

[image: image1]
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The Puymorens iron mine is located at an altitude of between 2,100 and 2,200 m at the western edge of the Pyrénées-Orientales department (France), which is bordered by the Ariège department in France and Andorra to the west and Spain to the south. It is the highest-altitude iron ore exploitation in the Pyrenees mountains. A major transportation corridor facilitating the north to south crossing of the Pyrenean massif passes by the foot of the mine, from the Ariège valley to the Carol valley. The mine is known to have been in operation from the seventeenth century to the end of the 1960's, and it supplied ore to many modern smelting sites in Andorra, Catalonia and Ariège. New data acquired from the FEDER FERMAPYR and PCR FERAPO programs have enabled the identification of older ironworks in the neighboring Carol valley, which also used this ore and have been radiocarbon dated between the fourth and the sixth centuries. By placing this series of Visigothic smelting sites in their environmental context, we will be able to describe their technical specificities and the impetuses for the early exploitation of iron ore and wood at high altitudes in the Pyrenees. The study will be based as much on the results of archaeological excavations and surveys as well as on anthracology studies to understand the relation between iron ore smelting and the forest exploitation for charcoal production.
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1 Introduction

The process of smelting iron ore in a bloomery furnace (direct process) requires at least an equal mass of charcoal as of ore (Leroy et al., 2000). Several scholars have hypothesized significant environmental impacts resulting from agro-pastoral and also metallurgical practices in forest and mountainous regions such as the eastern Pyrenees (Schmider, 1978; Davasse et al., 1997; Galop, 1998, 1999; Guiter et al., 2005; Py-Saragaglia et al., 2017; Rendu, 1987; Rendu et al., 1995; Fouédjeu et al., 2022). However, very early claims have been substantially debated, because it is difficult to establish a geographical and chronological relationship between the metallurgical sites, the exploitation of the forest cover and the evolution of the natural environment. Iron metallurgy at high altitudes of above 1,500 m was first practiced in Pyrenees during the late Roman or Visigothic periods, as observed in relation to the Puymorens iron mine. There is no other previous metallurgical evidence in this area at this altitude (Meunier, 2023; Pagès, 2010; Pagès et al., 2022). The Visigothic iron metallurgy of Puymorens therefore provides an ideal setting for observing the exploitation of iron ore and wood in a limited area: the specific environment of high altitude and over a short chronological sequence. The objective of the study of smelting sites for Puymorens iron ore was to obtain ancient qualitative data on the flora composition of the mountain highland area and the changes that took place as a result of the exploitation of wood for metallurgy. More broadly, this paper aimed to understand how iron ore and wood mines were operated at high altitudes, in extreme environments. It first provides an overview of the context and the methodology used, which was adapted to specific circumstances. The ensuing section presents and analyzes the results, incorporating relevant published literature and micro-regional knowledge.



2 Research area and archaeological methods


2.1 Physiography, vegetation, and climate of the region

The investigation area is situated on the upper southern slopes of the Pyrenees massif, stretching from the head of the Carol valley to the Puymorens pass, in the far west of the Pyrénées-Orientales department (France). It is bounded by the Carlit massif to the east and the Font Negra massif to the west. This zone lies to the north of the Cerdanya high plain and is in close proximity to Andorra (Figure 1). On the other side of the Puymorens pass, to the north, lies the Ariège valley.


[image: Figure 1]
FIGURE 1
 Area and sites studied (Pyrénées-Orientales, France). In black, the smelting sites; in red, the Puymorens mine; in white, the other places mentioned in the study.


Now treeless, this area is located above the timberline, between montane and subalpine forest. The ecotone is still at its highest altitude acknowledged to be a zone that experiences constant change and that is vulnerable to various forms of disturbance, whether originating from climatic or human factors (such as the intensification of the erosion process and the challenge of reforestation at higher elevations).

Due to topographical effects and exposure to southerly winds, the Cerdagne region has a transitional climate that is predominantly continental. The climate is characterized by fairly low average annual temperatures (8.9°C in Villeneuve-les-Escaldes at 1,381 m, 7.7°C in Mont-Louis at 1,600 m and 6.1°C in Font-Romeu at 1,750 m). Freezing conditions occur during at least 7 months of the year. The annual number of frosty days is high (124 in Villeneuve-les-Escaldes and 156 in Font-Romeu). In winter, temperatures can fall below −20°C in the mountains and below −10°C on the plateau. In summer, it can reach 30°C during the day, but the nights are always cool. A further contrast is therefore a marked contrast between the plateau and the mountains. There is also a contrast between the south-facing slopes (“soulanes”) and the much colder north-facing slopes. Cerdanya has a dry climate. Annual rainfall shows a wide variation, low on the plateau (between 652 mm at Dorres at 1,450 m and Villeneuve-les-Escaldes at 1,381 m, 760 mm at Mont-Louis at 1,600 m, 823 mm at Font Romeu at 1,750 m and 879 mm at Valcebollère at 1,420 m), and probably a little higher (around 1,500 mm) on the mountains, for which there is a lack of meteorological data. This relative dryness is offset by a good distribution of rainfall throughout the year, with the wettest seasons being summer and autumn (Bagnouls and Gaussen, 1953).

