39 0 0 0 0 1 45 5 50 27 27 0 2
(%-H) 11.1 86.7 0 0 0 0 2.2 _ 10 _ 60 60 0 4
7 [0e20 cm] 2 43 0 0 0 1 0 46 4 50 16 23 _ _
(%-H) 4.3 93.5 0 0 0 2.2 0 _ 8 _ 34.8 50 _ _
7 [20e40 cm] 6 43 0 0 0 0 0 49 1 50 26 15 _ _
(%-H) 12.2 87.8 0 0 0 0 0 _ 2 _ 53 30.6 _ _
T-7 8 86 0 0 0 1 0 95 5 100 42 38 2 4
(%-H) 8.4 90.5 0 0 0 1.1 0 _ 5 _ 44 40 25 4
8 [0e20 cm] 5 44 0 0 0 0 0 49 1 50 45 13 0 8
(%-H) 10.2 89.8 0 0 0 0 0 _ 2 _ 91.8 26.5 0 16
9 [0e20 cm] 0 42 0 0 0 0 0 42 8 50 33 23 _ 0
(%-H) 0 100 0 0 0 0 0 _ 16 _ 78.6 54.8 _ 0
10 [0e20 cm] 18 31 1 0 0 0 0 50 0 50 40 17 1 1
(%-H) 36 62 2 0 0 0 0 _ 0 _ 80 34 5.6 2
11 [0e20 cm] 11 38 0 0 0 0 0 49 1 50 34 20 3 2
(%-H) 22.4 77.6 0 0 0 0 0 _ 2 _ 69.4 40.8 27.3 4
12 [0e20 cm] 0 46 0 0 0 0 0 46 4 50 32 26 _ 3
(%-H) 0 100 0 0 0 0 0 _ 8 _ 69.6 56.5 _ 6
13 [0e20 cm] 0 50 0 0 0 0 0 50 0 50 40 16 _ _
(%-H) 0 100 0 0 0 0 0 _ 0 _ 80 32 _ _
13 [20e40 cm] 0 46 0 0 0 0 0 46 4 50 18 23 _ _
(%-H) 0 100 0 0 0 0 0 _ 8 _ 39.1 50 _ _
T-13 0 96 0 0 0 0 0 96 4 100 58 39 _ 1
(%-H) 0 100 0 0 0 0 0 _ 4 _ 60.4 40.6 _ 1
14 [0e20 cm] 0 48 0 0 0 0 0 48 2 50 9 20 _ _
(%-H) 0 100 0 0 0 0 0 _ 4 _ 18.75 41.7 _ _
14 [20e40 cm] 3 47 0 0 0 0 0 50 0 50 29 33 _ _
(%-H) 6 94 0 0 0 0 0 _ 0 _ 58 66 _ _
T-14 3 95 0 0 0 0 0 98 2 100 38 53 0 4
(%-H) 3.1 96.9 0 0 0 0 0 _ 2 _ 39 54 0 4
15 [0e20 cm] 10 38 0 0 0 0 0 48 2 50 10 10 0 3
(%-H) 20.8 79.2 0 0 0 0 0 _ 4 _ 20.8 20.8 0 6
16 [0e20 cm] 9 81 0 0 0 0 0 90 10 100 66 34 1 10
(%-H) 10 90 0 0 0 0 0 _ 10 _ 73.3 37.8 11.1 10
17 [0e20 cm] 7 105 0 0 0 0 0 112 16 128 48 40 _ _
(%-H) 6.3 93.8 0 0 0 0 0 _ 12.5 _ 42.9 35.7 _ _
17 [20e40 cm] 5 38 0 0 0 0 0 43 7 50 10 25 _ _
(%-H) 11.6 88.4 0 0 0 0 0 _ 14 _ 23.3 58.1 _ _
T-17 12 143 0 0 0 0 0 155 23 178 58 65 0 14
(%-H) 8 92 0 0 0 0 0 _ 12.9 _ 37 42 0 7.9
18 [0e20 cm] 23 126 0 0 0 0 0 149 13 162 103 77 6 5
(%-H) 15.4 84.6 0 0 0 0 0 _ 8 _ 69.1 51.7 26.1 3.1
19 [0e20 cm] 6 42 0 0 0 0 0 48 2 50 39 16 1 2
(%-H) 12.5 87.5 0 0 0 0 0 _ 4 _ 81.3 33.3 16.7 4
20 [0e20 cm] 8 37 0 0 0 0 1 46 4 50 35 10 0 6
(%-H) 17.4 80.4 0 0 0 0 2.2 _ 8 _ 76.1 21.7 0 12
21 [0e20 cm] 6 43 0 0 0 0 0 49 1 50 37 11 2 2
(%-H) 12.2 87.8 0 0 0 0 0 _ 2 _ 75.5 22.4 33.3 4
22 [0e20 cm] 0 49 0 1 0 0 0 50 0 50 40 15 _ 3
(%-H) 0 98 0 2 0 0 0 _ 0 _ 80 30 _ 6
23 [0e20 cm] 3 89 0 0 0 0 0 92 8 100 50 46 1 0
(%-H) 3.3 96.7 0 0 0 0 0 _ 8 _ 54.3 50 33.3 0
24 [0e20 cm] 0 45 0 0 0 0 0 45 5 50 28 19 _ 1
(%-H) 0 100 0 0 0 0 0 _ 10 _ 62.2 42.2 _ 2
25 [0e20 cm] 9 64 0 0 0 0 0 73 2 75 31 24 6 4
(%-H) 12.3 87.7 0 0 0 0 0 _ 2.7 _ 42.5 32.9 66.7 5.3
26 [0e20 cm] 0 41 0 0 0 0 0 41 9 50 37 17 _ 5

(continued on next page)
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Table 1 (continued )

CK [depth-S] Abies
alba t.

