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Abstract 

The Solutrean technocomplex is characterized by the use of innovative techniques for stone 

tool knapping during the Upper Palaeolithic. These processes include the development of 

pressure retouch and heat treatment of silica rocks. These innovations remain unprecedented 

at the scale of the recent European Paleolithic. The aim of our analysis is to acquire new 

information on the application of heat treatment, by investigating the heating technique and 

the lithic chaîne opératoire in which this treatment occurs. Macroscopic observations of the 

material combined with an infrared spectroscopic analysis of 69 archaeological samples 

provide new data on heat treatment in the Solutrean lithic series of Le Piage (Fajoles, Lot). 

Raw materials were heated in controlled conditions and to temperatures of 250-300°C. We 

also found that only leaf-shaped pieces were heat-treated at Le Piage. Part of the results 

obtained by infrared spectroscopy reveal discrepancies with macroscopic observations. These 

data raise questions concerning the validity of common macroscopic criteria used for 

recognising heat treatment and shed light on some of the choices made by Solutrean groups.  
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1 Introduction 

The upper Solutrean (circa 24-23.5/23 ka cal BP) saw the development of an original and 

diversified hunting toolkit
1
. The production of this toolkit required particular care and high 

levels of technical and economic investments (among others, Pelegrin, 2013; Renard, 2010; 

Renard and Ducasse, 2015; Renard and Geneste, 2006; Schmidt, 2015). This went with the 

appearance of two new techniques identified throughout the Solutrean geographical area: 

pressure retouch, and heat treatment of silica rocks.  

Heat treatment modifies the mechanical properties of silica rocks. It is known to improve 

knapping quantity and the cutting edges of the finished object were found to be sharper (see 

among others, Anderson, 1978; Boix Calbet, 2012; Collins and Fenwick, 1974; Crabtree and 

Butler, 1964;  Domanski and Webb, 1992; Flenniken and Garrison, 1975; Inizan et al., 1976; 

Léa et al., 2012; Mandeville, 1973; Masson, 1981; Purdy, 1974; Purdy and Brooks, 1971; 

Roqué-Rosell et al., 2011; Schmidt, 2011; Terradas and Gibaja, 2001; Tiffagom, 2006; 

Torchy, 2013, Schmidt et al, 2018b). In France, Solutrean heat treatment was identified in the 

1960s-70s when heat-treated laurel-leaf points were found on the sites of Laugerie-Haute and 

Le Placard (Bordes, 1967, 1969; Collins, 1973; Inizan et al., 1976). The recognition of heat 

treatment in Solutrean contexts of the Iberian Peninsula occurred later, but mentions of it are 

now more abundant there than in France. In Spain, in addition to the site of La Cueva de 

Ambrosio (Andalusia), where heat treatment may have been used (Ripoll López et al., 1997), 

clear evidence of heat treatment for laurel-leaf shaping, and more occasionally, on barbed and 

tanged points, were observed at the Cueva de Parpalló (Gandia) (Tiffagom, 1998, 2006). In 

Portuguese Estremadura, heat treatment was described the sites of Caldeirão, Vale Almoinha, 

Lapa do Anecrial, Monte da Fainha, Buraca Grande, Lagar Velho and Salemas Cave 

(Almeida et al., 2006; Aubry and Almeida, 2013; Zilhão, 1997). There, heat treatment was 

used for shaping of bifacial preforms and laurel-leaf points found in mid or recent Solutrean 

levels. On the Iberian Peninsula in general, heat treatment does not appear to be 

systematically associated with a subsequent stage of pressure retouch (Zilhão, 1997; 

Tiffagom, 2006). At French Solutrean sites heat treatment is still only poorly characterized 

and data remain sparse. It has rarely been studied in its techno-economic context and today 

we still know very little about its extent and the heating technique(s) used.   

In this paper, we present new data on Solutrean heat treatment by identifying the process and 

used heating temperatures. Our study is based on macroscopic observations and infrared 

spectroscopic analyses of Solutrean lithic artefacts from the site of Le Piage (Lot, France); 

(fig.1). A technological characterization of the archaeological samples was also carried out to 

determine the stages of the shaping chaîne opératoire during which heat treatment took place.  

 

2 Materials and Methods 

2.1 Archaeological context  

                                                           
1
 In South-western France, two regional complexes have been identified on the basis of the style of lithic points: 

the first, the “Atlantic” type, is widespread from North Aquitaine to the western central France, and the second is 

confined to the Pyrenees and the Vasco-Cantabrian extension and is made up of shouldered Vasco-Cantabrian 

type points and points with concave bases. 