Vegetation and climate differ between the head of the Carol valley at 1,444 m and the Puymorens pass at 1,915 m. The head of the Carol valley is humid and wooded, while the Puymorens pass is windy and situated at the upper limit of the forest. The study area consists of fir forests and Scots pine forests in the montane belt. As in the Alps, the subalpine zone is still forested, mainly with Pinus uncinata mixed with Betula pubescens, characteristic of the “subalpine belt” (Gaussen, 1925, 1938; Michel, 1951). Pinus uncinata, widespread in the subalpine forest in the eastern Pyrenean region, is associated with Arctostaphylos uva-ursi and Juniperus communis (Gaussen, 1925; Gruber, 1978). In places where the pine forest is sparse or has been disturbed, there is an increased presence of Betula pubescens. Three other species reach the base of the subalpine zone: Betula pendula, B. pubescens, and Abies alba. The climatic asymmetry between the two slopes of the Pyrenees means that the Pyrenean subalpine can be divided into humid and xeric types (Gruber, 1980).



2.2 Survey, samplings, materials, and method

Surveys in mountainous areas with significant erosion and extensive vegetation cover cannot be conducted in the same way as those in plains with cultivated areas, where plowing offers good visibility of deposits (Lallemand et al., 2022; Calastrenc et al., 2024). Because exhaustive observation of the territory is not possible, the surveys were conducted only in vegetation-free zones where archaeological remnants are visible on the sediment surface. Examples of such zones are paths and erosion cones. Special attention was given to soil sections, particularly those caused by river erosion (Figure 2). The assistance of people who frequently engage in such activities as farming, shepherding, hunting, walking, and forest wardening in these highlands was invaluable in making this work possible. This type of survey was carried out in the Carol valley and its tributaries, as well as on the Puymorens pass.
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FIGURE 2
 Smelting slag exposed by water erosion at the Pla de les Iules site (arrow).


The identification of ancient iron ore smelting sites is dependent on the discovery of smelting slag. Large quantities of smelting slag are produced as a waste product during the direct iron ore smelting process. Smelting operations are carried out in a bloomery furnace, at a location that is separate from the place of extraction. Mining and iron production are therefore never carried out at the same site. In the technical context of the study (Pagès, 2010; Pagès et al., 2022), each smelting operation would generally produce more than 30–40 kg of slag, which would be accumulated in piles in front of the work area and the bloomery furnace.

Given the impact of erosion in mountainous regions, the surveys aimed to identify the concentrations of slag that make up the preserved waste heaps of iron ore smelting sites. The conservation of the slag remains was evaluated during the surveying on the surface thanks to slag density and, in some cases, the presence of coal. If a portion of the remains appeared to be well-preserved from erosion, excavations were conducted in the best-preserved part of the slag heap to eliminate the risk of contamination and prevent the excavation of reworked remains.

The objective of the archaeological excavations was to uncover artifacts such as ceramics (technical and consumption) and tools, as well as remains such as furnaces, pits, and grate spaces, which aid in dating the metallurgical site and understanding the operations carried out and the techniques that were used there. The excavations also served to calculate slag volume (thickness and density, with surface area being defined by the surveys), thereby helping to quantify the size of the exploitation and the volume of iron produced (Pagès, 2017). Smelting sites often lack archaeological evidence for dating purposes. Excavations can provide useful charcoal samples for carbon-14 dating and the anthracological analysis of the fuel used in ore smelting. The metallurgical sites in the study are small, each covering an area of <700 m2, so test pit measuring 50 x 70 cm were used for the excavations (one test pit is carried out per site, but if the results are negative, a new test pit is carried out). This method gave a satisfactorily representative overview, allowing us to probe to a depth of 80–90 cm and to obtain distinct samples of the metallurgical layers (the depth is defined by the archaeological remains).

Numerous charcoals were collected during the archaeological excavations at the smelting sites. In some cases, they made up the majority of the sediment in which the slag was discovered. The methods used have been described in detail elsewhere (Chabal, 1997; Chabal et al., 1999; Figueiral and Mosbrugger, 2000; Puech et al., 2020; Kabukcu and Chabal, 2021) and are only briefly summarized herein. During the excavation of slag heaps, charcoal was recovered from standard volumes of 10 and 20 L of sediment, which was subjected to water flotation and then sieved (using a 1 mm mesh). The material was highly fragmented, so any fragments larger than 4 mm were collected from the sieves. The charcoal fragments were observed using an incident light microscope at magnifications ranging from 20 to 1,000 times after being sectioned into three diagnostic planes: transverse, tangential, and radial. The anatomical observations were compared to European wood anatomy atlases (Jacquiot, 1955; Schweingruber, 1982, 1990; Vernet et al., 2001) and online databases such as Insidewood (Wheeler et al., 1989). Identifications followed IAWA standards (Wheeler, 2011; Baas et al., 2004).

