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The present study proposes a technological transfer from modern mining prospection to the field of
archaeology, providing a methodology to facilitate the discovery of ancient mining sites. This method
takes advantage of the thousands of geochemical analyses of streambed sediments, performed by na-
tional geological surveys to inventory mineral substances. In order to delineate geochemical anomalies,
the datasets are treated following two different approaches: Exploratory Data Analysis and a fractal-
based method often recognised as more powerful. Mineral prospectivity maps are then obtained by
combining the results with a geographical information system. The surroundings of the Celtic oppidum
of Bibracte, French Massif Central, known to have been mined at least since the Late Bronze Age until
Modern Times, have been chosen to exemplify the method’s potential in archaeology. First, an exhaustive
record of the mining sites was undertaken over a pilot area by pedestrian prospection. If mineral pro-
spectivity maps had been used as guidelines, ~70% of these mines would have been discovered by
prospecting only ~15—20% of the whole area whatever the method used to treat the dataset. At least for
our specific case, the multifractal approach is as powerful as EDA. Besides saving a significant amount of
time and effort, the methods described here may supply clues for determining the nature of mineral
substances exploited in the past, when such information cannot be straightforwardly obtained from the
field or from textual archives. It should however be noticed that this approach is proposed as a first step
before peer archaeological investigation following more conventional methods. Technically, there is no
real obstacle to the application of the methodology proposed here, because (i) software and associated
packages are freely available from the web, as well as original geochemical datasets (at least in France),
and (ii) minimal mathematical skills are required.©

1. Introduction

study of the mining and metallurgy of past societies over space and
time: related to the consumers, the producers, and the miners.

Ore mining has played an important role in the socio-economic
history of Western Europe, from the Metal Ages through the Roman
Period to medieval times (e.g. Tylecotte, 1987; Healy, 1978).
Archaeometallurgical studies provide evidence for the reconstruc-
tion of past interaction networks related to ore mining. Three main
categories of archaeological evidence are generally explored in the
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Hearths, furnaces, crucibles, slags, etc. help to trace back the tech-
nology and potential transfers among the artisans-metallurgists
and the smelters, from one area to another. Concerning miners,
the documentation tends to show that although numerous ore
bodies are present in Western Europe, only a few contain traces of
early exploitation (Ambert, 1995; Barge et al., 1998; Carozza et al.,
2011). This lack of evidence might suggest that only a few pro-
duction centres provided metal to all consumers through a complex
distribution network. There is therefore a need to create a detailed
inventory, mapping early mining history. Such an inventory could
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improve our understanding of the interactions between the actors
of the chaine opératoire (Schibler et al., 2011).

In this study, we propose a technological transfer from modern
mining prospection to the field of the archaeology, to provide a
methodology which could assist archaeologists in discovering
ancient mining sites more easily. Finding areas with high mining
potential is precisely the challenge of the modern mining pros-
pector. One objective is to delineate geochemical anomalies from
the background to target more specifically the areas where mineral
substances are abundant in order to optimise costly field cam-
paigns (Carranza, 2011). Performing geochemical surveys based on
streambed sediments fulfils this purpose (e.g. Garrett et al., 2008
for a historical review). The underlying idea is that stream sedi-
ments represent composite erosion products of terrains outcrop-
ping in the catchment area. Their analysis may lead to the discovery
of positive geochemical anomalies. Provided their origin does not
derive from modern urban or industrial effluents, such anomalies
may reveal the presence of metalliferous mineralisation located
upstream, within the drainage basin (a review can be found in
Carranza, 2009). Many statistical techniques for determining
geochemical thresholds between anomalies and background have
been developed since the 1960s. Originally, elemental concentra-
tions were assumed to follow normal distributions, and outliers
were identified by basic statistics. Today, this approach is known to
be mostly incorrect (Reimann et al., 2005). Later, Tukey (1977)
developed a more efficient, although still basic, procedure named
Exploratory Data Analysis (EDA). During the last decade, more so-
phisticated fractal-based models have been increasingly used (e.g.
Cheng et al., 1994; Cicchella et al., 2008; Deng et al., 2010; Wang
et al., 2011 for specific use in mineral prospection, and Brown and
Witschey, 2003; Brown et al., 2005, for applications in spatial
analysis of archaeological data). Until now, to our knowledge, the
EDA and fractal-based methodologies, which are successfully and
routinely used by mining companies, have never been applied to
mining archaeology. We argue, nonetheless, that these methods
can be adapted to reduce the area to be prospected by
archaeologists.