 
 

   Site and stratigraphy 

The first field operations at Le Piage (Fajoles, Lot) in 1958 was directed by F. Champagne 

and R. Espitalié and yielded a unique “Solutrean-Badegoulian” layer extending over the 

whole excavated surface (Champagne and Espitalié, 1981) (fig.1). This layer, called C-E, 

consisted of abundant material in an homogeneous sedimentary complex, interpreted as 

resulting from a mix of Solutrean and Badegoulian artefacts (i.e. combined presence of 

shouldered Solutrean points : fig. 1, n° 5 and 6,  and Badegoulian raclettes: fig. 1, n° 7 to 12).  

The initial hope of finding a sterile layer between layers C and E, that would allow to 

distinguish two clearly disconnected complexes, was soon abandoned. J.-G. Bordes and F. Le 

Brun-Ricalens picked up work at the site in 2004
2
. The discovery of remaining sediments, not 

excavated by the site’s discoverers, allowed for working on the “Solutrean-Badegoulian” 

layer of Le Piage. Between 2006 and 2008, the excavation of strips of layer C-E at the top of 

the “north remainder” confirmed that Solutrean and Badegoulian industries were mixed at the 

site, as previously observed by F. Champagne and R. Espitalié. Nonetheless, fieldwork in 

other sectors of Le Piage yielded other Solutrean-Badegoulian evidence indicating diverse 

“physically” disconnected assemblages; fig. 1.C.  

 

  The Piage Solutrean assemblage  

At Le Piage, the Solutrean toolkit consists mainly of fragmented laurel-leaf points (n=102) 

and shouldered points (n=73), suggesting the presence of an Upper Solutrean (fig. 1.B). A 

large quantity of shaping flakes shows that laurel-leaf shaping activities were conducted on 

site. Most of the shaping flakes are made from fine translucent Tertiary lacustrine chert, most 

likely coming from the plateau de Bord in Domme, about 10 km from the site. This formation 

results from a silicification of palustrine sediments (i.e. the rocks contain gastropods (Nystia 

duchasteli), charophyte gyrogonites and specific fish scales (Morala, 2007; Morala, 2017). At 

the plateau de Bord, this chert can be found as nodules and plates in secondary position 

within decalcification clays. It has a fine texture, but its knapping quality is moderate, because 

of many irregularities and microcracks, most likely caused by frost (Gèze, 1977; Morala, 

2007: 276; Morala, 2017; Turq and Morala, 2013; Vigneaux, 1975). Despite a difficult 

taphonomic context, the quantity and diversity of Solutrean material brought to light at Le 

Piage enables us to investigate certain aspects of the heating technique used. 

 

2.2 Macroscopic recognition of heat-treatment  

Since the 1960s several experiments have been carried out on the effects of heat treatment of 

silica rocks (see among others, Crabtree and Butler, 1964; Inizan et al., 1976; Purdy and 

Brooks, 1971). Heat treatment causes mechanical transformations of silica rocks (for example 

flakeability) (Schmidt et al., 2018b). However, it also causes different types of visible 

alteration. According to experimental observations it can involve reddening and/or whitening 

of the surface and the appearance of gloss on knapped fracture surfaces. These criteria are 

currently used for the macroscopic detection of heat treatment in archaeological context. (see 

among others, Collins and Fenwick, 1974; Crabtree and Butler, 1964;  Domanski and Webb, 

                                                           
2
 The reopening of the  excavations were motivated by scientific issues on  the emergence of anatomically 

modern humans and their relationship with the last Neanderthals. 



 
 

1992; Flenniken and Garrison, 1975; Inizan et al., 1976; Mandeville, 1973; Masson, 1981; 

Purdy, 1974; Purdy and Brooks, 1971; Terradas and Gibaja, 2001). 

 (i) Reddening of the rock can occur above 200-300°C. It has been described to be caused by 

the transformation of goethite to hematite and is not systematic because it depends on the 

concentration of these iron oxides in the rock (among others, Domanski and Webb, 1992; 

Masson, 1981; Purdy and Brooks, 1971; Schindler et al., 1982; Tiffagom, 2006). Reddening 

is thus an inconsistent phenomenon and does not necessarily coincide with a structural or 

mineralogical modification of the material.  

(ii) Surface whitening occurs at higher temperatures. The whitish aspect corresponds to the 

appearance of internal microcracks created by the sudden evacuation of structural water 

(Schmidt, 2014). It can appear at temperatures of about 300-400°C or much higher. In this 

case, the rock becomes opaque. However, whitening is not a good criterion for identifying 

heat treatment because it rather indicates “overheating” (i.e. internal micro-cracking renders 

the material less suitable for knapping). 

Thus, the identification of both reddening and whitening do not allow to reliably identify 

intentional heat treatment. They can also be caused by unintentional burning or taphonomic 

processes.  