Fagus
sylvatica

Fraxinus M. Ericaceae Taxus
baccata

U. Angio. U. Gymno. Total bark Total w/hyphae w/vitrifi. Gymno.
w/CW

w/RC

(%-H) 0 100 0 0 0 0 0 _ 18 _ 90.2 41.5 _ 10
27 [0e20 cm] 5 40 0 0 0 0 0 45 5 50 30 12 0 0
(%-H) 11.1 88.9 0 0 0 0 0 _ 10 _ 66.7 26.7 0 0
28 [0e20 cm] 1 49 0 0 0 0 0 50 0 50 28 24 0 9
(%-H) 2 98 0 0 0 0 0 _ 0 _ 56 48 0 18
29 [20e40 cm] 0 43 0 0 0 0 0 43 7 50 11 21 _ 2
(%-H) 0 100 0 0 0 0 0 _ 14 _ 25.6 48.8 _ 4
30 [0e20 cm] 0 49 0 0 0 0 0 49 1 50 31 31 _ _
(%-H) 0 100 0 0 0 0 0 _ 2 _ 63.3 63.3 _ _
30 [20e40 cm] 1 44 0 0 0 0 0 45 0 45 15 19 _ _
(%-H) 2.2 97.8 0 0 0 0 0 _ 0 _ 33.3 42.2 _ _
T-30 1 93 0 0 0 0 0 94 1 95 46 50 0 3
(%-H) 1.1 98.9 0 0 0 0 0 _ 1.1 _ 48.9 53.2 0 3.2
31 [0e20 cm] 9 35 0 0 0 0 0 44 6 50 41 24 3 3
(%-H) 20.5 79.5 0 0 0 0 0 _ 12 _ 93.2 54.5 33.3 6
Total 217 2041 1 2 1 1 4 2267 175 2442 1379 861 40 118
(%-H) 9.57 90.03 0.04 0.09 0.04 0.04 0.18 _ 7.17 _ 60.83 37.98 18.02 4.8

Table 2
AMS dates on charcoals from The Argenti�eres ancient dump, charcoal kilns (CK) and pedanthracological pit (Lacore 1).

Sector Sample Site Lab. no. Material Taxa Age 14C BP Date cal BC-AD (95.4% prob.)

Pic des Argenti�eres 1 Dump SU4 Poz-68041 Charcoal Abies alba t. 2025 ± 30 151 cal BC-55 cal AD
Pic des Argenti�eres 17 Dump SU3 Poz-77848 Charcoal Abies alba t. þ bark 2200 ± 30 366-192 cal BC
�Etang de Labant 8 CK 20 Poz-68048 Charcoal Conifer 370 ± 30 1447-1634 cal AD
�Etang de Labant 7 CK 18(2) Poz-68047 Charcoal Bark 355 ± 30 1453-1635 cal AD

Lacore 3 CK 4 Poz-68043 Charcoal Fagus sylvatica 340 ± 30 1470-1640 cal AD
Lacore 16 CK 10 Poz-73026 Charcoal Fagus sylvatica 265 ± 30 1516-1950 cal AD
Pic des Argenti�eres 2 CK 1 Poz-68042 Charcoal Fagus sylvatica 215 ± 30 1644-1931 cal AD
Coumebi�ere 9 CK 24 Poz-68050 Charcoal Fagus sylvatica 195 ± 30 1648-1925 cal AD
Lacore 4 CK 7 Poz-68044 Charcoal Fagus sylvatica 170 ± 30 1659-1916 cal AD
Lacore 14 CK 22 UGAMS # 19688 Charcoal Ericaceae þ F. sylvatica 170 ± 20 1665-1919 cal AD
Bois des Plagnolles 10 CK 26 Poz-68051 Charcoal Fagus sylvatica 135 ± 30 1671-1943 cal AD
�Etang de Labant 5 CK 17(1) Poz-68045 Charcoal Fagus sylvatica 115 ± 30 1680-1939 cal AD
�Etang de Labant 6 CK 17(2) Poz-68046 Charcoal Fagus sylvatica 85 ± 30 1688-1927 cal AD

Lacore 15 CK 13 UGAMS # 19689 Charcoal Fagus sylvatica 80 ± 20 1694-1919 cal AD

Lacore 1 Pit 2 LI Poz-81264 Charcoal Abies alba t. 760 ± 30 1219-1284 cal AD
Lacore 2 Pit 2 LI Poz-82892 Charcoal Fagus sylvatica 120 ± 30 1679-1940 cal AD
Lacore 3 Pit 1 LII Poz-82893 Charcoal Fagus sylvatica 100 ± 30 1682-1935 cal AD
Lacore 4 Pit 1 LV Poz-82894 Charcoal Angiospermae 9950 ± 50 9664-9292 cal BC

Table 3
Charcoal analysis results of the Lacore 1 and Lacore 2 pedoanthracological pits. Specific anthracomass by profile, level and taxa (SAL, SAP and SAT) expressed in mg/kg. The
relative values of charcoals affected by vitrification and fungi affectation are expressed in percentage for Abies alba type and Fagus sylvestris.