The northeastern part of the French Massif Central — namely the
Morvan — is chosen here to exemplify the potential of these
methods for archaeology. Located in the centre of Morvan, the
Bibracte oppidum, capital of the Aeduans during the Iron Age, and
described by Caesar in “De Bello Gallico” (translation by Constant,
1990) as one of the greatest and richest oppida of Gaul, might have
drawn its wealth from local ore mining (Guillaumet et al., 2001).
Recent palaeoenvironmental studies have suggested that mineral
resources, which are abundant in the region, may well have
attracted populations as early as the Middle Bronze Age (Monna
et al.,, 2004; Jouffroy-Bapicot et al., 2007). An archaeological exca-
vation has demonstrated the presence of ore mining at one site
located inside the oppidum walls, but the nature of the ore mined
was undetermined (Cauuet and Boussicault, 2006). Currently, one
of the main challenges consists in identifying and then evaluating
the chronology and the magnitude of past mining, given that most
of the exploitations operating in ancient times may have been
masked or partially destroyed by successive posterior works. Some
small ore bodies may have experienced a single phase of mining,
but larger and richer deposits often document a series of works
over multiple phases. In such a context, untangling the overlapping
works is a difficult task. In addition, many known mines are situ-
ated at medium/high altitudes, in locations where archaeological
surveys are less frequent.

The procedure proposed here combines modern techniques
(including geographic information systems, statistics and mathe-
matical modelling) and a more traditional approach (pedestrian
prospection, data collection from the field or from textual archives).

The premise is to use the huge amount of geochemical data, pre-
viously obtained from streambed sediments by the French
geological survey (BRGM), and to treat them by EDA (Exploratory
Data Analysis) and by fractal-based techniques, so as to build
mineral prospectivity maps. The degree of predictability of these
two approaches is first evaluated on a pilot area, where systematic
pedestrian prospection has been undertaken, to provide a control
framework. Once the best approach for our purpose has been
identified, the second step consists in assessing the possibilities of
extension over a wider area, to recognise specific zones which
should be the first targeted by any further archaeological
prospection.

2. Study area

The Morvan massif is located in the northeastern part of the
Massif Central, France (Fig. 1a). It is a middle altitude massif
(max. = 901 m asl, Fig. 1b—c). The climate is characterised by
rainfalls reaching 1600 mm per year on the summits. Spring comes
late; summer is hot, but short. Mean annual temperature is around
10 °C. Industries are scarce, and the local economy is mainly cen-
tred on forestry, cattle breeding and the tertiary sector (Sirugue,
2008). Since 1970, most of the Morvan massif has been a pro-
tected area, known as the Morvan Regional Natural Park, MRNP
(Fig. 1). The park covers a territory of 1730 km?, for a total popu-
lation barely above 50,000 inhabitants (only one town has more
than 2600 inhabitants, Fig. 1d). The area covered by the present
study fits approximately the boundaries of the park. Geologically,
the massif is mainly composed of Hercynian granites, intruding
sedimentary, volcano-sedimentary and volcanic rocks (Delfour
et al,, 1991; Gourault, 1999). The whole area is crosscut by leucog-
ranites, numerous microgranite dykes and granophyre sills.
Explosive magmatic phases occurring during the Stephanian and
the Permian also produced rhyolitic lavas. During the Permian, a
large depression was filled by sedimentary materials of detrital
origin. During the Mezosoic, sedimentary rocks covered previous
formations discordantly. The Morvan is a horst, limited by large
faults of regional extension. Fig. 1d depicts simplified lithological
units established by the BRGM (http://geoservices.brgm.fr/
geologie): granite, basalt, gneiss, sandstone, limestone, sand, and
clay. Compressive and extensive episodes, which occurred between
the Autunian and the Miocene, have produced a dense fault
network, most of the time filled by quartz veins. Three main types
of mineral deposits have been recognised and exploited: (i) the
hydrothermal mineralised quartz veins, typically with U, F—Ba, Pb—
Zn—Ag, or Sn—W, (ii) polymetallic mineralisation with pyrite in
association with metallic sulphides, and (iii) stratiform F—Ba ore
deposits in Triassic and Liassic formations (Gourault, 1999). The
most recent mining exploitations focussing on F and Ba finally
ceased during the second half of the 20th century.

Except for the 19th and 20th centuries AD, the temporal
framework of the mining activities in the region is only partly
known. The few metallurgical vestiges (slags or furnaces) are
mainly associated with iron smelting. In any case, their scarcity
suggests small-scale production. Slags including charcoals were
found at the Corseries, ca. 10 km west of Bibracte, and at the sites of
La Combe des Vaux, Bois Jobard, La Combe du Four, and Les Grands
Champs, located between 20 and 40 km outside and north of the
pilot area (Table 1). One radiocarbon analysis yields a medieval date
between the 11th and the 12th centuries AD. The others provide
dates between the 2nd and 6th centuries AD, corresponding to
Antiquity and the First Medieval Age, but long after the Aeduan
occupation. At les Corseries, however, massive dumps are crossed
by a Gallo-Roman road (Gourault et al., 2012). A Celtic medal has
been found nearby, in a former mining gallery, now collapsed
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Fig. 1. (a) Location of the Morvan in France; (b) digitised elevation model; (c) map of slope; (d) population for each of the 117 communes in the Morvan Regional Natural Park; (e) lithological map; (f) map of the mining sites for which
the nature of minerals exploited is known or assumed with a minimum of confidence; (g) map of the mining sites for which the nature of minerals exploited is unknown; (h) location of streambed sediment sampling by the BRGM; (i)
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Table 1

Radiocarbon dating of charcoal trapped in slags. Type of object dated, location,
uncalibrated date, and calibrated dates (using Oxcal 3.10, Bronk Ramsey, 2001) with
ranges corresponding to an uncertainty of 95%.