The qualitative and quantitative description of the coals was carried out for each charcoal mentioning dendrological features such as the presence of bark or pith, reaction wood, tyloses, fungal hyphae, and insect markings (xylophageous galleries, fecal pellets; Marguerie, 1992; Marguerie and Hunot, 2007; Marguerie et al., 2010). The caliber of the wood was also assessed based on growth ring curvature. For this, we chose to use a quick, easy-to-apply qualitative method that consisted in assigning a score based on the shape of the ring (weak curvature 1, intermediate curvature 2 and strong curvature 3 (Marguerie and Hunot, 2007; Marguerie et al., 2010). The occurrence of radial cracks (RC) is considered in charcoal analysis, but as demonstrated by Caruso Fermé and Théry-Parisot (2011) and Théry-Parisot and Henry (2012), their presence is not correlated with the moisture content of the wood or the differentiation between seasoned wood and green wood. According to these authors, calculating a ratio per mm2 would be more accurate.

If taxonomic identifications of charcoal fragments do not present theoretical difficulties in European flora, the distinction between pine species namely Pinus sylvestris and Pinus uncinata can be challenging. In the case of Pinus uncinata the micro-anatomical characteristics taken into consideration are thiner growth rings with sharp demarcation from initial to final wood. The transverse walls of the parenchyma cells in the rays are lightly punctuated even in thick-walled cells. Tangential walls are thin with nodular aspects. Finally, thylloids are visible in canals (Jacquiot, 1955; Trouy-Jacquemet, 2023).




3 The smelting sites

Surveys in 2015 and 2017 led to the discovery of nine iron smelting sites in the Carol valley and Puymorens pass area (Pyrénées-Orientales department in France, Figure 1). The presence of dense concentration of slag, a sign of direct iron ore smelting, made the sites easy to recognize. Although four of the nine smelting sites have been significantly damaged by mountain erosion, the other five remain well-preserved are the focus of ongoing archaeological and anthracological new investigations (Pla de les Iules, Pra d'en Paou, Rec de la Vignola 1 and 2, Rec d'en Garcia 2).

The Puymorens iron mine, situated in the vicinity of the village of Porté-Puymorens is the highest-altitude iron mine in the eastern Pyrenees (Balent, 2005). It ranges between the elevations of 2,100 and 2,200 m and is located beneath the Pic de la Mine, which has an altitude of 2,683 m in the Font Negra massif. It is bordered by the Ariège valley to the north and west and the Carol valley to the south and east. The mine is situated in a remote location, due to its altitude and distance from other mines and iron deposits, which are situated more than 20 km away in a direct straight line.

The mine is known to have been in operation until 1964, by which time 1.3 million metric tons of hematite, carbonate, and magnetite had been extracted from Silurian schists (Besson, 1991). According to textual sources, ore had been mined here since the seventeenth century (Balent, 2005). The ore was used in Andorra and the Ariège valley, such as at the Farga de Llata smelting site, which was active from 1679 to 1772 (Balent, 2016). Sadly, this site was destroyed by flooding of the Ariège, and contemporary industrial operations have erased the remnants of most ancient mines.


3.1 Pla de les Iules (Porta, Pyrénées-Orientales, France)

The Pla de les Iules deposit is a dense slag heap of over 300 m2 (located on a slight slope on the right bank of the Carol river, at an altitude of 1,441 m (Figure 1). It is the lowest-altitude deposit that was examined in the study area. Two excavations were conducted at this site in 2016 (Mach and Pagès, 2021). A first pit was excavated in the upper western part of the slag heap. However, the concentration of slag in the stratigraphic units (SU-3 and SU-4) was not very high and the sediment was not particularly carbonaceous. The slag heap could have been disturbed here by colluvium or alluvium. A second pit was dug 4 m further to the east. It revealed, below the humus layer (~20 cm thick), a very dark or black sandy-loam layer with slag and charcoal and no dark cobbles or pebbles (SU-5). The next layer below (SU-6) consists mainly of slag and charcoals (Figure 3). These materials make up the slag heap, whose total depth is ~50 cm. This waste heap is very large and dense and contains numerous kiln walls, slags and charcoals. Underlying the waste heap is a substratum consisting of a pile of large stone pebbles typically found at the bottom of Alpine valleys.


[image: Figure 3]
FIGURE 3
 Pla de les Iules metallurgical layer (SU-6), under excavation.




3.2 Prat d'en Paou (Porta, Pyrénées-Orientales, France)

The Prat d'en Paou deposit is located on the same bank of the Carol river (right), upstream, 3 km further north (Figure 1). It lies at the bottom of a northeastern-facing slope in a sensitive position similar to Iules, except for being located at a higher altitude, at 1,558 m above sea level. Although difficult to estimate because of the dense forest cover, its surface area probably does not exceed 700 m2. A survey was conducted at the center of this site in 2021. Below 30 cm of humus and colluvium (SU-1), the upper layer of the waste heap was revealed (SU-2 and SU-3). It has probably been reworked and disturbed, because the sediment is not very carbonaceous. Intact pig iron lies 45 cm below the surface. This layer is composed of small slag and charcoal in a black sediment (SU-4) and is no more than 20 cm thick. It rests on granitic rock.