Sampling
point

Level Abies alba t. Fagus sylvatica Vaccinium Taxus
baccata

Angiospermae Gymnospermae Undeterminable SAL SAP

Lacore 1 I 2,43 (v ¼ 40%, h ¼ 0%) 3,41 (v ¼ 25%, h ¼ 12.5%) 1,95 0,97 3,65 1,22 1,71 44,6 18.7
II 3,31 (v ¼ 18,2%, h ¼ 2.6%) 13,92 (v ¼ 23,1%, h ¼ 12.5%) 0,33 1,33 0,66 0,66 25,86
III 0
IV 1,65 0
V 35,37 1,97 7,91 45,45

Lacore 2 I 40,77 (v ¼ 39,3%, h ¼ 8.9%) 80,44 (v ¼ 47,8%, h ¼ 31.1%) 3,86 1,1 4,95 207,71 65.6
II 1,82 (v ¼ 20%, h ¼ 0%) 4,95 13,37
III 1,35 (v ¼ 100%, h ¼ 0%) 10,8 13,5
IV 1,65 6,62
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Pic des Argenti�eres, Southernworkshops, and Coumebi�ere. The first
area shows an underground working place (15 � 4 m) (H) that is
blocked at the bottom, and seven opencast works with blasting
marks: two attacks (A and F), three backfilled trenches (B, C, D), one
backfilled shaft (E), and another (G) embedded in a large trench and
leading to a waste heap related to reactivation works. The trench C
shows firesetting marks on working faces of both its extremities. It
is connected (probably with D and E) to awaste heap with irregular
contours. The pedoarchaeological section shows that its zone is
disturbed and composed entirely of excavated materials from
firesetting (Fig. 3). Radiocarbon dates suggest two former mining
phases: during La T�ene (366-192 cal BC) and around the turn of the
Roman period (151 cal BC-55 cal AD) (Table 2). Three galena sam-
ples were discovered at the surface of SU4 stratigraphic bore. Their
Pb isotopic signatures are included between 38.570 and 38.557,
15.688 to 15.687 and 18.380 to 18.364 for 208Pb/204Pb, 207Pb/204Pb



Table 4
Charcoal analysis results of samples from pedoarchaeological pit (Les Argenti�eres) (SU 0, 1, total SU0þ1, SU 3, SU 4) with (i) taxa, (ii) charcoals with hyphae, (iii) charcoals with
vitrifications, conifers with compression wood absolute (n) and relative frequencies (%) and Pareto index value.

Calibrated dates
(calBC/calAD)

e e e 366-192 cal BC 151 cal BCe 55 cal AD e

SU - Ancient Dump of
Argenti�eres

SU 0 SU 1 Total SU0-1 SU 3 SU 4 Total

Taxa n % n % n % n % n % n %

Abies alba type 53 54.1 45 45 98 49.5 94 47.5 55 61.8 247 50.9
Alnus-Betula 0 0 0 0 0 0 2 1 0 0 2 0.4
Betula 1 1 0 0 1 0.5 3 1.5 0 0 4 0.8
Corylus avellana 0 0 0 0 0 0 1 0.5 0 0 1 0.2
Fagus sylvatica 35 35.7 44 44 79 39.9 83 41.9 31 34.8 193 39.8
Ilex aquifolium 1 1 0 0 1 0.5 0 0 0 0 1 0.2
Leguminosae 1 1 0 0 1 0.5 0 0 0 0 1 0.2
Mountain Ericaceae 0 0 0 0 0 0 1 0.5 0 0 1 0.2
Pinus uncinata type 4 4.1 2 2 6 3 3 1.5 0 0 9 1.9
Rosaceae, Maloideae

cf. S. aucuparia
1 1 1 1 2 1 1 0.5 0 0 3 0.6

Taxus baccata 2 2 7 7 9 4.5 10 5.1 2 2.2 21 4.3
Und. Gymnospermae 0 0 1 1 1 0.5 0 0 1 1.1 2 0.4

Total 98 / 100 / 198 / 198 / 89 / 485 /

Indeterminable 2 2 0 0 2 1 2 1 11 11 15 3

Total charcoals analysed 100 / 100 / 200 / 200 / 100 / 500 /

Charcoals w/hyphae 31 31 33 33 64 32 61 30.5 35 35 160 32
Charcoals w/vitrifications 27 27 27 27 54 27 48 24 54 54 210 42
Conifers w/compression

wood
11 18.6 11 20 22 19.5 18 16.8 12 20.7 52 18.6

Pareto index value 20/80 30/70 20/80 21/79 30/70 16/84
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and 206Pb/204 Pb ratios respectively (Fig. 5). The Southern work-
shops area includes: an 18th c. collapsed crosscut (TB Sud) con-
nected to a large waste heap and ruins of three buildings (B1, B2,
B3), as well as a mineral ore processing area with two waste heap
zones. The Coumebi�ere area comprises a research trench and a
small dump that probably date from the end of the 19th c.

Lacore sector. Mining remains are scattered across the northern
slope on a surface of 150 � 150 m. Three mining areas were
distinguished: the Versant, Pic and Gorge areas (Fig. 2). The Versant
area saw the bulk of the work (Mine of Lacore A) that has exploited
the ore vein principally during the 18th c. It includes a long adit
(crosscut A) that opens into a large shaft and leads to a drift
following the vein. Inside crosscut A, six galena have been sampled
during the fieldwork. Their Pb isotopic signatures are included
between 38.725 and 38.707, 15.695 to 15.694 and 18.502 to 18.490
for 208Pb/204Pb, 207Pb/204Pb and 206Pb/204 Pb ratios respectively
(Fig. 5). The drift overhangs an underground working place (not
measured) and leads to a chaotic karst zone in theWest. It crosses a
sterile area which leads to a collapsed shaft in the east (D). In the
last few metres, a decline provides access to inferior important
works (notmeasured) dating from the 19th c. The drift B dug during
the same period gave access to this part of the mine. It was pre-
ceded by an unfinished crosscut B mentioned in manuscript of the
18th c. The Pic area is comprised of small open cast exploration
works (scraping, cap drifts and small dump) with drill traces. The
Gorge area includes a modern drift G cross driving the bottom of
two narrow vertical tunnels that were sunk before the use of
explosive powder.