Location 14C BP Calibrated dates
Corseries-Sud 1785 + 30 BP 130—-340 AD
Corseries-Sud 1670 + 30 BP 262—426 AD
Combe des Vaux 1685 + 30 BP 258—-420 AD
Bois Jobard-Est 1565 =+ 30 BP 421-564 AD
Bois Jobard-Est 1545 + 30 BP 428—-583 AD
La Combe du Four 1560 + 30 BP 423-567 AD
Les Grands Champs 970 + 30 BP 1017—-1154 AD

(Charleuf, 1867). Moreover, a mining trench recently excavated by
Cauuet and Boussicault (2006) at Bibracte seems to extend under-
neath the walls of the oppidum. It is filled by material dating from
the 1st century BC. All these clues unambiguously demonstrate
local metal exploitation during the Aeduan occupation, despite the
absence of radiocarbon dates for the Celtic period. This is in good
agreement with previous environmental studies, which already
suggest local mining in Prehistoric times on the basis of the amount
of metals deriving from mining and/or metallurgy, atmospherically
deposited in peat bogs situated nearby (Monna et al., 2004;
Jouffroy-Bapicot et al., 2007; Forel, 2009). First, an area of
900 km? located in the southern part of the MRNP (area 1: Al in
Fig. 1b), encompassing almost all the geological units found within
the Morvan massif, was selected as a pilot territory. It is mostly
forested, and centred on the Mont Beuvray, where the oppidum of
Bibracte was located. After this pilot study, calculations were
extended to the entire MRNP (area 2: A2 in Fig. 1b).

3. Materials and methods
3.1. Archaeological prospection

A pedestrian prospection campaign was systematically under-
taken over the 30 x 30 km? pilot area to obtain the most exhaustive
possible inventory of the zones where mining and metallurgical
activities have taken place (Tamas, 2004; Gourault, 2009). It was
mainly carried out in winter because the limited presence of
vegetation facilitated the identification of potential zones of inter-
est. Each discovery was geo-referenced using a GPS device (Fig. 1f—
g, see also the database provided as Supplementary Material). The
presence of dumps, platforms, or other work remains was sys-
tematically recorded. Some of the most representative remains
were studied in greater detail by establishing a microtopographic
record of their profiles.

3.2. Mineralogical data

The nature of mineral substances formerly exploited was ob-
tained from textual sources when available (see Delfour et al., 1991;
Gourault, 1999, 2009; Gourault et al., 2012; Tamas, 2004 and ref-
erences cited therein for details about sources). Otherwise, samples
from past exploitation tailings or outcrops were collected. When-
ever possible, mineralogical species were identified using a
binocular microscope and the nature of the exploitation was
hypothesised.

3.3. Geochemical data

From 1975 to 1985, the BRGM performed a comprehensive in-
ventory of mineral substances over the whole French territory, and
more particularly in the Massif Central (Lambert, 2005). The

national stream sediment sampling campaign led to the collection
of 7080 samples within the boundaries of the MRNP. The extreme
north-western part of the park was not sampled (Fig. 1h). Within
the pilot area alone, 2581 samples were collected, resulting in a
sampling density greater than 2 samples per km?. The streambed
sediments were sieved at 125 pm and dried. They were measured
by direct current plasma for elemental compositions (more than 22
elements were determined, including Pb, Zn, Cu, As, Fe and Mn; the
last two expressed as oxides). The entire dataset, together with
complementary information about the sampling and analytical
techniques used, is freely accessible at: http://sigminesfrance.brgm.
fr, “Géochimie Inventaire BRGM” database.

3.4. Geochemical landscapes: treatment and mapping

A 25 m-resolution digital elevation model (without holes) was
obtained from the Institut National de I'Information Géographique et
Forestiére (downloadable at http://professionnels.ign.fr/bdalti). The
sub-watersheds and river network of the Morvan (Fig. 1i) were
reconstructed using the functions contained in the GRASS module
of the Quantum GIS 1.8.0. free software (http://www.qgis.org). A
minimum size of 40 cells was set for each basin, providing a total of
332 drainage basins for the pilot area and 1103 units for the whole
MRNP, as depicted in Fig. 1j. Such fine-tuning ensures that the vast
majority of the basins contained at least one sediment sample.