3.3 Rec de l'Orri de la Vinyola 2 (Porté-Puymorens, Pyrénées-Orientales, France)

The Rec de l'Orri de la Vinyola 2 deposit is located on the Puymorens pass, 2.8 km north of the Prat d'en Paou deposit (Figure 1). It is one of the highest site in altitude in this study (1,888 m). The site consists of a small mound measuring 540 m2 which lies on a substrate of granite blocks bound by a light-brown sandy sediment. In 2021, the first survey pit was dug 5 m below the highest point of the butte (pit 1). The layers were very broken up and disturbed, so a second hole was excavated some 15 m below the first, at the foot of the mound (pit 2). After a 7 cm thick stripping operation (SU-5), a 10 cm thick metallurgical layer was discovered (SU-6). It is carbonaceous and contains numerous small fragments of roasted ore, a few burned stones and small slag.



3.4 Rec de l'Orri de la Vinyola 1 (Porté-Puymorens, Pyrénées-Orientales, France)

The Rec de l'Orri de la Vinyola 2 deposit is very close to the Rec de l'Orri de la Vinyola 1 deposit, only 700 m to the west and at a slightly higher elevation of 2,013 m (Figure 1). The deposit consists of 280 m2 of a dense concentration of slag visible on the surface, on the left bank of the Rec de l'Orri stream. In 2021, a test pit was dug directly into the middle of the slag heap (Figure 4). A 10 cm layer was excavated to remove surface pollution (SU-1). The archaeological layers were excavated underneath to a depth of 18 cm (SU-2). This second level is composed almost entirely of small slag (<5 cm). The surrounding brown, silty sediment is rare and does not fill all the gaps between the slag. Many charcoals and fragments of roasted ore were collected. Excavation was halted at this layer, the bottom of which was not reached. It did not seem appropriate to purge this level, which may be linked to a kiln that probably lies above and would merit a more extensive archaeological exploration. The base of the slag heap was not reached.


[image: Figure 4]
FIGURE 4
 Slag heap of the Rec de l'Orri de la Vinyola 1, visible in the vegetation.




3.5 Rec d'en Garcia I (Porté-Puymorens, Pyrénées-Orientales, France)

The Rec d'en Garcia I deposit is situated 1 km north of Rec de l'Orri de la Vinyola 1 and 2 (Figure 1). It lies at an altitude of 1,858 m on the southern slope of the Puymorens pass, on the Ariège valley side, along one of the river's tributaries (the Rec d'en Garcia). The site has suffered severe erosion and destruction by water torrents. Only 20 m2 remain on the torrent-eroded left bank. In 2021, the site was excavated under 50 cm of a humus layer and a disturbed layer (SU-1 and SU-2). The 17 cm thick metallurgical layer (SU-3) was composed of a black, very carbonaceous sediment, rich in roasted ore and small slag (Figure 5).


[image: Figure 5]
FIGURE 5
 The metallurgical layer (in black, SU-3) preserved in the cross-section of the Rec d'en Garcia I site excavation.





4 Radiocarbon dating of smelting sites

No ceramics or other objects were available to determine the age of the sites through typology. Consequently, it was necessary to employ carbon dating. Charcoals similar to small twigs, or ideally originating from the secondary xylem tissues closest to the cambium were selected from intact metallurgical layers for dating. C14 analysis was performed at the Laboratoire de Mesure du Carbone 14 (Lyon, France) in 2016 and at the Pozan Radiocarbon Laboratory (Poland) in 2021 (Table 1).


TABLE 1 Charcoal samples for C14 dating.

[image: Table 1]

In 2016, three C14 dates were obtained for the Iules site, from the same archaeological layer (SU-6). All have a consistent chronology (Table 2). In 2021, radiocarbon dating was conducted at four other sites, resulting in a total of seven dates (Tables 1, 2). There is a 95.4% probability that the correct dates fall between 254 and 605 AD (Figure 6).


TABLE 2 C14 dates calibrated using OxCal v4.4.4 Bronk Ramsey (2021).

[image: Table 2]
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FIGURE 6
 Diagram of C14 dates calibrated using OxCal v4.4.4 Bronk Ramsey (2021).


This wide date range does not result from the date distribution, but rather from the calibration of dates using the IntCal20 reference curve and from plateau effects, which are well-established in Late Antiquity (Table 2). It is challenging to differentiate between the Late Roman Empire (spanning the third century up to 418 AD) and the Visigothic Kingdom (418–720 AD), which had its capital in Toulouse, just 150 km from the examined sites, from 418 to 507 AD. The plateau effects were slightly lessened by using multiple dates for the same location. Using the R_Combine function in OxCal for Iules, the combination of the three dates shortened the sequence by 59 years: specifically, from between 367 and 548 AD to between 416 and 538 AD (Table 2). Ore smelting operations, indicated by the minimal waste volumes, were not persistent across the chronological range of the C14 dates for each location.