4.1.2. Charcoal kilns
Thirty-one CK ranged at altitudes from 1.400 to 1.650 m have

been discovered (Py et al., 2013a) (Fig. 2). Their density is relatively
low (at least 0.6 per ha) with the understanding that the area of
wood supply for a charcoal kiln in Mediterranean French forest is
around 0.785 ha (Fabre, 1992). Most of them are located under
forest cover. Some of them are located on the margin of
Coumebi�ere, but none were found on the plateau. One in five is
beside or on a path that is still visible. Their contours are rarely
clearly evident or preserved. Their sizes that were valued by
pedological coring vary quite substantially: 2.5e3 x 3 m for the
smallest ones and 5 � 6 m to 7 � 8 m for the largest ones. The
smaller ones occupy confined sloping ledges on heavy slopes. The
charcoal layer is generally thin (10e15 to 20e40 cm). It is usually
located directly under the humus layer. 14C dates of the oldest ones
(CK 20, 18, 4, 10) are ranged between 1447 and 1640 cal AD
(85.9e95.4% prob.) (Table 2). The others present 14C ages distrib-
uted between 1644 and 1950 cal AD (95.4% prob.), i.e. on the
modern radiocarbon plateau (Table 2).

4.2. Charcoal analysis results

4.2.1. Charcoal kilns (CK)
In total, there are 7 taxa identified: Abies alba type (silver fir on

the basis of ecology in our study area), Fagus sylvatica, Fraxinus,
mountain Ericaceae (Rhododendron ferrugineum and/or Vaccinium),
Taxus baccata, undeterminable Angiospermae and Gymnospermae
(Table 1 and Fig. 6). The corpus is largely dominated by beech
(relative frequencies between 62 and 100%), alone (in CK 9, 12, 13,
24, 26, 29) or in association with fir (from 1.1 to 36%). Ash is only
present in CK 10 (2%), yew in CK 1 (0.6%), mountain Ericaceae in CK
3 (1.2%) and 22 (2%) and their relative frequencies are very low
indeed anecdotal. The chronological classification of dated CK
shows that the oldest ones (CK 18, 20, 10 et 4) have significantly
higher fir frequencies than the most recent ones (Fig. 6). For cen-
turies, the evolution of main taxa (fir and beech) proportions seems
linear: the fir declines in favour of beech. The HCPC distributes the
31 CK into three clusters A, B, C (Fig. 7): (i) “A” gathers the CK with
higher fir proportions and includes the oldest ones; (ii) “B” and “C”
regroup the CK with 14C dates on the modern radiocarbon plateau
but they are divided into two different groups; B with intermediate



Fig. 5. Pb/Pb diagrams showing the lead isotopic signatures on galena in Les
Argenti�eres and Lacore mines. Les Argenti�eres have been exploited during Iron Age
period and Lacore during the 18th century. The error bars (measuring the total external
uncertainties per sample) being smaller than the symbol, they have not been reported
here.
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fir proportions and C with lower fir proportions. The pairwise
comparisons using Wilcoxon rank sum test per taxon (fir and
beech) shows a significant difference between the three clusters
with p � 0.001 (Table 5).
Single bark fragments (undeterminable) were identified in most
charcoal kilns (except CK 10, 22, 28) and they constitute a part of
the corpus (1.1e18%). 3.4% of analysed charcoals (n ¼ 2442) have
cortical and cambial cells preserved at the last ring (the bark con-
servation is considered as random). These are essentially beech
charcoals (96.2%). The area of growth stop was identified for all of
them (n ¼ 78); 78.2% present a growth stop in the late wood (13.3%
in the end of the late wood) and 22.8% in the early wood (18.7% in
the end of the early wood) (Table 6). For these results to be
extrapolated to the entire corpus we must accept a 12% margin of
error that seems to us to be too high. Only twenty charcoals have
bark and pith preserved. Their minimal initial diameters are be-
tween 0.2 and 3 cm (average ¼ 0.7 cm).

All samples include charcoals with hyphae contamination. The
contaminated charcoal frequencies are variable, but they are
frequently greater than 50% (average ¼ 60.8%) (Table 1). In most
cases, the colonisation of cellular structures by hyphae is low to
moderate. Charcoals altered by fungi are, a priori, scarce, but note
that we do not have baseline for beech wood from various levels of
fungi colonisation. All samples also include charcoals with vitrifi-
cations (local to general) for which frequencies are comprised be-
tween 15 and 60% (average ¼ 37.9%) (Table 1). 4.8% of charcoals
present radial cracks (rarelymore than one on the transverse plane)
(Table 1). Lastly, frequencies of conifer charcoal with compression
wood are comprised between 0 and 66% (average ¼ 18.02%)
(Table 1). These latter results have to be interpreted with care
because the number of conifers is generally very small.

