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Abstract

The identification of controlled fires in ancient agricultural systems is important for

understanding how past societies managed the landscape. Although the use of fire in

agriculture is documented in recent historical records, and combustion markers can

persist in soils over a long time scale, this is a complex issue because combustion

traits in general are ubiquitous. Archaeopedological surveys undertaken in an ancient

forest in Burgundy (France) have led to the recovery of several red indurated

nodules scattered in the soils. Gallo‐Roman housing structures and parcels were

recognized using light detection and ranging mapping, stimulating questions about

the understanding of the nature of these nodules. Elemental and structural analyses

by X‐ray fluorescence and X‐ray diffraction (XRD) confirmed the local origin of

these features by comparing their composition with on‐site sediments, and

thermoluminescence dating placed the samples in the Medieval period. The results

cast light on the nature of the nodules and how they can be related to controlled

fires used in agricultural practices. Even though questions remain about which

processes lead to the formation of the nodules, the firing temperature estimated via

XRD analysis seems to be in agreement with that used in the “paring‐and‐burning”

technique. The present study provides new information about medieval agriculture

practices from the 10th to the 12th centuries CE and shows how past societies

managed the opening and maintenance of agricultural fields using natural resources

and “archaeological” remains from the antique period.
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1 | INTRODUCTION

Indurated nodules are occasionally discovered during archaeological,

pedological, or geological surveys. This type of material, nowadays

known from a wide range of environments, can measure up to 5 cm in

diameter and shows a wide variety of shapes, structures, and colors.

Depending on the context where they are found and physical

characteristics, indurated nodules can generally be associated with

two different formation processes, namely, accumulation of Fe and

Mn, or exposure to fire, both of which cause the sediment to

aggregate. However, the wide variability of their characteristics and

the lack of systematic analysis focused on the nodules discovered in

archaeological investigations often result in confusion when it comes

to the interpretation of such finds (Aldeias, 2017). The hypothesis of

exposure to fire is usually put forward in archaeological settlement

contexts, supported by the presence of a reddened layer and the

detection of charcoal and other charred materials found along with

the nodules (Macphail et al., 1990; Macphail & Goldberg, 1990).

However, determining if a fire event was natural or anthropogenic is

still a challenge for archaeologists.

Fire is considered as an ancient and important factor in landscape

evolution. Attempts to identify the first controlled fire during the

Pleistocene have resulted in a vigorous debate among specialists

(Brain & Sillent, 1988; Canti & Linford, 2000; Roebroeks & Villa,

2011; Weiner, 1998). The discovery of burnt ecofacts, together with

archaeological structures or artifacts related to agricultural activities,

has been considered a key element for the identification of

agricultural fire practices, also supported by modern ethnographic

observations in Asia, South America, and Africa (Bentsen, 2013;

Ketterings et al., 2000). However, there remain many uncertainties

about the impact and the extent of this practice on agricultural

systems of past societies, namely, due to the problems of identifica-

tion of burnt remains. (Aldeias, 2017; Canti & Linford, 2000; Guiblais‐

Starck et al., 2020; Ponomarenko et al., 2019).

From a practical perspective, many questions remain about how

fire impacts the topsoil over the short and long term. The

temperature of the fire and its residence time (time occupied by

the flame front on a surface area) are key parameters to under-

standing the mineralogical and structural changes in the soil.

Experimental archaeology provides some insightful data about the

short‐term effects of fire on soils, but the limited numbers of such

studies fail to completely answer questions about the nature of past

fire events.

In the forest of Châtillon (Burgundy, France), an archaeological

surface survey and light detection and ranging (LiDAR) mapping have

yielded the identification of a network of roads and agricultural

parcels that are linked to different types of archaeological structures

representing a discontinuous occupation from the La Tène A period

(c. 450 BC) until modern times (Chevigny et al., 2018; Goguey et al.,

2018; Pautrat & Goguey, 2004). The archaeopedological field survey

has revealed red, brown, and black indurated nodules, millimetric to

centimetric, scattered in the profiles of various pedological pits below

the organic horizon. Although the soil laboratory preparation

indicates that these markers are tenuous, they are recurrent, since

about 60% of the sampled soils show such nodules. Since the origin

of these nodules is unclear, a series of analyses were performed to

identify their nature. Were the indurated nodules naturally occurring,

resulting either from pedological processes or wildfires, or did they

result from anthropic activities related either to fire in connection

with agricultural practices or manuring (garbage spreading originating

from houses)? If their formation was related to human activities, their

dating would provide important information about the history of

ancient agricultural techniques in use during this time period.

This study is innovative in three aspects. First, the use of LiDAR

technology provides a powerful tool to identify the agricultural

parcels where the samples were collected (Georges‐Leroy, 2009;

Georges‐Leroy et al., 2011). Second, a novel analytical strategy,

based on elemental and mineralogical characterization provided by

X‐ray spectrometry, X‐ray diffraction (XRD), and petrographic

microscopy, was applied to characterize the indurated nodules and

their surrounding sediment. Finally, for the first time, to the best of

our knowledge, thermoluminescence dating provides absolute dates

of indurated nodules in archaeological contexts.

2 | ON THE ORIGIN OF INDURATED
NODULES IN SOILS

Three different theories for the formation of the nodules have been put

forward in the literature. First, nodules could be related to Fe–Mn

concretions produced by the pedogenetic process and mistaken for

combustion residues. The mobilization, transfer, and accumulation of

Mn and Fe ions in soils would, in this case, be responsible for the

formation of the Mn–Fe rich nodules (Šegvić et al., 2018; Sun et al.,

2018; Tan et al., 2006). The availability of these ions in soils is largely

determined by the alternation of redox potential in the soil system,

which is again driven by the topsoil water regimes, microbial activities,

and temperature changes induced by seasonal climate variations

(Fitzpatrick, 1988; Vepraskas, 2000). The mobility of the Mn–Fe ions

is increased during the wet seasons in anaerobic conditions when Fe3+

and Mn3+/4+ are reduced to Fe2+ and Mn2+. During the dry seasons,

reoxidation in aerobic conditions decreases their solubility, leading to

precipitation (Gasparatos, 2011). The Mn–Fe accumulation can emerge

in different forms such as spherical, oval, or irregular‐shaped nodules,

with a wide range of colors in brown–orange–yellow hues (Latrille et al.,

2001; Šegvić et al., 2018). While the shape of the nodule can vary

according to the type of soil and depth in the soil profile (Phillippe et al.,

1972), the hue seems to depend mainly on the concentration of Mn

(Rabenhorst & Parikh, 2000). Some concretions show a concentric

internal structure organized around a nucleus, while some others do not

(Gasparatos, 2011). Occasionally, the Mn–Fe accumulation can also

appear as a simple partial or complete coating of soil aggregates, thus

modifying their color, texture, and stability (Baize & Jabiol, 1995; Stoops

et al., 2018; Xue et al., 2019).