3.5. Finding anomalies

3.5.1. Exploratory data analysis

In geochemical prospection, the point is to determine thresh-
olds allowing anomalies to be delineated from the local geochem-
ical background, which is often difficult to define (Reimann and
Garrett, 2005). Several procedures have been developed to
accomplish this essential and far from trivial step. One of them,
namely the EDA approach developed by Tukey (1977), is statisti-
cally robust to the presence of outliers and analytical errors. It
consists in a set of descriptive statistics combined to graphical tools
used to perceive the structure of the data (details can be found in
Carranza, 2009). In our case, a preparation of data is nonetheless
needed. First, as only 26 samples were collected in the clay, 21 in
the limestone, and 4 in the sand unit, these samples were excluded
from further analysis. A transformation procedure was also applied
to the remaining geochemical data, before computing thresholds by
EDA, to make comparable the remaining samples, which come from
different lithologic units: granite, basalt and gneiss (Yusta et al,,
1998):

X,] — medij

MAD, (1)

Zl_] =
where Z;; represents the standardised data values for the element i
of the lithology j. The MAD;, namely Median Absolute Deviation, is
somewhat equivalent to the standard deviation (Tukey, 1977), and
is defined as MAD;; = med][|X;; — med(X;;)|], where med represents
the median. With such a transformation, however, half the values
are negative and cannot be log-transformed, as recommended by
Reimann et al. (2008) for strongly skewed data. That is why another
transformation was performed to make all values greater or equal
to 1:

Zjj = 1+Z,-J-fmin(Z,- ) (2)

Uni-element geochemical data, except iron, were then log-
transformed and pooled to produce zpooled(i). At that point, it is
noteworthy to mention that the magnitude of the zpooleq(i) data is
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expected to be controlled by the presence of metalliferous min-
eralisation located upstream, but also by downstream dilution due
to the mixing of various (not anomalous) sources of stream sedi-
ments. Such a dilution phenomenon may somehow obscure the
detection of anomalous sources. Correction procedures have been
developed (e.g. Bonham-Carter and Goodfellow, 1986; Carranza
and Hale, 1997), but they were not applied here as the con-
structed watersheds are large enough to get rid of most of the
problems due to dilution. Operated on the zpooled(i) data calculated
as described above, the Tukey approach allows defining the me-
dian (quartile Q2), the lower hinge (LH, quartile Q1), the upper
hinge (UH, quartile Q3), as well as the hinge width (HW, also called
interquartile range IQR, defined as Q3-Q1) (Fig. 2). The lower and
upper inner fences, LIF and UIF respectively, are the first bound-
aries beyond which observations are considered as outliers. They
are defined as LIF = LH — (1.5 x HW) and UIF = UH + (1.5 x HW).
Two other boundaries, the lower and upper outer fences, LOF and
UOF, respectively, are used to define extreme outliers:
LOF = LH — (3 x HW) and UOF = UH + (3 x HW). Traditionally, the
minimum and maximum values inside the inner fences may also
be represented as upper and lower whiskers (UW and LW,
respectively): UW = max(X[X < UIF]); LW = min(X[X > LIF]). For
EDA-based mapping, data are divided into 7 groups: (i) from Min
to LOF, for extremely low background, (ii) from LOF to LIF, for low
background, (iii) from LIF to Q1, (iv) from Q1 to Q3, for the middle
50%, (v) from Q3 to UIF, (vi) from UIF to UOF, for near (high)
outliers, and (vii) from UOF to Max, for extreme outliers (Fig. 2). In
practice, the 6 thresholds used as limits for the 7 groups were
calculated with the map.eda7 function of the rgr package
(Garrett, 2013), supplementing the free R software (http://www.r-
project.org). The zpooled(i) data were used as inputs, as defined
above.

3.5.2. Fractal-based approach to geochemical landscapes

Briefly, the fractal approach consists in an improvement with
respect to the empirically-driven exploratory analysis of
geochemical anomalies described above, as it integrates the
spatial correlation of geochemical data and the scale-
independent features of geochemical landscapes (Cheng et al.,
1994; Cheng, 1999). Fractal models are based on the fact that
geochemical distribution patterns result from numerous
geological processes, which have taken place at different rates,
and different temporal and geographical scales. Interestingly, the
resulting geochemical landscape may be viewed as an object
presenting a fractal dimension (Cheng et al., 1994, 1996;
Carranza, 2009). Many fractal models exist, such as number-
size, perimeter-area, concentration-distance, or power spec-
trum area (Li et al., 2003; Hassani et al., 2009). The concentra-
tion—area model (C—A model) developed by Cheng et al. (1994)

Extremely ; IQR
low bckgd Low bckgd Whisker HW

O o o

Min % Max

Q2
median

LOF LIF w Qi
LH

Interquartile range
—_—

was selected for the present study, as it is one of the most
widely used in mineral prospection. Basically, a map of the
element of interest is produced by interpolating the point data
using an Akima interpolation algorithm (Akima, 1970). Contours
of concentration r; are computed and their respective areas,
Aj(r > r;), where r is greater than r;, are calculated. Paired r; and A;
values should theoretically satisfy a power-law relation:

Ai(r>r) = cryP, (3)

where c is a constant and D, the fractal dimension for the C—A
model. Plotted on a log A; vs log r; diagram, the set of points (r;, A;)
may define either one straight line, indicating a single fractal
dimension D, or several segments, involving a multifractal model.
In this latter case, the breaks (or inflection points) in slope limiting
different populations can be used as cut-off points to separate
background and anomaly concentration values into two or more
distinct categories. In practice, the caplot function of the rgr
package for R was used to compute the concentration—area plot.
Note that an equivalent function (concarea) exists in the StatDA
package (Reimann et al, 2008). The data were first log-
transformed, then an Akima interpolation (over a grid of
100 x 100, default values) was applied. After inspection of the
shape of the C—A plot, two or more straight lines, fitted by ordinary
least square regression, were defined over the plot (see Cheng et al.,
1996). Thresholds correspond to slope changes.

3.5.3. Prospectivity maps

For both EDA and fractal-based approaches, the drainage ba-
sins were coloured to highlight the following positive categories:
high background, low anomaly and high anomaly. A basin
generally contains several samples, so a choice had to be made
concerning the value affected to each of the individual basins (and
hence its category and corresponding colour). A straightforward
approach would be to compute the arithmetic mean or the me-
dian, and to categorise the basin according to one of these values.
In that case, the presence of samples, with high metal concen-
trations (i.e. outliers, which possibly indicate a mine or an ore
deposit), might well be overlooked, especially if the median
known to be robust to exceptionally high values is computed. That
is why the individual displaying the highest concentration was
used for categorising the whole drainage basin. Such an approach
reduces the risk of false negative errors, but might possibly be less
efficient. A greater land surface will probably have to be pro-
spected to find any traces of mining, as more basins will be
assumed to have good prospectivity potential. In the worst case,
prospection will be undertaken in sterile areas. Mapping and
subsequent calculation used the open source software Quantum
GIS.

Whisker Near outliers Far outliers

D “— Symbols

UW UIF UOF

Fig. 2. Boxplot of an idealised population. Symbols used for geochemical mapping are also reported. LH: lower hinge (Q1), UH: upper hinge (Q3), HW: hinge width (interquartile
range IQR), LIF: lower inner fence, LOF: lower outer fence, UIF: upper inner fence, UOF: upper outer fences, UW: upper whisker, LW: lower whisker.
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Fig. 3. Typology of mining structures. (a) trenches, (b) pits and funnels, and (c): cirques. The corresponding topographical profiles are shown next to the photographs.

4. Results and discussion
4.1. Spatial distribution and types of extraction works

A total of 109 mining sites was identified over the 30 x 30 km?
pilot area (Fig. 1e—f, see Supplementary materials for details),
excluding the mines exploited for U, F or Ba, which present no in-
terest from an archaeological perspective. Their spatial distribution
is slightly but significantly clustered (Nearest Neighbour
Index = 0.76, p < 0.01), because faults and fractures, together with
lithology, mainly control their presence (Gourault, 1999). Three
types of structures are present at these mining sites (Fig. 3).
Trenches often follow mineralised veins (n = 110, Fig. 3a). Their
depth ranges from 2 to 15 m, while their length ranges from about
20 m to 800 m and follows a log-normal distribution, indicating a
majority of short trenches (Fig. 4a). Most of them possess a NNW-
SSE orientation (Fig. 4b). Pits and funnels (ca. 3—15 m of diameter)
are generally adjacent to the trenches (Fig. 3b). They could corre-
spond to small shafts partially filled, or prospection works under-
taken before extending the exploitation. Cirques are also present,
sporadically (n = 15, Fig. 3c). All three types can be found together
at the same mining site, and mine-clearings often hem the struc-
tures. Hydraulic management works, such as channels, reservoirs
or embanking, were also frequently recognised.

Various mineral species were identified in most of the exploi-
tation tailings and associated outcrops. When (argentiferous)
galena is very abundant in dumps, silver/lead exploitation is