 (iii) Heat treatment can only be considered a deliberate action if the object is knapped 

afterwards (including shaping, “debitage” or retouch). The result of such post-heat treatment 

knapping is surface gloss. It is caused by changing fracture pattern due to modified 

mechanical properties of the material (Schmidt et al., 2018b) and is therefore only visible if 

the artefact is worked after heating (Crabtree and Butler, 1964; Domanski and Webb, 1992; 

Inizan et al., 1976; Masson, 1981; Purdy and Brooks, 1971). The intensity of this gloss 

depends mainly on the temperature reached during heating but also on the type of rock (Inizan 

et al. 1976; Masson, 1981; Domanski and Webb, 1992). Gloss has been described to appear at 

a later stage and to be less obvious in bioclastic or heterogeneous rocks (Masson, 1981). It is 

best to identified when associated with pre-heating fracture scars that do not show the same 

gloss. In this case, such gloss contrast is a reliable macroscopic criterion for recognizing heat 

treatment (Collins et Fenwick 1974; Inizan et al. 1976; Tiffagom 1998). In the absence of this 

contrast, glossy surfaces can only be determined by the direct comparison of the surface 

aspect with reference artefacts. This is possible for homogeneous raw materials (Léa et al., 

2012; Delagnes et al., 2016).  

 

2.3 Archaeological and geological samples 

To select suitable samples for our analyses, we conducted macroscopic observations of the 

Solutrean lithic material from Le Piage (fig. 1A, n°1 to 6 and B). As both Solutrean and 

Badegoulian artefacts occur intermixed at the site, we only examined shaping flakes and lithic 

equipment that is unambiguously Solutrean. We chose to only analyse artefacts made from 

the Tertiary translucent chert described above. The observed series are from excavations 

carried out by F. Champagne and R. Espitalié, on one hand and J.G. Bordes and F. Lebrun-

Ricalens, on the other. They are curated at the National Archaeology Museum (Saint-

Germain-en-Laye), at the Fajoles excavation depot and at the University Jean Jaurès 

Toulouse. During macroscopic inspection, only eighteen heat-treated artefacts on the all 



 
 

Solutrean assemblage were identified and selected on the basis of gloss contrast. We also 

selected twelve pieces among others interpreted as overheated. Thirty-nine flakes were 

selected that did not show any proxies of heating.  

We separated our material (n=69) into three categories on the basis of the heating proxies 

described in section 3.2:  

 (1) TEST NH (TEST-Hypothesis Not Heated): samples with no macroscopic 

indicators of heating, presumed to be unheated (n=39). These are 39 shaping flakes (fig. 2).  

(2) TEST HT (TEST- Hypothesis Heated): pieces (n=12) with macroscopic indicators 

of overheating (pits, marked reddening, cracking) or strong gloss (but without gloss contrast). 

On the basis of macroscopic markers alone, it cannot be decided whether these pieces were 

intentionally heated or not.   

 (3) CALIB HT: heat-treated pieces with gloss contrast (n=18; fig. 3). Although little 

doubt on whether they were heat-treated persist, they nonetheless allow to estimate the 

temperatures applied during heating. 

We have conducted a technological characterisation of these 69 artefacts. Shaping flakes 

contain crucial information on the techniques used and also on the heating process. Their 

technological description allows to determine the chronological position of heat treatment 

within the bifacial shaping sequence.  

 

For infrared analysis, archaeological samples must be compared with geological samples 

made from the same raw material (coming from the same outcrop). The closest 

correspondence to our artefact assemblage is Tertiary translucent chert from the plateau de 

Bord at Domme, at about 10 km from the site (J.-G. Bordes and S. Caux, pers. com.). We 

made a reference collection of unheated and experimentally heat-treated flakes from this 

chert.  

 

2.4 Determination of heating temperatures by NIR 

The theoretical background and detailed experimental setup of the conducted near infrared 

spectroscopy (NIR) are explained in Schmidt et al. (2013), and only information considered to 

be absolutely necessary for understanding the method are repeated here.  

Transformations of silica rocks during heating are caused by the progressive disappearance of 

silanol (SiOH). This reaction leads to a gradual reduction of the intergranular porosity 

network by the progressive formation of new Si-O-Si bonds, which correspond to a 

“homogenization” of the mechanical properties (Schmidt et al., 2018b). The reaction can be 

formulated as:  

Si – OH   +  HO –Si       Si – O – Si  +  H20 

NIR can trace this reaction through the average hydrogen bond strength. The analyses involve 

the transmission of infrared rays through the samples. The resulting absorption spectrum 

presents a combination band near 4300-4600 cm
-1

 caused by the SiOH. Measurement of the 

transmission can be made through the thin part of lithic artefacts (typically, near the cutting 

edge) and remain non-destructive. The shape of the SiOH absorption band (measured as the 



 
 

ratio between the linear absorbances at 4545 cm
–1

 and 4469 cm
–1

 (the short notation for the 

ratio being 4545/4469 cm
–1

) is partly influenced by the quantity of water held in the open pore 

space of the samples (fig. 4). The mechanism behind this is the chemical interaction of this 

pore water with surface SiOH (hydrogen bonding). More pore water causes a shift to lower 

frequencies, while less pore water causes a shift to higher wavenumbers (Schmidt et al., 