Second, a hypothesis has been put forward related to a direct

impact of fire on soil. Various types of fire events can affect soil color,
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texture, and mineralogy, and also lead to the formation of burnt soil

nodules. In a forest environment, wildfires usually occur when an

abundance of dry fuel is available (Certini, 2005). However, the ignition

processes of wildfires, their severity (temperature and residence time),

and their impact on soil and vegetation depend on atmospheric and

ecosystem conditions, both on a local and on a temporal scale (Neary

et al., 1999; Zavala et al., 2014). Controlled fires used for agricultural

purposes are mainly divided into two types (Sigaut, 1975): the “paring‐

and‐burning” technique (écobuage in French), which consists of

removing the surface layer of a field, burning it (usually by forming

oven‐like combustion structures made of the removed sods), and then

spreading the residues to improve the chemical properties of soil for

agriculture (Nzila, 1992). The second type is the “slash‐and‐burn”

technique (éssartage in French), which is related to the clearance of

land that has not been cultivated for a long time, if ever. This technique

generally consists of felling the trees, chopping the wood, and

gathering it with the remains of the other vegetation present, and

then burning it all to clear the area. Depending on the chrono‐

geographical context, several variations of these two methods have

been observed (Jobbé Duval et al., 2007; Portères, 1972; Sigaut, 1975;

Steensberg, 1993). The effects of fire on soil exposed to wildfires or

controlled fires are variable according to the severity of the fire, the

pedological context (texture, humidity, organic matter content), the

available fuel (nature, humidity, amount), and the postfire conditions

(Certini, 2005; Mataix‐Solera et al., 2011). The renewal of organic

matter provides better availability of nutrients and improves cation‐

exchange capacity (Johnson & Curtis, 2001). It will also lead to a short‐

term increase in pH due to the release of alkaline cations. Firing also

affects the biological and physical properties of soils such as water

repellence, aggregate stability, and bulk density (Certini, 2005;

Thomaz, 2017). Soil granulometry, and the type and amounts of

cementing substances (organic substances, Fe–Al oxides, or calcium

carbonate) are key variables that can either increase or decrease these

parameters depending on the severity of the fire (Mataix‐Solera et al.,

2011; Thomaz, 2021). Mineralogical transformation in soil is a complex

process involving numerous factors. However, the severity of the fire,

the firing atmosphere (reducing or oxidizing), and the soil chemistry are

usually considered to be the most important parameters. The first

changes usually occur at around 300°C with the dehydroxylation of

goethite and its transformation into maghemite or proto‐hematite

(Gualtieri & Venturelli, 1999), followed by the decomposition of

kaolinite and chlorite between 500°C and 600°C (Jordán et al., 1999;

Steudel et al., 2016). The formation of Fe oxide is responsible for the

reddening of the soil after a fire. This depends on the availability of Fe,

but experiments undertaken by Canti and Linford (2000) and

Ketterings et al. (2000) have shown a complex situation, where the

fire severity, the soil humidity, crystal size, and the presence of ashes

have a strong influence on soil rubefaction (Röpke & Dietl, 2017).

Finally, in the case of natural fires, it must be considered that the

physical changes are usually highly variable in space, depending on the

initial distribution and properties of the fuels (mosaic), and that in most

cases, the temperature decreases rapidly in the first few centimeters

below the ground surface (Parson et al., 2010; Scott et al., 2014).

The third possibility is related to the mistaken identity between

indurated nodules and fragments of ceramics, bricks, roof tiles, or

burnt earth building materials (e.g., daub). Indeed, the discovery of

eroded sherds has been recorded in ancient fields and interpreted as

markers of agricultural spreading in association with fertilizer

materials from domestic contexts used for soil amendments

(Poirier & Laüt, 2013; Poirier & Nuninger, 2012).

3 | THE STUDY AREA

The forest of Châtillon is located on a Jurassic limestone plateau

delimited to the west by the Ource and Digeanne valleys, and to the

east by the Seine and Brevon valleys. This karstic plateau is located

near the south‐eastern limit of the Parisian Basin (Figure 1). The

history of the forest goes back to the end of the 14th century CE,

when the area was part of the Burgundy ducal property dedicated to

wood and charcoal production. Later, the forest then became a royal

and a domanial property owned by the state (Beck & Beck, 2007). The

continuity was related to the forest exploitation providing fuel for the

intensive metallurgic activities that took place in the Châtillonnais area

from the 16th to the 19th centuries (Benoît & Rignault, 1984–1986;

Goguey et al., 2010). The forest altitude varies between c. 300m

above sea level to the north and c. 400m in the south. The mean

annual rainfall is 810mm, and the mean annual temperature is 10°C.

The forest of the study area generates a special microclimate: even

though the altitude is low, phytological indicators are characteristic of

a middle‐altitude climate with the presence of Vaccinium myrtillus,

Gentiana lutea, and Ligularia siberica (Nicloux, 1986). The study area

contains two types of soils strongly tied to the nature of the limestone

bedrock from the Bathonian period (166–168My). A thin layer of silty

clay calcisol with ferralic properties overlies the hard Comblanchien

limestone, while a thin layer of rendzic soil and calcisol overlies the soft

oolitic limestone. The origin of these silty clay particles seems to be

related to wind deposition from a Callovian period formation

(166–163My) located near to the north. The soils of these karstic

plateaus are usually porous and therefore not affected by water table

fluctuations. However, specific pedologic horizons show a reddish

color, indicating the presence of Fe‐rich oolites resulting from karstic

alteration (Baize, 2012; Leneuf & Puisségur, 1976). The territory

occupied by the forest and its surroundings shows multiple indicators

of ancient human activities. Several burial mounds (tumulus) from the

La Tène A (450–380 BCE) and La Tène B (380–250 BCE) periods are

known in this area (Chaume, 1999; Cruz, 2012; Goguey et al., 2018).