hypothesised. Similarly, iron mining is presumed in areas excep-
tionally rich in pyrite or iron oxide. Locally, cassiterite, tennantite
or tetrahedrite were recognised, which might suggest tin and
copper mining. Some auriferous arsenopyrite was also occasionally
found. In addition to the high diversity of minerals found, the
situation is complicated by the fact that most of these sites may
have experienced polymetallic exploitation, possibly operating in
several successive phases. Despite these difficulties, the nature of
the exploited metals was ascertained for 39 sites (out of the
original 109), including 20 sites with lead (and possibly silver)
mining and 15 sites where iron was primarily exploited (Fig. 1f).
Both Mn and As are known to have been mined with more or less
success in at least two places. The final two sites were presumed to
be Cu mines. This attribution, which is essential for the remainder
of the study, was made with a relatively high level of confidence,
either when the field evidence was clear, or better still, when
textual archives provided valuable technical details (see Delfour
et al,, 1991; Gourault, 1999, 2009; Gourault et al., 2012; Tamas,
2004, and references cited therein). The nature of the mineral
substances exploited could not be determined, or even suggested,
with reasonable confidence for the remaining 70 sites, because no
ores were found, or because no particular mineralogical species
dominated in dumps (Fig. 1g). No relationship was observed be-
tween the types of structures and the nature of the mineral sub-
stances exploited. Although no systematic pedestrian prospection
was undertaken throughout the entire park (area A2), known
mines are included in Fig. 1f—g.
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4.2. Geochemical data of stream sediments

Concentrations in Pb, Zn, Cu, As, Fe;03 and MnO for the
streambed sediments collected in the pilot area vary widely, as
shown in Table 2. They can reach high values, as for instance almost
1200 mg kg~ ! for Pb, and 1300 mg kg~ ! for As. When concentra-
tions were below the limit of detection (LOD), it was decided to
affect values corresponding to 75% of the LOD, as usually applied
(Baxter, 2003). As expected, skewness for Pb, Zn, Cu, As, and MnO is
very positive, revealing asymmetric right-tailed distributions. Once
log-transformed, the data tend to be more compatible with normal
law, as shown by changes in skewness. However, the original Fe;03
distribution does not strongly differ from the normal model.

4.3. Evaluating EDA- and fractal-based prospectivity maps on the
pilot area

EDA- and fractal-based prospectivity maps are displayed in
Figs. 5 and 6, respectively (see also Table 3 for the values of the
fractal-based thresholds). Interestingly, both methods produce
very similar maps for Fe, Mn, Zn, and to a lesser extent for Pb. For
this latter element, a notable difference is the presence of an
anomalous area situated in the NW of the EDA map (Fig. 5), which

Table 2

is not so clearly depicted by the fractal analysis (Fig. 6). Although
comparable, Cu and As maps exhibit different degrees of anomaly
demarcation: EDA procedure delineates more anomalous areas for
Cu than the C—A method, whereas the situation is reversed for As.
These discrepancies probably result from the difficulty of estab-
lishing clear thresholds for Cu and As from their respective C—A
plots. Most of the anomalies occur along a corridor oriented NE—
SW, which is clearly depicted by the EDA point pattern (see Fig. 5,
left part, for Cu, Pb and Zn). This corridor essentially corresponds
to sedimentary and volcano-sedimentary formations (Fig. 1e). In
any case, the anomalies identified cannot be explained by modern
industrial and/or urban effluents, as the areas concerned are very
sparsely inhabited (Fig. 1d), and almost free from polluting
anthropogenic activities. As the spatial distributions of Mn and Fe
are not correlated, it is likely that Cu, Pb and Zn anomalies cannot
only be driven by scavenging of Mn- and Fe-oxides. A more
obvious explanation should be sought from (i) natural metal en-
richments, possibly due to the presence of ore bodies, combined or
not with (ii) mechanical erosion or leaching of slag heaps, work-
shop grounds, and cleansing dumps, which may durably contam-
inate the aquatic environment, long after mining has ceased, as
already demonstrated elsewhere in the Massif Central (Monna
et al., 2011).

Descriptive statistics: min, max, mean, median and skewness for Pb, Zn, Cu, As, Fe;03 and MnO. LOD for limit of detection. Q1 and Q2 correspond to the 1st and the 3rd quartile,
respectively. Between parenthesis, the skewness after log-transformation; without transformation otherwise.

Pb (mg kg~ 1) Zn (mg kg™ 1) Cu(mgkg™") As (mg kg~1) Fe,03 (%) MnO (%)

LOD 10 10 10 20 0.1 0.01

Min <10 20 <10 <20 0.4 0.01

Q1 44 79 11 21 25 0.04
Median 56 102 12 38 33 0.06

Mean 72 113 16.8 50.1 3.37 0.066

Q3 76 133 18 61 4.1 0.08

Max 1188 660 516 1305 15 0.65
Skewness 7.0 (1.36) 2.8(027) 107 (1.3 9.0 (0.45) 0.87 (~0.63) 3.64 (—0.08)
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Table 3

Interpretation of ranges based on thresholds defined by concentration-area fractal analysis for the pilot area (A1). The background values are highlighted in bold.
Range As (mg kg™1) Cu (mg kg™ 1) Fe,0s (%) MnO (%) Pb (mg kg™ 1) Zn (mg kg™ 1)
Very low background - - <2 <0.03 <35 <64
Low background <35 <14 2-33 0.03—0.07 35—-47 64—96
Background [35 14-107 3.3-7.36 0.07-0.28 47-200 96—-330
High background —80] 107-153 >7.36 0.28-0.32 200288 >330
Low anomaly 80—-280 153—-280 - >0.32 288—-457 -
High anomaly >280 >280 — — >457 —