4.2.2. Pedoarchaeological pit (Les Argenti�eres)
A total of 12 taxa were identified: Abies alba type, Alnus-Betula,

Betula, Corylus avellana, Fagus sylvatica, Ilex aquifolium, Legumino-
sae, mountain Ericaceae, Pinus uncinata type (P. uncinata and/or
P. sylvestris), Rosaceae, Maloideae cf. Sorbus aucuparia, Taxus bac-
cata, undeterminable Gymnospermae (Fig. 3 and Table 4). The
corpus is largely dominated by two arborescent taxa: the fir with a
total of 50.9% and the beech with 39.8%. The European yew is in
third position (4.3%) and pine in fourth (1.9%). The other taxa have
relative frequencies below 1%. The Pareto index value calculated for
the whole corpus is relatively high (16/94) indicating a small
overrepresentation of the more frequent taxa. By contrast, the in-
dex obtained for both superficial units cumulated (SU 0e1) and the
SU 3, are close or equal to 20/80. Slightly more than one third of
charcoals have hyphae present in their cellular structure but their
occurrence is low and moderate. Slightly less than half of charcoals
present vitrifications, which is generally partial and localised. 18.6%
of conifer charcoals have compression wood (Table 4).

4.2.3. Pedoanthracological pits
Soil charcoal analysis shows that anthracomass (quantity of

charcoal per kilogram of dried soil) is present at both sampling
points, but with some noticeable differences (Fig. 4). In Lacore 1,
specific anthracomasses are low and aggregated at both superficial
sampling levels (25.86 and 44.60 mg/kg). The beech charcoal from
the level II dates back to the 17th-20th c. cal AD (Table 2, Fig. 4).
There is no anthracomass in both intermediary levels and the
inferior one presents the highest mass with 45.45 mg/kg. The
Angiospermae fragment from this level (V) dates back to 9664-
9292 cal BC (Table 2, Fig. 4). This distribution of anthracomasses
assumes a slight risk of charcoal transfers between the surface and
depth, and vice versa. In Lacore 2, anthracomass is much higher and
is concentrated into the superficial sampling level (207.71 mg/kg)
while it remains very low in the other levels (13.37, 13.50 and
6.62 mg/kg) (Fig. 4, Table 3). Moreover, its general anthracomass
(65.6 mg/kg) is more than three times higher than that of Lacore 1.
The fir fragment from this level dates back to the 13th c. cal AD and



Fig. 6. Altitudinal transect of the 31 charcoal kilns with (i) their chronology (white CK dated from 15th-17th c., light grey CK dated from 17th-20th c., black CK undated) (ii) their
diameter (black circles), (iii) their percentage anthracological spectra (cumulative histograms), and (iv) the classification of spectra relating to CK divided in the three clusters A, B, C.

Fig. 7. (1) Hierarchical clustering with the distribution of the 31 CK in three clusters A, B, C and (2) Box-Plot dispersions of Abies alba and Fagus sylvatica proportions in the three
clusters.
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the beech fragment from the 17th-20th c. cal AD (Table 2, Fig. 4). In
total, 6 taxa have been identified: Abies alba type, Fagus sylvatica,
Taxus baccata, Vaccinium (V. myrtillus and/or uliginosum),
undeterminable Angiospermae and Gymnospermae (Table 3,
Fig. 4). Most charcoals extracted and identified are from the 0.8 mm
mesh (Fig. 8). The data expressed in relative frequencies show the



Table 5
Pairwise comparisons using Wilcoxon rank sum test based on proportions of the
main taxa fir and beech per cluster A, B and C (* ¼ p-value p � 0.001).

Clusters A B

Taxa F. sylvatica A. alba F. sylvatica A. alba
B 4.6e-05* 4.5e-04* e e

C 1.6e-04* 1.5e-04* 5.4e-05* 5.0e-05*
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codominance of Abies alba and Fagus sylvatica in all superficial
sampling levels from both pits, without taking into account the
undeterminable. In Lacore 1, tiny twigs from deciduous species
largely dominate in the lower level. Bilberry and yew have been
found only in the two superficial levels. In Lacore 1, the beech
slightly dominates and it is outclassed by fir in Lacore 2. This
observation is somewhat different for data from each mesh
expressed as absolute frequencies: fir dominates in the 0.8 mm
mesh from the Lacore 1 level II but beech dominates in the 2 mm
mesh from the Lacore 2, level I (Fig. 8). The Specific taxonomic
Anthracomass per Taxon (SAT) shows the beech dominance in all
superficial levels (Fig. 4). These data could suggest a differential
fragmentation of bothmain taxa. Beech, which has fewer fragments
from 0.8 to 2 mm meshes (Lacore 2), has higher masses (Fig. 8).
Both taxa are impacted by vitrification phenomenon with no sig-
nificant difference between proportions of fir and beech fragments
vitrified (Table 3). In the sameway, hyphae are present in both taxa,
Table 6
The area of growth arrest zone (early wood (EW), end of early wood, late wood (LW) an

TAXA Early Wood End of EW

Fagus sylvatica 3 14
(%-H) 4.0 18.7
(%-V) 100 100
Abies alba 0 0
Mountain Ericaceae 0 0
Total 3 14
(%-T) 3.8 17.9

Total Early Wood
17

(%-T) 21.8

Fig. 8. Fir and beech charcoal quantification by size (0.8 and 2 mm) for both sampling poi
but the beech is more affected by wood rotting-fungi (Table 3).