The transition to the LaTène C period (250–150 BC) is marked by the

use of a new inhumation practice in funerary pits usually located in a

quadrangular enclosure, as well as the development of new housing

structures and small towns (Chevrier, 2011). From the La Tène C

(250–150 BCE) and Gallo‐Roman periods, two sanctuaries and about

80 housing structures have been detected and some of them have

been excavated in this area along with many archaeological tools

related to agricultural activities such as scythes, sickles, and plough-

share. From the 6th century CE, the historical archives from the Côte
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d'Or department mention settlements mainly concentrated in villages

around the forest, and sarcophagi from the Merovingian period were

also discovered (Provost, 2009a, 2009b; Roserot, 1924). By the end of

the 12th century CE, a Commandery of the KnightsTemplars was built

and the abbey of Val‐des‐Choues was founded by the Cistercian order.

From medieval and recent periods, remains of burning places and huts

used by charcoal production workers were discovered (Giosa, 2020;

Goguey et al., 2010).

Two specific sites were selected within the study area: “La Roche

Chambain” and “La Caverne” (Figure 1). Archaeological and LiDAR

surveys led to the identification of a network of roads and agricultural

parcels, each about 150 km2. The excavations showed an occupation

starting from the La Tène A period (close to 450 BCE). However, most

of the archaeological remains are dated to the LaTène D (150–30 BCE)

and Gallo‐Roman (1st century BC to end of the 5th century CE)

periods. A few structures related to forestry activities from modern

time have also been discovered (Giosa, 2020; Goguey et al.,

2018, 2014). Evidence of Early Roman Empire settlements with parcel

demarcations was found on both sites, as well as nondated coal

production spots, and residues of silviculture management. The parcels

and their extensions generally form geometrically homogeneous

clusters. They are dated using the chronology of the settlements with

which they are connected. Even though no extensive excavation has

been undertaken at the two sites, the metallic artifacts (mainly fibulae

and coins) and the ceramics (sherds of amphora and sigillata) collected

during surface surveys are dated from the 1st century BC to the 2nd

century CE (Giosa, 2020; Goguey et al., 2010). However, the

superposition of parcel limits detected through LiDAR mapping hints

at multiple phases of occupation of the sites.

The site of “La Roche Chambain” is about 42ha (0.42 km2). The

settlement consists of small structures built in dry stone. The main

building is located at the top of a slope, dominating the radial cellular

system. The limits of these parcels consist of low walls or banks that are

still visible. The site of “La Caverne” is delimited by two shallow dry

valleys located on the edge of the plateau on about 125 ha (1.25 km2).

This area is marked by a radial cellular grid with a small Gallo‐Roman

villa. The building is part of an enclosure measuring of about 1.5 ha. The

architecture of the villa is inspired by Mediterranean culture with

the presence of painted plaster and a Roman‐type arch. The limits of

the parcels are mainly determined by the presence of small banks

visible on the LiDAR maps (Giosa, 2020; Goguey et al., 2018).

The soils observed in the archaeological parcels on the two sites

were very thin, rarely exceeding 0.3 m in depth (Figure 2). Two main

types of soil were identified: the first one is a rendzic soil showing a

single calcareous A horizon on the top of the limestone bedrock. The

second one is a calcisol showing a Bw horizon formed of

decalcification clay between a decalcified A horizon and the bedrock.

4 | MATERIALS AND METHODS

4.1 | Field methods and sampling strategy

At the “La Roche Chambain” site, the good visibility of the limits of

the parcel permitted a systematic sampling strategy where five

pedological pits were excavated within each parcel; a total of 154

pedological pits and all horizons were sampled. The pits yielded a

total of 233 soil samples, each c. 0.25 L. At the “La Caverne” site, the

F IGURE 1 Location of the study site in the forest of Châtillon, Burgundy. The background satellite picture was downloaded on Google Earth
Pro. The names of the modern towns are in italic. [Color figure can be viewed at wileyonlinelibrary.com]
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low visibility of the parcel limits led to the use of a more classic

systematic sampling protocol based on a grid superposed onto the

map. At this site, 234 pedological pits were excavated. Each pit was

documented, and a sample was collected from the first horizon below

the litter. If the A horizon was thinner than 5 cm, the samples were

taken in the Bw horizon. The descriptions of the pits allowed the

identification of the horizons. In those pits showing typical

sequences, each horizon was sampled. The same regular grid‐based

protocol was then applied to three subareas to increase the spatial

resolution. The 0.25 L collected soil samples were dry‐sieved

manually on a 4, 2, 1, 0.5, and 0.2 mm mesh column, and ground in

a porcelain mortar. The material was sorted according to their type

(nodules, ceramic, charcoal, etc.), counted, and weighed. Charcoal and

indurated nodules were recorded and analyzed according to the

protocol established by Py (2006). Indurated nodules were found in

about 60% of the pits without preferential distribution and

independent of any artifact concentration. The mean concentration

of these nodules in the sampled soils is about 6.6g L−1, ranging from 0

to 25 g L−1.

To identify and characterize the indurated soil nodules, nodules and

the surrounding soil samples were collected from 15 pedological pits

(Figure 3). The pits were selected in order to provide samples from the

different archaeological contexts identified on the two sites. They must

also contain nodules big enough to allow their analysis following the

protocols, as detailed below. All pits were located inside the parcels. As

the pedological study was focused on the agricultural practices of

premodern periods, only the red and yellow nodules were selected.

Indeed, the black nodules could be suspected to originate from modern

charcoal production. To compare the composition of the nodules with

the ceramics, 10 sherds were selected during the sieving process of the

soil samples or during surface surveys.