2011). The shape of the band is therefore an indirect measure of the quantity of water held in 

open pores and, if all available pore space is completely filled with water, also of the volume 

of open pore space of the sample itself. When chert is heat-treated, it gradually loses such 

open pore space (Roqué-Rosell et al., 2011; Schmidt et al., 2012; Milot et al., 2017). Schmidt 

et al.’s (2013) method aims at detecting past heating through the measurement of a sample’s 

pore space with respect to the pore space of another sample of the same rock type that was 

clearly never heated. The two samples compared in this way, the one tested for past heating 

and the reference, must undergo an identical protocol that allows for total filling of their open 

pore space with deionized or distilled H2O. A higher value of the 4545/4469 cm
–1

 ratio in the 

tested sample, as compared with the same ratio for the reference sample, indicates that the 

former was subjected to heating in the past. The heating temperature can be estimated by 

combining these measurements with measurements of experimentally heat-treated reference 

samples of the same rock. A reference sample is progressively heated to different 

temperatures, rehydrated using the same protocol and then analysed for its 4545/4469cm
–1

 

ratio after each temperature step. The comparison between the ratio values of the 

archaeological samples and the ratio of the reference allows to estimate the temperature range 

to which the archaeological sample was heated. 

In order to estimate the heating temperature of the archaeological samples, a calibration series 

was set up: nine geological samples successively underwent seven temperature steps of 150, 

200, 250, 275, 300, 325 and 350°C. Before the first heating stage, samples were placed in an 

oven at 110°C for 48h, then rehydrated in deionized water at 40°C for 48h, then a spectrum 

was acquired to calculate the hydration ratios of the material before heating.  They were then 

heated to 150°C, rehydrated again for 48h at 40°C in an oven, then a spectrum was recorded. 

This protocol was repeated for each heating temperature. An electric oven was used for 

heating, so that the time and speed of temperature increase could be controlled: 1°C/min. 

Most of the structural and crystallographic transformations occur after 1h at maximum 

temperature (Schmidt et al., 2016). However, the geological reference samples were 

maintained at maximum temperature for 2h. 

Likewise, archaeological samples were first dehydrated at 110°C for 48h in order to “empty” 

open porosity water. The artefacts were then rehydrated in deionized water at 40°C for 48h. 

The spectra were recorded through the thinnest parts of each sample (between 0.5 and 4 mm 

maximum thickness). 

Analytic equipment 

The analyses were carried out at the University of Tübingen using an Agilent Cary 660 

infrared spectrometer equipped with a DTGS detector. Spectra were recorded between 7000 

and 2000 cm
-1

 with a resolution of 8 cm
-1

 and a mirror oscillation frequency of 12.5 kHz. 

Spectral acquisitions were repeated between 100 and 300 times in order to minimise noise in 

the spectra. IR light (analysis zone with a diameter of 8 mm) was directly transmitted through 



 
 

the samples, which were vertically mounted in the spectrometer analysis chamber. Absorption 

spectra were analysed with Bruker OPUS software.  

The measurement error was set at ± 0.01 (taken from Schmidt et al., 2013). The adequacy of 

this error was then confirmed by the dispersion of the ratio values obtained from the 

geological reference samples before heating (fig. 5). This reflects the heterogeneity of the 

analysed rock regarding the distribution of silanol within the rocks. 

 

3 Results 

3.1 Infrared spectroscopic analyses  

An example of a NIR spectrum is presented in figure 4. Results obtained on geological 

samples are summarized in table 1. Hydration ratio values are presented as boxplot diagram 

for each temperature step in Fig. 5. 

Reference collection 

Upon heating, the SiOH absorption band shifts to higher wavenumbers. Hydration ratio 

values thus increase progressively (fig 5; tab.1). This progressive increase of the ratio value is 

associated with increasing data dispersion. No significant band-shape change is visible below 

150°C, and till 250°C the scattering of ratio values overlaps with some of the unheated ratio 

values. Thus, NIR cannot unambiguously identify heat treatment below 250°C. This is 

marked as a grey zone of uncertainty in figure 7. Above 300°C, ratio values are higher than 

unheated values. At higher temperatures, we also noted more accidents: pot-lids and cracking 

were observed on three geological samples upwards of 325°C. No spectra were acquired for 

these samples.   

Archaeological samples 

The hydration ratio values obtained for the archaeological samples are represented in figure 

6.a. The three macroscopic groups are not clearly differentiated by this analysis. Samples 

from the TEST NH group yielded ratio values between 0.751 and 0.811. Pieces from the 

TEST HT and CALIB TH groups yielded similar values between 0.762 and 0.850 ± 0.01. 