5. Discussion

5.1. New insights on mining and charcoal making history in the
Aulus Mountain

Our investigation reveals that mining emerged during the Iron
Age (La T�ene), a period sparsely documented by archaeological
knowledge available in our study area. In viewof the thinness of the
waste heap, it was probably a modest activity, which used fire-
setting and focused on mineralised outcrops. However the expan-
sion of this activity cannot be evaluated. These works were clearly
subjected to a reactivation around the turn of the Roman era. The
“ancient” dump stratigraphy (with oldest deposits onto more
recent ones) suggests the clearing of former works before a new
extraction phase. These chronological indices correlate well with
palaeoenvironmental and archaeological data obtained in the
Basque Mountains (Galop et al., 2001; Beyrie et al., 2003; Monna
et al., 2004b). The lead isotopic composition of this Iron Age ac-
tivity is strongly less radiogenic than the more recent one dated
from the 18th c. More broadly, the study of this early mining ac-
tivity will be useful to attribute a relevant signature of heavy metal
emissions recorded in peat core deposits in Pyrenees (research in
progress). Indeed, usually, at a European scale, the so-called “roman
peak” is evoked to explain heavy metal records around the first c.
d end of late wood) identified for charcoals with the last ring and bark preserved.

Late Wood End of LW Total (%-T)

48 10 75 96.2
64 13.3 _ _
94.1 100 _ _
2 0 2 2.6
1 0 1 1.3
51 10 78 _
65.4 13 _ _

Total Late Wood
61
78.2

nts (Lacore 1 and 2). Results are expressed in fragment number and mass milligrams.
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AD in peat deposits (e.g. Le Roux et al., 2004; De Vleeschouwer
et al., 2007).

There is locally no concrete evidence of medieval mining, while
significant activity has taken place down in the valley in Castel-
Minier (Verna, 1996; T�ereygeol, 2007). The name “Argenti�eres”
being typical of Western Europe medieval mines (Bailly-Maître,
2002), one can assume that medieval miners knew these ancient
mines but all ore that could be mined using “old technologies” (i.e.
firesetting) had been previously exploited. This assumption is based
on a constant situation in mining history in Europe as the rich and
attainable parts of ore deposits were extracted during the ancient
and medieval periods. Mining was reactivated when technological
developments ensured the obtention of ore deposits which had
previously been difficult to exploit. As elsewhere in the Pyrenees,
andmore broadly in Europeanmountains, mining activity restarted
during the second half of the 17th c., and more importantly from
the 18th c. and the 19th c. but, in the Aulus Mountain, for brief
periods and very little profits (Braunstein, 1990; Dubois, 1999; Py
et al., 2013a). In this way, the lead isotopic composition of the
18th c. mining activity presents a very different lead signature
comparing that one of the Iron Age i.e. it is more radiogenic (Fig. 5).
These two distinct lead isotopic signatures are due to the geological
history of the ores implementation in the Pyrenees (Munoz et al.,
2016). The strong differences of lead isotopic compositions be-
tween these twomining activities are good indicators to the origins
of heavy metals in peat deposits in the Pyrenees. It also allows us to
understand if the sources of excessmetal are local, regional or distal
through comparison of the mean of lead isotopic composition
measured in peat deposits.

A first charcoal-making phase took place between the 15th and
17th c., i.e. at least one century after the signing of the iron-charcoal
treaty. The older CK studied by Davasse, 2000 (162e163) in the
Vicdessos were from this period and located in the upper section of
the valley. The charcoal produced on the Lacore side could supply
the Castel-Minier mouline during the 15th-16th c., thus in its last
operation phase. That means that it provided itself previously in
lowland forest. Furthermore, we cannot exclude that the charcoal
production from the Aulus Mountain during the 15th-17th c. was
partially or totally devoted to the Vicdessos. One can infer from this
data several conclusions concerning to the first-time application of
the iron-charcoal treaty: (i) that it was not accepted and applied
after its promulgation by the Aulus community known for its in-
dependence from the central power (Chevalier, 1956); (ii) that the
forests exploited during the 14th c. for the treaty requirements
were situated in other valleys of the Couserans (as the Port de Lers
high valley) and/or in the lower section of the Aulus valley; (iii) that
the charcoal kilns that would be related to the early phase of the
treaty application were located at the east of our study area. The
extension of the same study to this part of the Aulus Mountain and
the lower section of the Aulus valley would respond to this issue in
the future. In our study area, the second charcoal-making phase
occurred between the 17th-20th c. The clusters B and C (Fig. 6) could
characterise two successive phases impossible to situate with cer-
tainty on the time scale. The cluster B, with still significant fir
proportions, could be the oldest one. In 1762, a text reports that
woodlands situated at the western entrance of the Vicdessos were
depleted (Davasse, 2000). The iron-charcoal exchange completely
ceased in the 1780s and the Aulus forge stopped in 1820s. Conse-
quently, the CK of the cluster B could correspond to a period before
the second half of the 18th c. and those of the cluster C to a period
after that. Note that in this last phase, the reactivation of mining
activity in Les Argenti�eres and Lacore could necessitate charcoal
production to supply a forge and test ores. The three buildings
situated in the Southern Workshop and dated from the 18th c.
probably housed these utilities (Fig. 2).