All the samples were analyzed by X‐ray fluorescence (XRF), and the

elemental compositions of the indurated soil nodules were compared to

those of the surrounding sediments and the ceramics. XRD was

performed on 15 pairs of nodules and the surrounding sediment

collected on the two sites to compare their mineralogical composition.

In addition, nine aliquots of each of the surrounding soil samples were

fired to 500°C to compare their mineralogical composition with that of

F IGURE 2 Typical soil profiles from Roche‐Chambain and La Caverne sites. O—Litter. Aca—Calcareous A horizon: silty clay, brown,
carbonated, granular structure, many gravel unsorted, very strong biological activity. A—A horizon: silty clay, reddish‐brown, decarbonated,
granular to angular structure, very strong biological activity. Bw—Decalcification clay B horizon: clay, reddish, decarbonated, angular to prismatic
structure, medium biological activity. C—Top of the calcareous bedrock: Rounded boulders of limestone. [Color figure can be viewed at
wileyonlinelibrary.com]
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the nodules. These analyses helped to estimate the firing temperature of

the nodules. Thermoluminescence dating was performed on 10

indurated nodules and three charcoal fragments were dated with

radiocarbon. Magnetic susceptibility and colorimetry measurements

were also undertaken on the nodule to evaluate the effects of the firing

on the mineralogy of the samples. These results are not presented here

as they are part of an ongoing project. Moreover, the use of XRD to

assess mineralogical changes also provided useful information about the

origin and the composition of the nodules.

4.2 | Laboratory analyses

4.2.1 | XRF analysis

The XRF analysis was performed using a benchtop ED‐XRF Rigaku QC

+ Quantez spectrometer equipped with a silicate drift detector, a 6‐

position automatic sample changer, and a He purge with a flow of

0.2Lmin−1. The spectrometer was operated at a voltage of 50 kV and

at a current of 169 µA. Automatic primary filters were used to improve

the detection of mid‐Z and high‐Z elements. The procedure for sample

preparation was as follows: (1) the samples were calcined at 950°C for

6 h; (2) the samples were crushed manually in an agate mortar and the

powder was sieved keeping the fraction below 300 µm; and

(3) 400 ± 5mg of the sample powder was weighed. The quantification

was performed using the international standards materials NIST‐2711a

Montana soil II and NIST‐98b Plastic clay, both measured under the

exact same conditions and with the same weights as the samples.

4.2.2 | XRD analysis

The XRD analysis was performed using a Rigaku Miniflex 600

diffractometer with Cu Kα radiation as the source (λ = 1.54 Å) and a

scintillation counter (NaI) detector. The X‐ray generator was set to an

acceleration voltage of 40 kV and the filament emission was set to

15mA. The samples were analyzed in powder mode. All measure-

ments were performed with a 2θ angle step size of 0.02° and a

counting time of 10 s per step in a range from 5° to 90° 2θ. The

qualitative analysis was performed using Highscore Plus software

linked to the ICDD PDF‐2 database. The semi‐quantitative results

were determined using the reference intensity ratio (RIR) method.

4.2.3 | Petrographic analysis

The petrographic analysis was performed on a Nikon Eclipse LV100N

petrographic microscope equipped with a Nikon DS‐Fi2 camera. For

F IGURE 3 Location of the samples on the LiDAR map of the area. The drawn lines correspond to the interpretation of the micro
topographical feature observed. [Color figure can be viewed at wileyonlinelibrary.com]
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the quantitative evaluation, JMicroVision software (Roduit, 2007)

was used. The samples were embedded under vacuum with epoxy

resin before being mounted on glass slides and polished.

4.2.4 | Thermoluminescence dating

Thermoluminescence (TL)measurements were performed on a DA‐12

TL‐reader manufactured by Risø National Laboratory in Denmark with

the 100–300µm granulometric fraction of sieved grains using a Single

Aliquot Regeneration method adapted from Hong et al. (2006), taking

the average of four subsamples. Samples were treated with concen-

trated HCl and concentrated H2O2 to dissolve any carbonates and to

remove any organic matter, respectively. The calculation of the date

required determination of the dose received from the environment. This

was assumed to originate from three sources: (1) the internal source

from the four radioactive isotopes present in the samples, K40, Th232,

U235, and U238; (2) the external source from the same four radioactive

isotopes in the surrounding soil; and (3) the cosmic flux. The radioactive

isotopes from the samples and the surrounding sediment were

measured using laser ablation inductively coupled plasma mass

spectrometry (LA‐ICP‐MS) (for Si, Th, and U) and XRF (for Si and K).

The cosmic flux was estimated from the geographical position of the

site, its altitude above sea level, the depth of finding, and the density of

the overlying sediment. The calculation was performed using the

“Luminescence” package on R software (Kreutzer et al., 2012). The

procedure required the input of several parameters: (1) the self‐shielding

was calculated using a measured average density of 1.8 ± 0.3 g cm–3,

(2) the grain diameter after sieving was assumed to be 200 ± 100µm,

(3) the alpha efficiency was assumed to be 0.10 ± 0.02 according to

Olley et al. (1998), and (4) the sediment water content was calculated

according to: water (%) by mass = ([wet mass − dry mass]/dry mass) ×

100 (Durcan et al., 2015). The measurements of the water content were

performed on the day of the sampling. No hydrogen fluoride etching

was performed; thus, the alpha particle dose was included in the annual

dose rate calculation (Liritzis et al., 2008). These parameters were

computed and processed using AGE software (Grün, 2009), providing

the dose rates and the TL ages.

To calculate the contribution of the natural radionuclides U and Th,

LA was performed using a CETAC LXS‐213 G2 equipped with a NdYAG

laser operating at the fifth harmonic at a wavelength of 213 nm. A

25µm circular aperture was used. The shot frequency was 20Hz. A line

scan was performed with a scan speed of 20µm s−1 and was c. 300 s

long following a 10 s gas blank. The helium flow was 600mlm−1. The

laser operations were controlled using DigiLaz G2 software provided by

CETAC. ICP‐MS analyses were carried out using a Bruker Aurora M90

equipped with a frequency matching RF‐generator. The basic parame-

ters were as follows: radiofrequency power 1.30 kW; plasma argon gas

flow rate 16.5Lmin−1; auxiliary gas flow rate 1.65 Lmin−1; and sheath

gas flow rate 0.18 Lmin−1. The following isotopes were measured, all

without skimmer gas: Si29, Th232, and U238. No interference

corrections were applied to the selected isotopes. The analysis mode

used was peak hopping with three points per peak, and the dwell time

was 10ms on Si29 and 100ms on Th232 and U238. The data were

averaged using 5‐point moving averages. The quantification was

performed using a method similar to that of (Golitko & Terrell, 2012).