Comparing these results with ratio values from the reference collection (fig. 6.b) suggests that 

artefacts with values above 0.785 underwent heating. Out of the 69 samples, 30 appear to 

have been heated (42.9%). The remaining 39 archaeological artefacts present a value below 

0.78. No information can be inferred from these pieces (i.e. either they were not heated or 

they may have been heated to low temperatures).  

Comparing the ratio values of the artefacts identified as being heated with the temperature 

thresholds produced by our reference collection allows to estimate the heating temperature of 

the artefacts (Fig. 7). Based on this estimation, archaeological heating temperatures lie 

between 250 and 300°C for 18 samples, between 300 and 325°C for eight samples and 

between 325 and 350°C for three artefacts. 

3.2 Technological characterization of archaeological samples  

Apart from some flakes that result from correcting knapping accidents, most of the shaping 

flakes with evidence of heat treatment are not very thick (on average 2.6 mm). Apart from a 

few exceptions (N=3), it is impossible to measure the maximum dimensions of these flakes 



 
 

due to their very fragmentary state. No residual cortical zones were observed on the upper 

face of these flakes and their profile is relatively curved. On pieces where the proximal part is 

preserved, butts are prepared by faceting and nearly systematically by careful abrasion – or 

grinding – of the ledge in order to isolate and consolidate the impact point (fig. 6). We have 

observed gloss on flakes butts, which implies that the preparation generally occurs after the 

heat treatment stage. In at least two cases, no preparation of the butt after heating was 

observed. Percussion is tangential and angles are very closed (angles de chasse of 40 to 60°). 

A soft organic hammer seems to have been used for most of the shaping, consisting of 

thinning phases. The use of a mineral hammer is more likely for some flakes associated with 

correcting knapping accidents. Careful butt preparation suggests an advanced stage in the 

shaping chaîne opératoire. Indeed, investment in removal preparation seems to generally 

increase as shaping advances (Walter et al., 2013). Among the tools, we identified four 

fragments of clearly heat-treated bifacial pieces. 

 

4 Discussion 

4.1 Identification of heating and temperature ranges  

Infrared spectroscopic analyses did not confirm all of our initial hypotheses based on 

macroscopic observations. Due to data dispersion, the results for the archaeological material 

should be interpreted with caution. 

The archaeological samples for which we identified gloss contrast (CALIB HT) did not all 

yield values beyond the indeterminate zone in Fig. 6. Thus, no deductions can be made for 

these pieces and them being heated or not cannot be confirmed. For the other artefacts of this 

group (n=12), ratio values indicate that they were heated to temperatures between 250°C and 

300°C (a single piece was subjected to higher temperatures, close to 325°C). This, rather 

homogeneous range of temperatures, as compared to significantly larger temperature ranges 

recorded in on other heat treatment-bearing assemblages (in that case Mesolithic, see: 

Schmidt et al 2017) indicates that Solutrean heat treatment at Le Piage was a rather well-

calibrated technique.  

The TEST NH group produced values below 0.785 for 29 pieces. This is in agreement with 

our initial macroscopic estimates, although the NIR method’s uncertainty does not preclude 

that some of them were actually heat-treated to temperatures below 250°C. Pieces with values 

above 0.785 (n=11) are in disagreement with our initial hypothesis. The spectroscopic study 

shows that these pieces were heated to the same range of temperatures as pieces from the 

CALIB HT group (that show gloss contrast): between 250°C and 300°C.  

Most of the artefacts of the TEST HT group appear to have been heated. Samples with 

estimated temperatures of about 325-350°C (n=3) also present macroscopic traces of 

“overheating”: pot-lids, whitening and micro-cracks. The results obtained for these pieces 

(hydration ratio > 0.82) may be attributable to post-depositional heating. 

  

4.2 Potential sources of uncertainty 

One potential source of uncertainty of our NIR analysis is that post-depositional heating 

would also cause a signal indicative of heat treatment. However, this hypothesis appears 



 
 

unlikely because the range of detected temperatures is close to the temperatures previously 

proposed for intentional heat treatment (Gibaja and Clemente, 1997; Griffiths et al., 1987; 

Inizan et al., 1976; Mandeville, 1973; Masson, 1981; Purdy, 1974) and their homogeneity 

(ranging mainly from 250°C to 300°C).  

Another uncertainty may result from our identification of the correct raw material 

corresponding to the artefacts and from heterogeneity within the materials. If we chose the 

wrong geological chert for comparison with artefacts in our NIR study, the temperature 

estimations might be slightly off. Tertiary chert from lacustrine formations can be found 

throughout the Massif Central. These lacustrine microenvironments are not easily 

distinguished one from another as formation environments are very similar (Caux, 2015; 

Demars, 1998; Gèze, 1977; Morala, 2017; Turq, 2000; Turq and Morala, 2013; Vigneaux, 

1975). It is difficult to define specific facies for each of them, which considerably complicates 

the precise identification of the material. At Le Piage, the presence of a chert outcrop less than 

10 km away from the site is a good indicator, although it is difficult to confirm the 

provenance of the flint used (J.-G. Bordes, pers. com.). This potential problem cannot be 

addressed based on the available data and only future works on the exact provenance of the 

Piage Tertiary chert will shed light on the matter. 