Based on the surface area of the slag heap (<700 m2), each smelting site was operated for a maximum of 50 years, most likely for less than a generation, which covers 25 years (Pagès, 2010, 2017). Various parameters in addition to C14 dates must be considered to establish the sites' chronology. It is essential to determine whether the sites a) were part of a single continuous phase of occupation for iron smelting that occurred successively in different areas, or b) were entirely disconnected, with gaps spanning more than one generation. Can it be determined whether the Visigothic-era smelting sites were already in operation during the Late Empire? While the question remains open, several arguments suggest a Visigothic occupation sequence for iron smelting, at a time when the Cerdanya and Capcir regions were experiencing a restructuring of human settlements (particularly at Llívia and Coma Païrounell Figure 1) and mountain agropastoral exploitation (Luault, 2019, 2020). The sites are comparable and primarily date back to the Visigothic era, with no other acknowledged exploitation periods. Their morphology is considerably different from the production standards of the Roman period (Pagès et al., 2022).

Whether we adopt a narrow or a more dilated chronology, it is clear that not all sites were operational at the same time. Based on their dating, three phases of occupation can be distinguished: sites dated between 254 and 430 AD (Vinyola 1 and Garcia 1), sites dated between 413 and 538 AD (Iules and Vinyola 2), and the most recent site, dated between 435 and 605 AD (Paou). The oldest sites are therefore the closest to the mine (between 2 and 3 km), while the most recent is the farthest away (more than 6 km). This shift can be observed during an intermediate phase, when both the Puymorens pass and the Carol valley were occupied.



5 Fuelwood used in iron metallurgy

The anthracological diagram (Figure 7) is based on a selection of five metallurgical sites and eight stratigraphic units (SU), each containing between 51 and 300 charcoals (Table 1, Figure 1). The charcoals examined were debris of the fuelwood burnt in the metallurgical processes, which allows us to study the use of wood in relation to the area's activities. The process of smelting iron ore in a bloomery furnace requires at least an equal mass of charcoals as of ore (Leroy et al., 2000). The smelting sites vary in terms of their north-south topographical position and the distinct relief types found at the Carol valley summit and the Puymorens pass (Figure 1). There is a 569 m difference in altitude between the lowest (1,444 m) and highest (2,013 m) site studied. This study gives us the opportunity to describe the anthracological assemblages encountered at different altitudinal levels (montane, subalpine) and to determine whether or not they are of local origin. Three other non-metallurgical contexts in the Pla de les Iules (SU-3, SU-4, and SU-5) were analyzed for the purpose of comparison.


[image: Figure 7]
FIGURE 7
 Anthracogram showing the relative frequencies (%) of dominant taxa in the metallurgical layers that were studied.



5.1 Charcoals from deposits in contact with the metallurgical layer

Fieldwork produced two groups: (1) metallurgical and (2) non-metallurgical contexts. Three stratigraphic units at Pla de les Iules (SU-3, SU-4, and SU-5) represent the non-metallurgical contexts. The second group is less rich in charcoal: only 51, 65, and 96 charcoals (<4 mm) samples were studied from these layers. Additionally, variations in brilliance (from bright to dull, not vitrification) across these samples suggest an heterogeneous assemblage with the presence of different sources of charcoals and reworked elements.

The fewest charcoals were collected from SU-3 at Pla de les Iules, making this non-metallurgical context the least representative in this study. Only 51 charcoals were analyzed from this layer (Table 3). Six taxa were identified: Abies alba (62.7%), Pinus cf. sylvestris1 (23.5%), Juniperus sp. (2.0%), Fagus sylvatica (2.0%), Angiosperms (3.9%), and unidentified taxa (5.9%). A homogeneous brilliant carbonization characterized 74.5% of the wood, while the remaining 25.5% was less well-preserved, suggesting the presence of reworked elements from post depositional processes and are therefore not contemporary with the age of deposits. Growth ring curvatures indicate the use of a majority of large wood pieces (94 vs. 6% for small wood with type 3 ring curvature). Sixty-five charcoals were analyzed from SU-4 (also in Pla de les Iules, below SU-3), and same taxa as in the upper horizon were found (Table 3): Abies alba (46.2%), Pinus sylvestris (38.5%), Juniperus (1.5%), Fagus sylvatica (1.5%), unidentifiable Angiosperms (4.6%), unidentifiable Gymnosperms (6.2%), and unidentified taxa (1.5%). Again, 74.5% of the wood had a homogeneous glossy carbonization (all coals have the same shiny appearance), with the other third very probably composed of reworked material. Growth ring curves indicate 51% of large wood pieces, but curvature could not be assessed for 21% of the samples, due to poor conservation. It is interesting to note the presence of two joinery elements, including a joint bar with notches, in these two layers (SU-3 and SU-4). Unfortunately, this artifact is too small to identify its source (infrastructure or tool).