An in‐house ceramic standard was run before and after batches of three

samples to monitor the stability of the beam. The concentrations of U

and Th were calculated by comparison of the U/Si and Th/Si

experimental ratios to the U/Si and Th/Si standard material ratios. A

relative error of ca. 10% is estimated from these measurements mostly

due to the mineral heterogeneity of the samples.

4.2.5 | Radiocarbon dating

Radiocarbon analyses were performed by the Poznań Radiocarbon

Laboratory. Calibrated dates were obtained using the Groningen

Calib 810 program using the IntCal20 atmospheric curve data set

(Reimer et al., 2020).

5 | RESULTS

5.1 | Micro‐ and macroscopic description of
the nodules

The nodules were in a range of shapes from subspherical to

subangular (Figure 4). Because of the sieving protocol used in this

study, the nodules collected measured between 0.1 and 6 cm in

diameter. Smaller nodules (<0.1 cm) were observed under the

microscope in the sieve residues, but they were not sampled. The

selected nodule weights were between 0.5 and 10.0. Usually, small

nodules (<5mm) were more abundant than the bigger ones, and their

shapes were more spherical. According to the Munsell color chart,

most of the nodules had a red (10R) or red‐yellow hue (2.5YR/

5YR/7.5YR).

Microscopic examination of thin sections made from the nodules

(Figure 5) showed a strong similarity between the samples. In cross‐

polarized light (XPL), the matrix was red‐brown, with medium to low

anisotropy. The abundant porosity showed various shapes, but

polyconcave vughs and channels were the most frequent. These

F IGURE 4 Macroscopic photographs of the sample nodules
analyzed in this study. [Color figure can be viewed at
wileyonlinelibrary.com]
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might be linked to the relatively low density of the nodules or to

biological activity. Quartz was the most abundant mineral. Occasion-

ally, micritic carbonate crystals, fine muscovite grains, and small

opaque iron oxides were seen in the thin sections. The most

abundant grain sizes were silt (<63 µm) and very fine sand (between

63 and 125 µm) with a mean diameter between 40 and 60 µm. The

grain size distribution was quite homogeneous, and only one modality

seemed to be present. The dark spans that can be seen on

microphotographs of samples NOD‐244 and NOD‐E14 are probably

related to the remains of organic matters or charcoal. Hypocoating

was not detected, suggesting an absence, or at least a low influence,

of hydromorphism. The comparison between the nodules and the

F IGURE 5 Photomicrographs from thin sections (XPL). (a, b) Sample NOD‐244; (c, d) sample NOD‐E14; and (e, f) soil aggregate fired to 500°
in the laboratory. XPL, cross‐polarized light. [Color figure can be viewed at wileyonlinelibrary.com]
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experimental nodules made from fired aggregates found on the site

(Figure 4) showed a stunning similarity in the structure, texture, and

mineralogical composition. The same minerals were seen, and their

sizes were also quite similar. The main difference was the absence of

a dark span and a redder matrix of the experimental samples. This is

likely caused by the absence of organic matter during the experi-

mental firing in the electric oven, which also created a more oxidizing

atmosphere, which is optimal for transforming free Fe into red iron

oxide, hematite.

5.2 | XRF results

Seventeen elements were quantified by the XRF analysis: Mg, Al, Si,

K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, and Ba (XRF data are

available in Supporting Information Material 1). Table 1 summarizes

the classical statistical indexes and the results of a Conover‐Iman's

test pairwise comparison performed after a Kruskal‐Wallis analysis of

variance.

The relative standard deviation showed a trend of higher variability

in the ceramics than in the indurated nodules and the soil samples. The

distributions of Si, Ca, Mn, and Cr showed no significant differences

between the indurated nodules and the soil samples according to

Conover–Iman's test, whereas significant differences were seen

between the pairs of soil samples/ceramics and nodules/ceramics.

Conover–Inman's test showed no difference between the three types of

sample for K, V, Fe, Co, Ni, Cu, and Ba. Significant differences between

the three types of samples were detected for Al and Ti. The distribution

of Zn was the only element that showed a significant difference

between the soil samples and the indurated nodules.

TABLE 1 Minimum, maximum, mean, and RSD values for the three types of samples: indurated nodules, soil samples, and ceramics

Note: The pairwise statistical group differences detected by Conover–Iman's test are given as p‐values passing the significance threshold of 0.05

highlighted in gray.

Abbreviation: RSD, relative standard deviation.
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The similar concentrations of Mn and Fe in the soil samples and

the nodules seem to negate the hypothesis of Mn–Fe accumulation

as the origin of the nodules.

A Principal Component Analysis (PCA) was performed using

Additive Log Ratio (ALR) transformed data with varimax rotation

(Figure 6a). Silicon was used as a common divisor because this

element had the lowest coefficient of variation. The varimax rotation

led to the creation of a varifactor that maximizes the sum of the

variance of the squared loadings. The aim was to establish stronger

associations between the factors and the most meaningful variables

for a better interpretation of the results (Pasquet et al., 2016;

Reimann et al., 2002). Assuming that the high variation of Zn was

mainly arising from the differences in the organic matter content of

the samples, this element is added as a supplementary variable that is

not loaded on the biplot.

The first two principal components explain 74.5% of the

variability in the data set. The similar compositions of the sediment

samples and the nodules cause an agglomeration in the center of the

biplot with an overlap of the two confidence ellipses. Almost all the

ceramic samples do not fit in the two ellipses and are distinct from

the sediment samples and the nodules. Only one ceramic sample

(coarse ware ceramic) is located inside the ellipses of the nodules and

sediment samples.