The plateau de Bord chert studied here presents numerous irregularities and different surface 

conditions within the same block. Also, its macroscopic transformations during heating vary 

significantly from block to block: the degrees of reddening or overheating accidents. Inter-

sample heterogeneity may explain the dispersion of ratio values of the geological material. 

These findings on the heterogeneity between blocks also shed new light on the temperature 

determination of Schmidt and Morala (2018a) that had used a similar chert. They had used 

only one geological reference sample to establish a calibration curve for their heating 

temperature estimation. Dispersion of the ratio values in this calibration curve, as observed 

here, was therefore not visible in their study, falsely suggesting higher precision. Their 

temperature estimation must therefore be interpreted with slightly greater errors than 

described in their paper. 

 

4.3 The limits of macroscopic observations for identifying heat treatment  

We found discrepancies between our initial hypotheses based on macroscopic criteria and our 

NIR study. Also, surface whitening and reddening of the rock do not occur systematically and 

are not a result of structural modifications. Only gloss is a good indicator of heat treatment 

but our results raises questions about the identification of heated pieces in archaeological 

collections in the absence of gloss contrast. Without reference material or mat pre-heating 

fracture scars on the same artefact, surface gloss is difficult to identify, especially when raw 

material texture is extremely translucent, as is the case for thin shaping flakes. Our 

macroscopic identification criteria may not be fully adapted to artefacts made of Tertiary 

translucent chert.  

During a bifacial shaping experiment replicating a laurel-leaf  from Laugerie-Haute, M.B. 

Collins came to a similar conclusion after identifying only 30 flakes with contrast gloss, out 

of 62 flakes detached after heat treatment, producing 54% of undiagnostic post-heating 

products (Collins, 1974). Heat treatment related data from the African Middle Stone Age (see 



 
 

among others Schmidt et al 2015, Schmidt and Högberg 2018; Delagnes et al 2016) also 

found that samples with gloss contrast often account for less than 30% of all heated debitage.  

Thus, the number of heat-treated Solutrean artefacts in archaeological assemblages may 

actually be underestimated if only macroscopic observations are conducted.  

 

4.4 Interweaving between NIR analysis and technological characterization: first 

statements 

Specificity of heat treated artefacts from Le Piage 

The NIR results confirm the use of heat treatment for lithic Solutrean industries from Le 

Piage. The macroscopic diagnostic, conducted on the entire Solutrean assemblage, only 

identified 18 heat treated shaping flakes and laurel-leaf points, in spite of the presence of a 

considerable number of laurel-leaf points, shouldered points and knapping waste. This 

observation is based solely on the presence of gloss contrast. But the number of heat-treated 

artefact may eventually be higher according to NIR data.  

Knapping operations clearly seem to have been disrupted by the heterogeneous quality of the 

raw material, which appears to be responsible for several accidents (such as hinged). In this 

respect, the use of Tertiary chalcedony from Domme was very risky. Bifacial shaping is a 

complex technique for which each uncontrolled gesture can lead to the breaking of the piece 

(Walter et al., 2013). This choice of raw material associated with intentional heat treatment is 

rather difficult to comprehend, as adding a technical stage to an already complex chaîne 

opératoire increased the risk of failure. Did the knapper intend to facilitate shaping, or even 

pressure retouch, by improving the mechanical properties of the rock? This choice appears to 

be offset by considerable investment and risk-taking. Moreover, heating cannot compensate 

for raw material heterogeneities as heat treatment closes the porosity network but cannot 

remove inclusions and joint lines.  

 

Comparison with Laugerie-Haute published data 

From our results, it appears that bifacial preforms were heated to temperatures of about 250- 

300°C. A recent study on artefacts from the Solutrean levels of Laugerie-Haute West 

provided similar results (Schmidt and Morala, 2018a). About forty fragments of laurel-leaves, 

all made from chert similar to the one studied here, were analysed by the same infrared 

spectroscopic protocol. The results of these analyses showed that the tools were also heated to 

temperatures of 250 to 300°C at Laugerie-Haute. Despite the relatively higher imprecision of 

this data due to the lower number of reference samples, the study reached the same conclusion 

as we do. Heating temperature ranges at both Laugerie Haute and Le Piage seem to have been 

very similar. Our analysis thus corroborates and refines Schmidt and Morala’s (2018a) study.  

Based on the results from both studies, it becomes obvious that a specific heating 

environment must have been necessary in order to maintain samples at temperatures of about 

300°C. Sand baths or other buried heating structures (Mandeville, 1973; Flenniken and 

Garrison, 1975; Purdy, 1974; Brown et al., 2009) might have allowed for enhanced 

temperature control at Le Piage. However, at the present time, no archaeological data confirm 

this hypothesis and other heating environments and techniques may have been used.  