The aim is now to compare the mines found by pedestrian
prospection with the prospectivity maps established from
geochemical data alone, in order to evaluate the pertinence of
these latter for further archaeological prospection. It could have
been tempting to separate modern mines (post 18th century)
from the ancient ones in the analysis, because knowledge of
minerals and exploitation techniques have obviously improved
over time. At least in our case, this cannot be done because the
number of modern works (excluding U, F and Ba exploitations) is
too low (See Supplementary Material, mine database for details).
Interestingly, when these more recent extraction works started,
the presence of anterior works was often discovered. The entire
database of mines can therefore be used. It is important to
remember that the total surface of the anomalous areas is over-
estimated because the maximal concentration value was applied
within each drainage basin. From an archaeological point-of-view,
our working hypothesis is that there is a greater probability of
discovering former mines in these “extended” watersheds than in
surrounding areas. This hypothesis cannot be formally tested for
Cu, As and Mn, because the number of known exploitations of
these types within the pilot area is low: only one As mine,
mentioned in the archives, 3 supposed Cu mines, and 1 known
Mn exploitation. It is noteworthy however that these mines al-
ways occur within or close to watersheds recognised as anoma-
lous (Figs. 5—6, right). Arsenic is generally used as a pathfinder for
geochemical exploration, as it may reveal the presence of Au, Ag
and other precious metals in epithermal and mesothermal de-
posits (Weissberg, 1969; Henley, 1985). During sub-aerial oxida-
tion, As, a mobile element contained in sulphide ore minerals, is
released in surface environments, and may produce anomalous
concentration dispersion trends, which help in detecting ore
bodies (Hale, 1981). Within the pilot area, arsenic is present at a
high level (geometric mean = 37.8 mg kg '), and can reach
extremely high concentrations (ca. 1300 mg kg~ 1). For compari-
son, the median arsenic concentration for streambed sediments in
Western Europe is only about 6 mg kg~! (FOREGS, 2005). Values
as high as those measured in the Morvan are therefore generally
ascribed to mineralisations and mining activities. Although
geologically significant, they probably do not occur in association
with Au. Indeed, there is no field evidence of clear Au potential in
the Morvan, except some fruitless exploitation attempts, which
took place during the early 20th century at Dun-sur-Gandry, near
the pilot area (Durante and Durante, 2007). Originally, Au
extraction was motivated at that place by one single analysis,
which provided exceptionally high gold and silver contents of
52 g ton~! in chalcopyrite and 450 g ton~! in galena, respectively.
Unfortunately, all further complementary works were much less
encouraging, leading to the quick and definitive collapse of the
company involved in this exploitation (Durante and Durante,
2007). Gold washing in the Morvan rivers is known to be
broadly unproductive, or at best marginal, unlike some other
places in France where Au has been exploited since Prehistory
(Cauuet, 2001, 2004). Although iron mines are mostly located in
areas slightly anomalous in iron content, prospectivity mapping is

probably not well adapted to the discovery of this kind of activity
because Fe, a major constituent of the continental crust, is present
at high concentration in a wide variety of environments. As a
result, anomalies are difficult to detect in weathering products,
such as streambed sediments. Lead offers a much better oppor-
tunity of testing the predictability of the maps built. Twenty Pb
mines have been discovered within the pilot area, yielding a
suitable dataset for a statistical validation. Prediction-rate dia-
grams, expressing the percentage of mines discovered as a func-
tion of the percentage of areas prospected, can be computed
(Fig. 7a—b). At that step, it is important to understand that the
true position of mines is not used as guidance for prospection. The
geochemical data alone are used, treated in terms of prospectivity
maps, starting from the drainage basins with the highest pro-
spectivity scores, and continuing until the very last basin, how-
ever low its score. The approach, which consists in comparing the
predictive models developed with a complete spatial randomness
(CSR) model (Carranza, 2009), where chances of discovery are just
accidental, is quite similar to the one proposed in Kvamme (1988,
p329) as a “gain” calculation. Expressed in a different way, it is
hoped that the percentage of sites within the prospected areas
will be much greater than the percentage of areas explored.
Whatever the procedure chosen, ~70% of Pb mines are discov-
ered by prospecting only ~15—20% of the whole zone (i.e. the
surfaces presenting a mining potential, Fig. 7a—b), and almost all
the mines are found by only scanning 50% of the area. This is
statistically much better than a CSR (Kolmogorov—Smirnov test,
p < 107%), and clearly demonstrates the remarkable gain of the
proposed approach in terms of time, effort and money saved, for
any archaeological prospector. At least for our specific case, the
multifractal approach is as powerful as the less sophisticated EDA.
Moreover, the good results of this pilot study interestingly
demonstrate that past societies discovered and mined the main
mineral resources of the area. Before extending the procedures
developed here to the entire area of the park, it is worth recalling
that both predictive models were not established from supervised
pattern recognition, where mine locations are known, while local
descriptors (e. g. streambed sediment geochemistry, slope, geol-
ogy, etc.) are forced to produce a model having good predictive
capabilities. Such a supervised approach is efficient when training
data (here data from the pilot area) are fully representative of the
entire area. In our case, these prerequisites are probably not ful-
filled because of the heterogeneity of the study site, in terms of
geology and geography (Fig. 1b,c,e). That is why less constraining,
unsupervised models were preferred.