5.2. Are soil charcoal assemblages disconnected from charcoal-
making?

The anthracomass values of Lacore 1 and 2 may be considered
low, in comparisonwith those obtained in subalpine and mountain
Pyrenean areas (Cunill et al., 2015). In particular, they are relatively
close to those acquired from sampling points carried out around the
treeline in Southern Pyrenees and Alps (2.000e2.500 m a.s.l.)
(Cunill, 2010; Cunill et al., 2012, 2013; Talon, 2010). In these studies,
charcoals from superficial levels with high anthracomass generally
date from Late Holocene period and they are interpreted as origi-
nating from anthropogenic fires. In our study, the fir and beech
charcoals from the superficial levels of both sampling points also
date from the Late Holocene (13th c. and 17th-20th c.) (Table 2 and
Fig. 4). The main taxa proportions (relative values) clearly diverge
from anthracological spectra of the neighbouring CK (13 and 21, 22)
exclusively dominated by beech and dating from the modern
period (Fig. 6). However, the dated beech fragments from Lacore 1
and 2 date back to the second charcoal-making phase (see x 4.1.).
The CK 13 and 22 also date back to this phase (Table 2). Therefore,
notwithstanding the low-value of anthracomasses, we cannot
exclude beech charcoal transfer from charcoal kilns to superficial
soils. However, neighbouring charcoal kilns did not substantially
contribute to the significant increase of soil anthracomasses.
Moreover, we can see here the complementarity between both
anthracological approaches that assume a preferential selection of
beech for charcoal-making performed in a forest where fir was
maintained during the medieval period and the first part of the
modern times (see x 4.3). In both pits’ superficial levels, the
contribution from shrub and heath formations is limited. The yew
could come from undergrowth of a fir, fir-beech or beech closed
forest. Thus, it is doubtful that soils charcoals are evidence of pas-
toral fires carried out in the Lacore side. In the Pyrenees, the
practice of pastoral fire aims to burn heath formations to maintain
pastures encroached on the forest (M�etaili�e, 2006). In our study
area, this practice continues to this day in pastures extended on the
other side of the ridge (south-facing). During the field survey, fresh
burning marks were found all along the ridge. We can thus
reasonably assume that a portion of charcoals found in superficial
levels of Lacore 1 and 2 could come from afforestation accidently
burned by ill-controlled use of fire practiced on the south-facing
slope during the medieval (13th c.) and modern periods (Table 2
and Fig. 4). In this sense, at the regional scale, both periods corre-
spond to high fire frequency mainly controlled by agro-pastoral
activities (Rius et al., 2009, 2011, 2012). The action of the wind
and the proximity of the Lacore ridge could generate crown fire
changed into a surface fire. Fir and beech charcoals infested by
hyphae may then come from deadwood having stayed on forest
soil. Natural and/or artificial pruning and/or other silvicultural
practices were able to produce this deadwood and beech woods
seem to be the most affected by them (Table 3).

The very humid climate of this area does not favour fire spread
even if fire may occur through lightning in forests. This seems to
minimise the contribution of natural fires to anthracomass values
from superficial levels. Only vitrified charcoals (undeterminable
Angiospermae twigs) from the level V of Lacore 1, dating from the
Early Holocene, certainly originate from natural fires. At the
regional scale, this period is characterised by increasing drought
and summer temperature combined with increasing woodland
biomass favouring a higher fire activity (Rius et al., 2014). Locally,
charcoal analysis suggests that the vegetation cover was scarcely
populated by trees and probably dominated by deciduous shrubs.
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5.3. Late Holocene woodland cover changes and wood uses

In local and regional palynogical records, the Iron Age corre-
sponds to an intensification phase of the anthropisation process
with increasing of fir forest deforestation (initiated during the
Bronze Age), beech expansion and continuance of anthropogenic
indicators (Galop and Jalut, 1994; Galop, 1998 and Fig. 9). In the
Eastern Pyrenees, previous studies showed that climatic changes,
which have occurred since the end of the Bronze Age, have not
played a prominent role in opening the landscape or in vegetation
changes. Instead, these environmental changes are the result of the
combined effect of regular fires, permanent agro-pastoral activities
and increasing of human pressure (Galop et al., 2007; Carozza and
Galop, 2008; Rius et al., 2012). In this context, our results might
suggest a coincidence between the starting point for mining and
the conquering of new agro-pastoral terroirs in high mountain
areas. During the Second Iron Age (La T�ene), the forest exploited for
mining (firesetting) is dominated by fir associated with beech. The
significant presence of altitudinal pioneer species (Mountain pine
and birch) assumes a wood supply in afforestation close to the tree
line, probably upstream of the Pic des Argenti�eres and in the Labant
glacial cirque. The anthracological spectra of the waste heaps imply
the existence of a structured fir-beech forest where fir was locally
dominant (Fig. 3). The yew, which has since disappeared (see
chapter 2.3, Table 6 and Fig. 6), has broad ecological amplitude and
it could have constituted the undergrowth of an Atlantic fir-beech
forest with holly, hazel, ash and ericaceous shrubs (Bergmeier
et al., 2010). Throughout southwestern Europe, the yew reduction
and its gradually disappearance from middle altitudes since ca.
1050 BCE are clearly linked to the double effect of climatic changes
and increasing human pressure (Uzquiano et al., 2015). In our study
area, charcoal analysis shows that it was weakly present until the
modern period and its disappearance seems linked to
Fig. 9. Parallel display of the palynological data (accord
intensification of agro-sylvo-pastoral practices (Fig. 4).
During the Second Iron Age, it is difficult to characterise the