 
 

 

 5 Conclusion  

Our study highlights the fragility of criteria used for the macroscopic recognition of heat 

treatment. Either macroscopic criteria are not pertinent and we can consequently assume that 

the limited quantity of macroscopically diagnostic artefacts does not reflect an archaeological 

reality; or conversely, the low quantity of heat-treated material could be attributable to 

specific situations, such as the application of a technical procedure reserved to a few experts. 

Our study on Tertiary chert of heterogeneous knapping quality also shows that the widely 

accepted idea that siliceous materials were heat-treated in order to improve knapping aptitude 

should be reconsidered.  

This study also provides data on the application of heat treatment by Solutrean groups. The 

results obtained on temperature ranges are in keeping with the results of the study carried out 

by Schmidt and Morala (2018) on Laugerie-Haute and point towards a controlled heating 

environment, rather than an open-hearth context. In the light of this, it is important to carry 

out more infrared spectroscopic analyses, and to combine them with diverse approaches, and 

in particular with experiments. These results alone are insufficient for a full description of the 

heating process. Experiments on specific raw materials should enable us to test the different 

hypotheses concerning the types of heating structures used and the required investment. Up 

until now, studies of heat treatment in Solutrean contexts have only been carried out on 

Tertiary lacustrine chert. However, at our current state of knowledge, we cannot interpret this 

as a specific selection strategy linked to heat treatment. 

 Our interpretations are limited here by the small number of artefacts in our corpus, and 

especially by post-depositional processes, which strongly affected the Solutrean deposits. In 

spite of this unfavourable context, this study enabled us to characterize the degree of 

investment required for the chaînes opératoires. The addition of a heating stage to high-

investment operative schemes entails clear technical and economic constraints. This 

“overinvestment” does not appear to be a mere quest for functional efficiency, but could 

rather be linked to a cultural choice. Moreover, at Le Piage, this singular investment is linked 

to a specific category of objects: laurel-leaf points. 

Following this study, more general work has already been initiated on the management and 

organisation of lithic production during the recent Solutrean in the Southwest of France. It is 

likely that it will enable us to characterize the socio-economic context of this technical 

evolution. The limited geographic and temporal extension of the Solutrean provides a proper 

background for such an investigation. 
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Table 1: Hydration ratio values obtained on the calibration series by dividing component 1 by 

component 2. [1 -column] 

 

 
30°C 150°C 200°C 250°C 275°C 300°C 325°C 350°C 

4545/4469cm-1 ratio (± 0.01) 

17873 0.767 0.769 0.774 0.783 0.792 0.803 0.825 0.853 

17867 0.760 0.763 0.766 0.776 0.783 0.809 0.851 0.878 

17871 0.750 0.775 0.770 0.769 0.778 0.802 0.811 0.832 

17861 0.772 0.761 0.783 0.805 0.792 0.795 0.817 0.839 

17861 0.758 0.761 0.762 0.769 0.779 0.788 0.845 0.872 

17869 0.764 0.765 0.771 0.779 0.776 0.799 0.805 0.837 

17865 0.767 0.761 0.774 0.786 0.791 0.813 

17874 0.759 0.756 0.767 0.775 0.772 0.791 

17866 0.770 0.772 0.777 0.786 0.790 0.795 

 

Table 2: Macroscopic observations and hydration ratio values 4,545/4,469cm-1 obtained on 

the archaeological samples. Rubefaction: + slight rubefaction; ++ strong rubefaction. [2-

column] 

 

Group Sample 
number 

Whitening of 
the surface 

Gloss 
contrast 

Overall 
gloss 

intensity 

Reddening Heat-
induced 
fractures 

4545/4469 cm–
1 Ratio 

Group [1] 

84 - - - - - 0.7516 ± 0.01 
70 - - - - - 0.7541 ± 0.01 
77 - - - - - 0.7599 ± 0.01 
81 - - - - - 0.7614 ± 0.01 
40 - - - - - 0.7620 ± 0.01 
38 - - - - - 0.7622 ± 0.01 
76 - - - - - 0.7624 ± 0.01 
11 - - - - - 0.7650  ± 0.01 
68 - - - - - 0.7662 ± 0.01 
42 - - - - - 0.7671 ± 0.01 
39 - - - - - 0.7673 ± 0.01 
50 - - - - - 0.7678 ± 0.01 
16 - - - - - 0.7680 ± 0.01 
48 - - - - - 0.7683 ± 0.01 
74 - - - - - 0.7687 ± 0.01 
52 - - - - - 0.7688 ± 0.01 
71 - - - - - 0.7691 ± 0.01 
44 - - - - - 0.7700 ± 0.01 
51 - - - - - 0.7700 ± 0.01 
72 - - - - - 0.7702 ± 0.01 
75 - - - - - 0.7703 ± 0.01 
43 - - - - - 0.7705 ± 0.01 
34 - - - - - 0.7746 ± 0.01 
78 - - - - - 0.7763 ± 0.01 
41 - - - - - 0.7773 ± 0.01 
37 - - - - - 0.7779 ± 0.01 
32 - - - - - 0.7799 ± 0.01 
36 - - - - - 0.7805 ± 0.01 
45 - - - - - 0.7808 ± 0.01 
73 - - - - - 0.7836 ± 0.01 
47 - - - - - 0.7889 ± 0.01 