The difference between the sediment samples and nodules on

one side and the ceramics on the other, is mostly noticeable on

the Principal Component 2, which is mainly determined by the

contributions of the elements Al (16.6%), Ti (17.3%), Mg (10.2%), V

(10.5%), and Cr (13.2%). The distances between the samples within

the three data sets are mostly arising from Principal Component 1,

which is determined by major contributions from the elements K

(16.7%), Fe (9.8%), Rb (13.0%), Sr (10.3%), and Ba (10.8%). On this

axis, the distances between the samples in the sediment and nodules

groups are short. The distances between the ceramic samples are

more pronounced, reflecting their compositional heterogeneity.

Even though PCA was used successfully to describe the

geochemical variations between the samples, and to differentiate

between the nodules, the surrounding sediment samples, and

the ceramics, a significant proportion of the variation of the data set

is not mapped. Hierarchical Ascendant Clustering (HAC) analysis was

performed on the first five principal components of the PCA, which

represent almost 90% of the total variance of the data set. The

dendrogram (Figure 6b) shows a clear partitioning in three clusters.

Clusters 1 and 2 group only the nodules and the surrounding sediment

samples, except for one ceramic sample. Cluster 3 groups all the

ceramic samples, as well as two surrounding sediment samples. This

result confirms the observations made on PCA about the possibility to

discriminate between these three types of samples based on elemental

analysis. The presence of two surrounding sediment samples in Cluster

3 is attributed to the high variability of the ceramic elemental

composition.

F IGURE 6 (a) PCA plot after ALR transformation and varimax rotation. The plot shows the repartition of the three types of samples in PC1
(D1) and PC2 (D2). The gray and black ellipses show 95% Fisher confidence ellipses of nodules and soil samples, respectively. (b) Dendrogram
from hierarchical clustering analysis using Euclidian distance and Ward's aggregation method. ALR, additive log ratio; PCA, principal component
analysis.
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5.3 | XRD results

The diffractograms in Figure 7 show relevant examples of the sample

mineralogy. Typically, the mineral compositions of the nodules and

the surrounding sediments are quite similar, with a mineralogical

cortege dominated by quartz and feldspars. The other peaks

demonstrate the presence of phyllosilicates and iron oxides (hematite

or proto‐hematite). However, several samples show differences

between the nodules and the surrounding sediment in relation to

the thermal behavior of the minerals present in these samples.

A pattern reflecting high firing temperatures is shown by samples

244 and E14. Here, the mineral phases identified in the nodule

diffractograms are different from the ones detected in the sediment

and the experimental nodules. The d(001) peak of kaolinite at 12.4° 2θ

was detected in the two sediment samples only. The absence of a

kaolinite peak in the experimental nodule is in agreement with the

500–600°C‐dehydroxylation temperature range (Cultrone et al.,

2001; McConville & Lee, 2005). The phyllosilicate peak located at

19.8° 2θ was present in both the surrounding sediments and the

experimental nodules, with very little difference in their intensity,

while it was absent in the nodule diffractograms. Dehydroxylation of

phyllosilicates strongly depends on the crystal size and chemical

composition. While the illite structure breaks down between 700°C

and 800°C, coarse grains of muscovite can withstand temperatures

above 900°C (Jordán et al., 1999; McConville & Lee, 2005). The d(104)

and d(110) peaks of hematite, located at 33.2° and 35.6° 2θ,

respectively, were only present in the nodule sample. A wide range

of temperatures can be found in the literature for the growth and

formation of hematite, but the lower limit in noncalcareous clay is

between 700°C and 750°C (Maniatis et al., 1981; Manoharan et al.,

2011). The differences observed in the area between 27° and 28° 2θ

were related to the dehydroxylation of the illite‐like phyllosilicates

and probably the thermal transformation of mixed alkali‐feldspar and

plagioclase. In E14, the high‐intensity peak located at 27.5° 2θ might

be related to the neoformation of sanidine, a process that usually

starts to occur near 700°C. The mineralogical composition of the

nodules and the comparison with the surrounding sediments and the

experimental nodules suggest a firing temperature above 700° for

these two samples. A second pattern reflecting a low firing

temperature is shown by samples CV68 and H70.

Here, the mineralogical compositions of the nodules and the

sediments are similar. The phyllosilicate peak at 19.8° 2θ was

present in all the diffractograms, and hematite was not detected

in any of the diffractograms. In H70, the d(001) peak of kaolinite at

12.4° 2θ was detected in the nodule and in the sediment

diffractograms, while it was absent in the experimentally fired

soil. This sample also showed a high‐intensity d(104) calcite peak

at 29.4° 2θ in the nodule diffractogram and a d(104) dolomite peak

in the sediment diffractogram. The high‐intensity peak located at

27.4° 2θ in the sediment diffractogram was likely related to the

presence of alkali‐feldspar. The detection of kaolinite in CV68

suggests a firing temperature below 500°C. In H70, the persist-

ence of the calcite peak and the dihydroxylation of kaolinite

suggest a firing temperature slightly higher than 500°C.

F IGURE 7 Diffractograms of four pairs of nodules, surrounding soil samples, and soil fired at 500°C. Feld, feldspars; Hem, hematite; Kaol,
kaolinite; Phy, phyllosilicates; Qtz, quartz.
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5.4 | Dating

The TL and radiocarbon results are listed in Table 2. The comparison

between TL dates and radiocarbon dates is shown in Figure 8.

Six of the nodules have dates between 1000 and 1200 CE.

Nodules NOD‐CV68 and NOD‐CV48 are older than these and are

dated to 954 ± 100 CE and AD 764 ± 134 CE, respectively. However,

sample CV68 could also be from the 1000s according to the 100‐year

uncertainty calculated. Samples NOD‐E14 and NOD‐G20 are

younger, dated to 1330 ± 62 CE and 1820 ± 34 CE, respectively.

Nodule NOD‐G20 is the only one obtained from a pit located in a

charcoal kiln platform. This red nodule was found among a large

majority of small blackened nodules, and the date indicates formation

simultaneously with modern charcoal production.

The results of the radiocarbon dating show that sample CHAR‐

G22 (906–1023 CE, 1σ) matched the date ranges of four TL dates.