mining impact on forest cover because the magnitude of the works
could not be estimated. Together with the extension of agro-
pastoral areas suggested by palynological data, to a certain
extent, mining might have contributed to fir and yew decrease and
beech progression, as it is a more competitive species. The moment
when beech took precedence over fir is difficult to capture. Pollen
data place it during the end of the Iron Age and the first centuries of
the Roman era (Fig. 9) (Galop, 1998). But locally, charcoal analysis
reveals that fir was dominant at least up to the 1st c. AD. Palyno-
logical records suggest the maintenance of a fir-beech forest cover
until the High Middle Ages (Fig. 9). Simultaneously, the increase of
pollen indicators of human activities suggests an expansion of agro-
pastoral activities (Galop, 1998). The pedoanthracological data tend
to confirm and specify this hypothesis with south-facing slopes
devoted to agro-pastoral activities and north-facing slopes to
forestry (Cunill et al., 2015). Locally and around the Couserans, fir
pollen curves brutally fall during the LateMiddle Ages (Kenla, 1977;
Reille, 1993; Galop, 1998 and Fig. 9), which corresponds to the
implementation phase of the iron-charcoal treaty and the opera-
tion phase of several moulines including Castel-Minier, located in
the valley. The charcoal analysis of the former charcoal kilns reveals
that fir is still present but it constitutes a modest proportion (about
one fifth) of the total wood used. Its frequencies decrease and
disappear completely during the modern period (Figs. 6 and 9). In
our study area, the significant decrease of pollen fir during the
medieval period cannot be directly attributed to charcoal making
activity because it occurred later, between the end of the 15th c. and
the first half of the 17th c. Here we must probably see the cumu-
lative impact of the higher forest harvesting for local people's needs
and lumber production. Manuscripts from the mid-14th c. reported
the use of fir and pine in woodmills installed on mountain streams
ing to Galop, 1998) against charcoal analysis data.
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such as the brook of Saleix (Verna, 1994, 158). Thus, the full con-
version of the fir-beech forest into a single-beech forest occurred
during themodern period, probably after the 17th c., but it was well
underway in the late medieval period. The fir disappearance sug-
gests the stop of lumber activity around the 17th c. The studied
charcoal kilns are concentrated in the upper part of the ancient
mountain forest belt and some of them, particularly the oldest, are
located in the transition with the subalpine level. Fir is attested on
the entire altitudinal transect during the former phase (Figs. 2 and
6). Its use to make charcoal could cater for a management that
aimed to eradicate it in favour of beech coppices more effective for
an intensive charcoal production. This management practice would
be maintained during the whole the modern period until the 19th
c., which might explain that until recently the treeline progression
was blocked at around 1.650e1.700 m a.s.l., as well as the recent
regeneration of the fir. Thus, this woodland area located at the
western entrance of the Vicdessos was entirely devoted to charcoal
making by the beginning of the modern period. In the 19th c., the
maintenance of this woodland cover requires a sustainable man-
agement of thewood resources set up by the Aulus community. Our
results, which must be strengthened by new analyses, assume that
the felling activity was mainly focused during autumn and winter,
i.e. at this altitude from August or September. The wood was not
charred immediately after cutting but most probably in the
following autumn thus allowing the contamination of wood by
fungi during the short summer season (Py et al., 2013a,b; Py-
Saragaglia et al., 2015). This drying phase of the wood is also sug-
gested by the low frequencies of charcoal with radial cracks. The
next estimation of the age and initial diameters of charred wood
will allow to better characterise the modalities of this management
and in particular the rotation of beech coppices.
6. Conclusions

The silver mining remains of Les Argenti�eres and Lacore sites in
the Aulus Mountain district have been studied by means of
archaeology, history and geochemistry. The archaeological inves-
tigation allowed the accurate chronology of the mining works,
dating back to the Second Iron Age (the oldest attestation of mining
in the Eastern Pyrenees), and the identification of the ores exploited
during this former phase and the modern period (18th c.). The
coupling of mining archaeology, geology and geochemistry con-
ducted in this project allows us to refine the signature of main
mining phases. This demonstrates the relevance of working with a
real interdisciplinary approach i.e. the isotopic tracing will help to
refine future archaeological, historical and environmental issues on
this mining area. It will also be useful to characterise sources of
heavy metals recorded in Pyrenean peat deposits that are currently
under study. The charcoal analysis of deposits from firesetting
allowed the restitution of wood procurement in a structured fir-
beech forest still dominated by fir and close to the tree line. The
cross-study of pollen data from a local peat record; archaeological
evidence, and charcoal analysis suggest the coincidence between
the emergence of mining activity during the Second Iron Age and
the conquering of new highmountain agro-pastoral areas. Together
they have contributed to fir decrease and beech progression. The
dating and charcoal analysis of the thirty-one charcoal kilns
revealed that charcoal-making activity began between the 15th and
the 17th c., it probably increased after the 17th c. and continued
until the 19th c. It took place within an environment which was
already strongly anthropised: devoted to agro-sylvo-pastoral ac-
tivities and punctually mining. The study of charcoal records from
forest soils and charcoal kilns suggests (i) a weak contribution of
charcoal making activity to the soil charcoal concentration, (ii) the
use of fire to maintain pasture encroached on forest that extended
over southern sides, and (iii) the presence of silvicultural activities
in the northern ones. In these sloping sides, charcoal makers have
gradually eliminated the fir in favour of monospecific beech
woodlands, which were maintained and managed until the com-
plete stop of metallurgical activity. Hence, these woodlands located
in the Port de Saleix area fuelled themouline and forges installed in
the Upper Garbet Valley and they have also contributed to the iron-
charcoal exchange from the turn of the modern period and prob-
ably mainly from the 17th to the end of the 18th c. i.e. when the
exchange treaty was stopped. The Aulus community has well pre-
served this central resource for the mountain economy. Ongoing
dendroanthracological studies will allow more accurate charac-
terisation of the modalities of this management.
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