 
 

53 - - - - - 0.7907 ± 0.01 
46 - - - - - 0.7926 ± 0.01 
49 - - - - - 0.7927 ± 0.01 
33 - - - - - 0.7934 ± 0.01 
83 - - - - - 0.7941 ± 0.01 
80 - - - - - 0.7953 ± 0.01 
35 - - - - - 0.8001 ± 0.01 
69 - - - - - 0.8005 ± 0.01 
79 - - - - - 0.8059 ± 0.01 
54 - - - - - 0.8113 ± 0.01 

Group [2] 

25 Yes - + - - 0.7636 ± 0.01 
21 Yes - + - - 0.7711 ± 0.01 
24 - - ++ - - 0.7798 ± 0.01 
15 - - - ++ - 0.7893 ± 0.01 
26 - - ++ - - 0.7915 ± 0.01 
17 Yes - - +++ - 0.8017 ± 0.01 
19 Yes - - +++ - 0.8032  ± 0.01 
20 Yes - - +++ Yes 0.8235  ± 0.01 
22 Yes - - +++ - 0.8502 ± 0.01 

Group [3] 

3 - Yes + - - 0.7623  ± 0.01 
27 - Yes + - - 0.7676  ± 0.01 
23 - Yes + - - 0.7689  ± 0.01 
1 - Yes + - - 0.7695  ± 0.01 

10 - Yes + - - 0.7709  ± 0.01 
4 - Yes + - - 0.7722  ± 0.01 
7 - Yes + + - 0.7739  ± 0.01 

31 - Yes + - - 0.7761  ± 0.01 
28 Yes Yes + - - 0.7774  ± 0.01 
14 - Yes + - - 0.7819  ± 0.01 
8 - Yes + + - 0.7850  ± 0.01 
6 - Yes + + - 0.7866  ± 0.01 
9 Yes Yes + - - 0.7874  ± 0.01 
2 Yes Yes + - - 0.7884  ± 0.01 

12 Yes Yes + + - 0.7908  ± 0.01 
29 - Yes + - - 0.7908  ± 0.01 
30 - Yes + - - 0.7936 ± 0.01 
5 Yes Yes + + - 0.8054  ± 0.01 

13 - Yes + + Yes 0.8245  ± 0.01 

 

 

 

 



 
 

Figure 1: Le Piage, A, example of Solutrean (1 and 2: laurel leaves; 3 and 4: shaping flakes; 5 

and 6 shouldered points) and Badegoulian lithic artefacts (7 to 12: Badegoulian raclettes). B: 



 
 

Counts of characteristic Solutrean remains; C: Location of the different zones with Solutrean 

lithic elements. [1.5-column] 

 

Figure 2: Shaping flakes from group 1, with no macroscopic indicator of heat treatment. [1.5-

column] 



 
 

 

Figure 3: Heat-treated samples from group 3 with a double surface condition (alternating 

glossy and mat zones). 1, 2, 3, 4, 5, 6, 8: shaping flakes and 7: fragment of a bifacial piece. 

[1.5-column] 



 
 

 

Figure 4: Example of spectrum obtained by IR spectroscopy presenting two combination 

bands. A first band around 5 220cm
-1

 produced by molecular water and a second produced by 

Si-OH groups at around 4,300-4,600 cm
-1

. The hydration ratio is calculated by measuring the 

components at 4,545cm
-1

 and 4,469cm
-1

. [1 -column] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Figure 5: a. Calibration series with hydration ratios obtained on nine geological reference samples depending on temperature stages; b. Tukey diagram of 

hydration ratios per temperature stage. Ratio values at 150°C are almost identical to those of unheated samples (around 0.76 ± 0.01). After heating to 

200°C, the average ratio value is slightly higher and continues to increase during the following stages. Values are clearly higher in excess of 300°C 

(between 0.80 and 0.88 ± 0.01) but more dispersed. [1 -column] 



 
 

 

 

Figure 6: Comparison of hydration ratios from the archaeological corpus (a) and the 

calibration series based on nine geological samples heated successively to 150, 200, 250, 275, 

300 and 350°C (b). [2-column] 



 
 

 

Figure 7: Example of two shaping flakes with indicators of heat treatment. Particular care was taken with the preparation of the removal during the 

bifacial shaping chaîne opératoire after the heat treatment stage. [1.5-column] 
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