However, the date of sample CHAR‐244 (1521–1641 CE, 1σ) did not

match the dates of the nodules, and the date of sample CHAR‐E27

TABLE 2 Dates of the 10 nodules measured with thermoluminescence

Sample name Dose (Gy)
Dose rate
(µGy/year)

Date
(AD) 1σ.

U‐Nod
(µg g−1)

Th‐Nod
(µg g−1)

K‐Nod
(wt%)

U‐Sed
(µg g−1)

Th‐Sed
(µg g−1)

K‐Sed
(wt%)

TL‐dating

NOD‐H41 3.63 (0.02) 3523 (436) 1072 103 2.2 18.1 1.44 1.3 9.9 1.36

NOD‐G22 3.31 (0.06) 3433 (320) 1126 88 2.13 12.49 1.42 2.1 11.8 1.49

NOD‐E14 2.83 (0.04) 3641 (394) 1330 62 2.17 13.04 1.17 2.33 14.4 1.29

NOD‐G20 1.68 (0.08) 3346 (402) 1820 34 1.96 15.55 1.55 2 12.1 1.69

NOD‐H70 3.81 (0.03) 3714 (413) 1153 71 1.85 12.65 1.81 2.04 11.7 1.85

NOD‐244 3.90 (0.03) 3435 (410) 1055 103 2.2 13.8 1.48 1.71 11 1.48

NOD‐XP1H3 3.82 (0.16) 3514 (394) 1096 88 2.12 12.33 1.62 1.6 9.13 1.84

NOD‐ZP5H2 3.69 (0.04) 3407 (412) 1121 79 1.91 13.36 1.49 2.04 12.4 1.49

NOD‐CV68 4.08 (0.05) 3562 (387) 964 100 1.79 12.36 1.41 2.33 13.3 1.41

NOD‐CV48 4.86 (0.09) 3891 (417) 765 138 2.05 13.66 1.48 2.41 13.5 1.69

Sample name 14C‐age Calib. date CE, 1σ

Radiocarbon dating

CHAR‐E27 215 ± 27 1650–1949

CHAR‐244 309 ± 28 1521–1641

CHAR‐ G22 1059 ± 30 906–1023

Note: Dose, dose rate, and the concentration of radioactive elements used for the calculation of the age are also listed.

F IGURE 8 TL dates of the 10 nodules and radiocarbon dates of the 3 charcoal fragments.
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(1650–1949 CE, 1σ) was close to the modern TL date of nodule

NOD‐G20, collected near a charcoal burning area.

6 | DISCUSSION

6.1 | Origin of the nodules

The similarities observed between the chemical and mineralogical

compositions of the nodules and the soil indicate that the nodules

represent an aggregation of the local sediment. Indeed, the wide

dispersion of the ceramic samples in the PCA plot and their

aggregation in the HAC dendrogram reflect varied elemental

compositions, in general, quite different from the nodules and the

sediment compositions. Furthermore, this indicates that the raw

materials used to make the ceramics were very different from the

local soil. Considering the quite broad chronology of the ceramics and

their compositional diversity, the sherds likely originated from

different production centers. It should be noted that this area of

Burgundy is well known for not using roof tiles in the Roman period.

Instead, the roof tiles were usually made of local stones, mainly

limestone (Delencre & Garcia, 2014). The chemical analyses do not

support the hypothesis that the nodules could be the results of Mn or

Fe concretions in the soil, as the concentrations of these two

elements are not higher in the nodules than in the surrounding soil.

Because of the formation process, such types of concretions are

usually enriched 30–60 times in Mn with respect to the surrounding

soil, and more moderately in Fe (Gasparatos, 2011). Moreover, the

samples observed in thin sections do not show the characteristic

concentric internal structures that can be present in Mn and Fe

concretions.

The hypothesis of the indurated nodule being weathered remains

of burnt earth building materials such as adobe or rammed earth has

been considered, but several reasons led us to rule out this idea. The

first argument is a chronological one. Indeed, the finding of burnt earth

building materials could be likely related to the occupation period of

the sites, between 5th century BC and 5th century CE. However, the

dating of the indurated nodules, mostly between 1000 and 1200 CE,

does not match with the dates of the structures and artifacts

discovered. On the two sites of this study, the latest identified coin

was located in the Roman building on the Roche‐Chambain site and

was dated back to 193 CE. On the LiDAR map, most of the features

are observed in connection with the Roman settlements and a few

features are not dated. Ultimately, it could be argued that later

buildings made of perishable materials might have been constructed in

this area, but no evidence or hint of medieval occupation has been

found at the time of this study. These data suggest that these lands

were used by the people of the medieval period living in the village

surrounding the forest or in the Commandery.

Regarding the distributions of these nodules, it must be

emphasized that they were found in nearly 60% of the pits opened

on an area of about 1.62 km2, with no preferential distribution.

Moreover, their distribution is totally independent of the structure

locations and the archaeological artifacts collected during surveys. If

the nodules were indeed remains of burnt earth building materials,

high‐density spots close to artifacts or anthropic structures would be

expected. Mechanical processes like plowing could have perturbed

the distribution and the morphology of the remains on the cultivated

parcels (Sherwood et al., 1995), but the delineations between the

parcels would have prevented large‐scale scattering. If bioturbation

could be considered to be responsible for the fragmentation of burnt

earth building materials and their vertical scattering in soils, the

spatial distribution would only be minimally impacted.

From a chemical perspective, the PCA plot (Figure 6) shows that

the confidence ellipses of the nodules and the surrounding sediments

are almost overlapping, reflecting very similar variability. If the

nodules were fragments of earth building materials, a higher chemical

homogeneity linked to the use of a common clay material source

would be expected.

Even though the analytic results showed that the nodules

likely originated from the aggregation of local sediment, the

analysis of the elemental composition showed significant differ-

ences in Zn, Al, and Ti concentrations. The Zn concentration of

soils usually depends on the parent material mineralogy, pH,

texture, and content of organic matter (Salminen et al., 2005). In

the present context, the difference in Zn concentrations between

104 µg g−1 (minimum in nodules) and 371 µg g−1 (maximum in soil

samples) was assumed to be the result of differences in the

content of organic matter. Indeed, the forest soil was enriched in

organic matter through plant exudates, dissolved organic matter,

and bioturbation processes (Egli et al., 1999; Rumpel & Kögel‐

Knabner, 2010). Moreover, the lower external porosity of the

indurated nodules would not allow the infiltration of organic

matter into their structure. No satisfactory explanation has been

found to explain the differences in Al and Ti concentrations.