TABLE 3 Sites and stratigraphic dendro-anthracological summary.

[image: Table 3]

SU-5 is the third non-metallurgical context studied, also from Pla de les Iules. It forms the interface between the humus and the metallurgical layers in the second pit. Ninety-six charcoals were examined, including Abies alba (31.3%), Pinus sylvestris (56.3%), Juniperus (2.1%), Fagus sylvatica (3.1%), unidentifiable Angiosperms (3.1%), unidentifiable Gymnosperms (1.0%), and unidentifiable taxa (3.1%) (Table 3). The unidentifiable wood tissues were vitrified. In this layer, carbonization resulted in only 68% of the material with a shiny appearance, the rest being composed of reworked elements. The wood's ring curvature are straight (the rays are almost parallel to each other) and suggests the use of large-diameter wood rather than small wood. When the rings the charcoal is considered to come from the most recent part of large-caliber wood.



5.2 Northeastern slope of the right bank of the Carol valley (Porta, France, 1,441–1,558 m)

SU-6 from Pla de les Iules (1,441 m) is the only intact metallurgical layer from the second excavation pit. In all, 250 charcoals were analyzed and six taxa were identified, including Abies alba (66.8%), Pinus sylvestris (23.6%), Pinus cf. P. uncinata (0.8%), Juniperus (4.0%), and unidentified Angiosperms and Gymnosperms (1.6%) (Table 3, Figure 7). The material exhibited homogeneous carbonization, with 94.4% of glossy charcoals, suggesting that this assemblage is representative and devoid of reworked charcoals, not contemporaneous with the deposit. Many charcoals were collected from this metallurgical level, making them representative samples in this study.

The studied layer (SU-4) from Prat d'en Paou (1,558 m) has a depth of 55–60 cm. A total of 300 charcoal remains were examined and six taxa were identified (Table 3, Figure 7). The samples were made up of Abies alba at 58%, followed by Pinus sylvestris at 33%. The other taxa were Alnus sp. at 1% and Angiosperms (8%). The entire assemblage is homogeneous, with identical charring for all the coals. Few radial cracks were present. A small number of vitrification traces were also noted (2.6%). From horizon SU-3, a small number of centimeter-sized charcoal samples were collected (n = 12) comprising Abies alba and Pinus sylvestris species.



5.3 Puymorens pass (Porté-Puymorens, France, 1,858–2,013 m)

Two archaeological layers from surveys of two different smelting sites at the Rec de l'Orri location were analyzed: Vignola 1 SU-2 and Vignola 2 SU-4 (Table 3, Figure 7). A single layer from the neighboring Rec d'en Garcia 1 site (SU-3) was chosen for the examination.

From SU-2 at Rec de l'Orri Vignola 1 (2,013 m), 288 charcoals were studied (Table 3, Figure 7). The samples mostly comprised four precisely identified arboreal taxa, which included Pinus cf. P. sylvestris (49%), Pinus cf. P. uncinata (38.5%), Juniperus sp. (1.4%), and Rosaceae (0.7%). The other taxa were unidentifiable (6.9%). Carbonization was homogeneous, resulting in the charcoals' overall shiny appearance. Only 5% of the charcoals showed vitrification. In 23% of the samples, tension wood was observed. No radial tracks were found. The ring curvatures (type 1) suggest the use of wood with a large diameter.

From SU-4 at Rec de l'Orri de la Vignola 2 (1,888 m), 282 charcoals were studied (Table 3, Figure 7). This assemblage was mostly made up of seven arboreal taxa, with Pinus sylvestris (74.5%) and Pinus uncinata (24.8%)—the genus Pinus being the most prevalent among the Gymnosperms. The remaining taxa, including Rosaceae (0.4%), represent a small frequency. Homogeneous carbonization has resulted in an overall shiny appearance of the charcoals. Only 6.3% of the charcoals show vitrification. Charring is uniform throughout the assemblage and a strong gloss was observed. No compression or tension wood was found. A few of the charcoals (<1%) had split rays. In the survey, the charcoal samples indicated the use of large-diameter wood.

In the 300 charcoal samples analyzed in SU-3 from Rec d'en Garcia 1 (1,858 m), three taxa were identified (Table 3, Figure 7): Pinus, Fagus, and an unidentified species. Pinus was the dominant element, making up 98% of the assemblage with Pinus sylvestris at 95.7% and Pinus uncinata at 3.3%. Fagus sylvatica frequencies were <1%. Homogeneous carbonization of the charcoals and a shiny appearance were observed. Two-thirds of the fragments showed straight rings, indicating the use of bigger branches and fewer smaller ones. Vitrified wood was infrequently observed (in only eight charcoals). Remnants of manufactured components, such as quadrangular wood, off-cuts of small, beveled pieces, and quarter-sections and half-sections of stems, were evident. Some joinery elements (cleats) with bevels, showing the use of manufactured wood, were also found.