4.4. Extending prospectivity maps to the entire park area (A2)

The EDA model (including the lithological adjustments as
described above) was privileged in the following because (i) it is
easier to implement and, (ii) derived thresholds are less subject to
interpretation than those obtained by fractal-based analysis (see
Figs. 5 and 6). In any case, both procedures produce approximately
the same maps for all Morvan Regional Natural Park data (Fig. 8, see
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also Fig. S1 and Table S1 in Supplementary Material for threshold
interpretation). When geochemical data are available, attested
mines appear in anomalous areas, as for example the lead mine of
Alligny-en-Morvan located NE of the park (Fig. 8a), which is known
to have been mined sporadically during the 17th, 18th and 20th
centuries with more or less success. See also the gold mine of Dun-
sur-Gandry, discussed above, and located close to the western
border of the park (Fig. 8c).

Most of the mines, for which the nature of the minerals
exploited is unknown, lie within drainage basins characterised by
lead or copper anomalies, or both (Fig. 8a—b). The probability of
lead and/or copper mining is therefore high for these sites. Iron
extraction, which does not leave any clear fingerprint within the
geochemical landscape, must nevertheless not be underestimated.
It is probably the most frequent type of mining at the scale of the
Morvan massif. Similarly, Sn concentrations, although measured by
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Fig. 8. Prospectivity maps based on EDA for (a) Pb, (b) Cu and (c) As, over the whole Morvan Regional Natural Park. Blank areas correspond to zones where geochemical data are
lacking. Symbols correspond to known mines and mines where the nature of the substance exploited is unknown. Note that when calculated from all Morvan Regional Natural Park
data, the prospectivity maps of the pilot area Z1 are not exactly the same as in Fig. 5, but remain comparable.
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the BRGM, were most of the time below the detection limit, so that
possible tin mining was not explored by geochemical mapping in
the present study. However, significant alluvial tin mining,
including large hydraulic installations, occurred near Autun,
located just a few kilometres SE, in a valley bordering the massif
(Cauuet et al., 2006).

Many studies have already shown the validity of combining
environmental geochemistry and archaeology in various contexts
(e.g. Grattan et al., 2007; Mighall et al., 2002, 2009; Breitenlechner
et al., 2010; Forel et al., 2010). The present paper confirms that the
study of the geochemical imprints left on their environment by
former societies working on metals can be mutually enriching for
both archaeologists and environmental researchers.

5. Conclusion

The tens of thousands of geochemical analyses performed on
streambed sediments during the 1970s—1980s to make an in-
ventory of mineral substances can be advantageously exploited
today to target areas where former mining may have taken place.
In our case, both EDA and fractal-based models produce similar
prospectivity maps, which greatly surpass the probability of
making any such findings by chance. These results are quite
encouraging. Some notable improvements are expected with the
use of very high resolution digital elevation models (e.g. LIDAR).
Such technology will make possible the delimitation of sub-
watersheds corresponding to individual samples. In this case,
any archaeologist will be able to target much more precisely areas
with high prospectivity values. Once mastered, the whole proce-
dure takes at most only a few days, and can therefore save a
considerable amount of time, effort and, as a consequence, money
for any archaeological prospector working in the field of past
mining. Technically, there is no real obstacle to the application of
the methodology proposed here as: (i) the software and associated
packages are freely available from the web, as well as the original
dataset (at least in France), and (ii) the mathematical skills
required are basic and easily acquired. Besides favouring the dis-
covery of new sites, the resulting maps may help in better
hypothesising the nature of the mineral substances mined, when
field or textual evidence is lacking. Obviously the method
described here is a first step before a more conventional archae-
ological investigation, which is necessary to reveal the phases and
the techniques of exploitations, the organisation of works and
their relationships with populations living nearby, etc. It should
also be kept in mind that a positive anomaly is not always
accompanied by mining works, either because the area has not
been recognised in the past as potentially productive, or because
the technical skills needed for exploitation were not available at
that time. In contrast, there is little chance of finding mines of any
importance in areas characterised by very low prospectivity po-
tential. Interestingly, the oppidum of Bibracte is situated at the
centre of an area presenting a high potential for lead and copper,
which has been exploited to the utmost. As previously suggested,
the attractiveness of mineral resources was probably involved in
the installation and development of Aeduan occupation at that
particular site.
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