6.2 | Relationship with agricultural practices

The nodules were mainly found within the limits of Roman parcels,

but their locations were scattered in the study area and some of them

were also found outside of the parcels. Most of them were not found

in relation with other archaeological structures or archaeological

artifacts; thus, they are unlikely to be related to artisanal or funerary

fire activities. Yet, they could be linked to fires instigated by humans

as part of agricultural practices or to natural wildfire. In the latter

case, some studies refer to the formation of reddened baked clay

fragments or superficial rubification of soils, linked to a high amount

of fuel (Goforth et al., 2005; Parson et al., 2010). However, because

soils are generally poor conductors of heat, these features are

typically limited to the first few centimeters of organo‐mineral

horizons (Mataix‐Solera et al., 2011). Furthermore, the effects seem

to be relatively minimal at the scale of a single wildfire and more likely

associated with high‐severity ones. Because some of the reddish‐

baked nodules discovered in the forest of Châtillon were rather large,

and in all likelihood heated above 500°C, they probably correspond
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to a fire of particular intensity. The limited spatial recurrence and the

relatively broad dating range over c. 500 years suggest that several

firing events were repeated at the same location, which seems less

congruent with the natural fire hypothesis in this temperate

continental context.

Therefore, the case of agricultural fires should be considered.

While surface fires such as the ones resulting from natural wildfires

and the slash‐and‐burn practice tend not to lead to severe burning of

the ground surface (Ehrmann et al., 2014; Ponomarenko et al., 2019;

Schulz et al., 2014), more complex agricultural fire techniques such as

paring and burning can result in a high temperature that would affect

soil structure and mineralogy to a higher degree (Menbrivès et al.,

2019). Because it involves soil surface extraction and firing within

kiln‐like structures, this operation intentionally produces significant

baking of the mineral soil fraction (Guiblais‐Starck et al., 2020; Jobbé‐

Duval, et al., 2007; Nicolaï, 1961; Nzila, 1992). This type of fire

practice was used in temporary cropping systems or permanent ones

that include pasture. This first step was usually undertaken to clear

the soil surface before cultivation and can be repeated in rotational

cycles of several decades (Sigaut, 1975). The model proposed here

appears to be more consistent with our results and explains their

chronology and spatial recurrence in a more satisfactory manner.

6.3 | A vestige of the medieval agricultural
evolution

The chronological discrepancy between the dates of the nodules and

the archaeological structures from the Gallo‐Roman period was

probably the most surprising feature of this study. Indeed, the

proximity of a Roman villa dated from the 1st and 2nd centuries AD

(Provost, 2009a, 2009b) complicated the chronology of the fire

events. Except for sample E‐14, all the nodules span a chronological

range from the 8th to the 14th century and they are roughly

concentrated between AD 1000 and 1200. This period corresponds

to a time when land occupation and the organization of farming

drastically changed in Western Europe. During this period of

agricultural evolution, technological innovations such as the gradual

adoption of the 3‐year crop rotation system, the increasing use of

iron for agrarian tools, and the widespread development of mold‐

board plows made it possible to establish a new socioeconomic

system leading to increased productivity (Duby, 1954; Grenand,

1996). This evolution was also characterized by an expansion of the

area of land dedicated to cultivation. With the technological progress

and higher production rates, people started to turn to the unexploited

forest soils. This period was indeed seen as a time when the forest

receded to make way for more cultivated land (Mazoyer & Roudart,

2017). The development of the monastic network was also seen as an

important factor in the land clearing process (Bloch, 1931;

Bechmann, 1981, 1984). Because the medieval nodules were mostly

found inside the limits of Gallo‐Roman parcels, these results suggest

that in this case, medieval peasants used the structures already

implemented rather than delimiting new field spaces. Thus, the uses

of this newly cleared land still need to be determined. The finding of

small metal bells for cattle seems to point to the practice of

pastoralism (Giosa, 2020), but further investigations of the housing

structures are needed to confirm this.

The hypothesis of agricultural fires is congruent with the

detection of post‐Gallo‐Roman agrarian parcels on the plateau, while

medieval occupations are mostly documented in valleys surrounding

the forest. Even though the development of the monastic networks is

often seen as an important factor in the medieval land clearing

process, in the Châtillon forest, the nodules indicate the use of

agricultural fire practice prior to the monastic implantation. The

chronology appears not to be congruent with a unique phase of

woodland clearance, but better supports the possibility of multiple

clearing fires as part of a shifting or temporary agricultural

management, such as paring‐and‐burning. Moreover, our dates

support the possibility that the foundation of the monasteries

resulted in a modification in forest use rights, and a diminution of

temporary agricultural clearings.

7 | CONCLUSION

This study provides the identification of a new ecofact related to

agricultural fire practices in medieval times. Although the practice of

land clearance in association with fire has previously generally only

been characterized from indirect proxies such as palynological cores.

The elemental and mineralogical analyses undertaken in this study

showed that the indurated nodules were formed from the rubefaction

of the local sediment. Even though the origin of the fire cannot be

precisely determined from the composition of the nodules, several

observations suggest the use of the “paring‐and‐burning” technique.

Indeed, the high firing temperatures shown by their mineralogy do not

correspond with that of temperate natural wildfires. The fragmented

shapes, rather than a homogeneous reddened surface layer, indicate

that the soil was mechanically worked before and/or after the fire

event. Moreover, the chronological range of the nodules provided by

the TL‐dating matches the evolution of agricultural practices during

medieval times. Currently ongoing environmental studies focused on

soil chemistry, seed, and pollen from this area will help to specify

which agricultural activities were practiced. The identification of

anthropic fire used for agricultural purposes is an important question

for archaeologists and paleoecologists. It can shed new light on the

evolution of the landscapes and provide useful information on the

relationships between humans and their environment in relation

to agricultural systems. Even if these types of artifacts can be difficult

to detect, we hope that this study will raise awareness on the necessity

to track and analyze such combustion traits.
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