6 Discussion


6.1 Charcoals from forest exploitation used as fuelwood for the metallurgy

Three phases of timber and metallurgical exploitation were identified in the Puymorens pass and Carol valley area. The first phase, dating between 254 and 430 AD, included the Rec d'en Garcia and the Rec de l'Orri de la Vignola 1 sites, located at 1,858 and 2,013 m, respectively (Figure 1). These were the first of the sites to be exploited and were located in the immediate vicinity of the mine. The third and most recent smelting phase (435–605 AD) included Prat d'en Paou, situated at a lower altitude (1,558 m). The second, middle, phase included the Rec de l'Orri de la Vinyola 2 (1,890 m) and the Pla de les Iules (1,441 m) sites and represents an intermediate phase, with one site still at a high altitude and the other at a lower altitude. For the period under study, it perhaps marks the beginning of a shift in activity to lower altitudes.

The charcoal samples analyzed from all these locations and timeframes are dominated by a limited number of woody taxa, as shown in Table 3. Arboreal taxa prevail across all sites, with the following specific types identified: Abies alba, Pinus cf. P. sylvestris, Pinus cf. P. uncinata, Juniperus sp., Alnus sp., and Rosaceae. All these plants are only found in the montane and subalpine phytogeographic regions around the sites.

Fagus, a sciaphilous taxon that requires high atmospheric humidity, is excluded naturally from Cerdanya and can only be found in extant vegetation on a few hectares at the northern end of the Capcir (Gaussen, 1938). The discovery of a small number of Fagus charcoals in our analysis is most likely the result of material or tools having been brought to the site and later abandoned. Abies, which prefers moist soil and which is a heliophilous or half-shade species, can be found in Cerdanya in isolated stands depending on local microclimatic conditions. The Prat d'en Paou and Pla de les Iules sites, located on southern slope, offered some surprising results with the presence of Abies. However, due to the geographical and climatic particularities of Cerdagne, including continentality, altitude, and irregular precipitation distribution, the presence of this species may be limited to specific micro-habitats, favored by particular environmental conditions where the relative dryness is offset by a good distribution of rainfall throughout the year, which is very favorable for fir growth. Similarly, we can assume the opening of the Carol valley to the north brings humidity and fog, while the southerly and easterly winds bring clouds and abundant rainfall at higher altitude. Phytosociological studies would provide a better understanding of the dynamics of plant communities where the fir tree is present or absent. Additionally, more detailed climatic studies, particularly regarding local variations in temperature and humidity, would be crucial to assess the conditions that supported its past expansion in this region.

These results suggest that during each time period, the forest's upper limit was higher than it is now, at least on a local level or very close to the sites where metallurgical exploitation took place. The arboreal species used were those that were present on the site and directly available, in accordance with the principle of least effort (Shackleton and Prinsh, 1992), which perhaps allows us to suggest the proximity of charcoal kilns for wood processing.

The smelting process in iron production requires a significant amount of fuel and the very probable presence of local coal production in the vicinity of the iron smelting site and consequently the existence of charcoal kilns. In reference to the examination of the Porta and Porté-Puymorens locations, the anthracological taxa results are consistent with the theoretical distribution of taxa (vegetation series; Gruber, 1981) which allows us to hypothesize that charcoal production took place nearby. The processing of wood might have taken place in coal pits, where all species were transformed on site, or a single wood species might have been used for more controlled burning, necessitating the use of multiple coalfields. However, no coal pits were identified during the surveys.

Similarly, the scarcity or absence of shrub species or heliophilous elements could suggest the immediate availability of woodland formations which offer more biomass. It is also likely that there were few clearings in the surrounding areas. Based on these observations, the hypothesis of a higher upper limit to the forest (at least locally) is plausible. Moreover, the absence of fungal spores and mycelium in the charcoals indicates a good phytosanitary status for the fossil specimens studied. The analyses revealed few ray tracks and low degree of vitrification, the anatomical features of the wood are visible allowing for its identification.

Two distinct anthracological sectors can be identified:

The metallurgical sites in the Carol valley are situated between 1,441 and 1,558 m in altitude, which corresponds to a montane zone range of 900–1,700 m. At Prat d'en Paou (dated 435–605 AD) and Pla de les Iules (dated 416–538 AD), Abies alba and Pinus sylvestris were identified, while Pinus uncinata was absent due to being outside of its habitat. Fagus and Juniperus were observed, although at low frequencies. Both sites exhibit low species diversity indicating marginal use of these species or solely used as kindling wood.

For the Puymorens pass area Rec de l'Orri de la Vinyola 1 sequence (dated 254–412 AD), the Rec de l'Orri de la Vinyola 2 sequence (dated 413–540 AD), and Rec d'en Garcia 1 (dated 257–430 AD), situated between the montane and subalpine zones at altitudes ranging from 1,858 to 2013 m, the anthracological evidence demonstrates that the main fuel sources were Pinus (Pinus sylvestris and Pinus uncinata), with a lesser, marginal use of Juniperus. For the periods and locations examined in the study, surveys excluded Abies and Fagus, which do not belong to this bioclimatic region and where the drier climatic conditions do not favor them. The pine trees, which are the local species, are the only ones being harvested in these areas.



6.2 Vegetation/anthropization history

The study area has been extensively researched over several decades by scientists in multiple disciplines (paleoecology, palynology, archaeology, and history). Archaeological data has revealed numerous pastoral and agricultural structures and remnants of metallurgical activities, indicating the prehistoric and historic use of highland resources (Davasse et al., 1997; Galop, 1999; Luault, 2020; Rendu, 1987; Rendu et al., 1995; Bal et al., 2010). Historical ecology, based on palynology, has provided long-term insight into the human activity and environmental history of the eastern Pyrenees, and more specifically, on the Cerdan plateau and in the higher altitudes, spanning almost 7,000 years, with a particular focus on fluctuations in the forest's upper limit (Galop, 1998; Guiter et al., 2005; Bal et al., 2010; Vannière et al., 2001).

Among the most prevalent publications, palynological and microcharcoal analyses from the peat bogs of the Pla de l'Orri, located in the high pastoral regions of Enveitg (southern slopes of the Carlit, 2,150 m, Figure 1; Galop, 1998), show a sequence beginning at 6,230+/- 6,000 BP (4,280 BC) with pine dominance. Abies is found at lower altitudes until 4,310 +/-60 BP (2,360 BC); at that time, human impact on the environment remained minimal. The Abies curve shows three periods of decline, the first in the Middle Neolithic and the second during the Middle Bronze Age, also attested by pedoanthracological studies (Bal et al., 2010). From the end of the Iron Age to the beginning of Antiquity, the pollen analysis indicates the recovery of land by the pine forest and a decline in high-altitude pastoral activities in the Pla de l'Orri area. The last major decline of Abies during the Middle Ages was recorded in 760+/60 AD, with a decrease of all arboreal pollen, apophytes having been at their peak during this period. The early Middle Ages marked the beginning of a new phase in the development of pastoral activities, with a significant anthropisation phase dating back to the eighth century (Vannière et al., 2001).

Pollen records from Racou lake (Guiter et al., 2005), situated at an altitude of 2,000 m above sea level on the right bank of the upper Têt river, 12 km northwest of Mont-Louis, show a similar pattern during the Late Holocene with a first decline of Abies curve at 2,515 +/- 35 BP and a second just before 1,215 +/-45 BP, suggestive of nearby pastoral activities. As for Pla de l'Orri, this confirms an increase in human pressure during the Middle to Late Neolithic, as evidenced by associated archaeological vestiges (Galop, 1998). Furthermore, the Racou lake pollen records lack sufficiently detailed dates for the last millennium. Generally, the documentation of vegetation dynamics during this period is insufficient, despite numerous palaeoecological studies conducted in the Pyrenees (Guiter et al., 2005). Further west, the Bosc dels Estanyons peat bog (Madriu, Andorra, 2,180 m; Miras et al., 2007) shows a similar vegetation dynamic to that of Pla de l'Orri and the Racou lake. The extension of Abies stands begins in around 7,100 BP. Between 7,000 and 6,300 BP (around 5,050 and 4,350 BC), pollen indices (AP/T 60%) show a trend toward a gradual reduction in montane and subalpine forest species (mean values of Abies are around 5%). As elsewhere, the Subboreal, which corresponds to the Late Neolithic, saw the first major human expansion in the Pyrenean Mountains. More significant anthropogenic pressures emerged around 2,600 BP (630 AD) including subalpine pine forests and oak and fir forest levels. From 2,050 to 1,800 BP (110–235 AD), all indicators of activity suggest an intensification of pastoral pressure during the Roman period. The subalpine forests are highly degraded, with an arboreal rate of around 20%, the lowest since the Late Glacial period. Site occupation during this period is also attested by the presence of a smithing activity from the first century AD until the first half of the third century AD. Note that smithing, which represents the final step in the metallurgical process, differs significantly from the reduction phase in terms of location, activity and wood requirements. Anthropogenic pressure in Cerdanya continued and intensified from the seventh century onwards (Miras et al., 2007), as it is generally known regionally.

The anthracological results from the Prat d'en Paou and Porté-Puymorens sites, obtained over a short historical period, have enabled us to gain a better understanding of the use of the environment by the population. Pinus and Abies were present in the montane and subalpine forests during the Visigothic period, but gradually disappeared almost completely from the highland area due to the intensification of human pressure and the modification of forest ecosystems.

Evidence from this study suggests that the records from the sites studied are earlier than the Racou lake records but later than those of Pla de l'Orri and Madriu, which include observations of subalpine forests from the Middle Bronze Age onwards, with different activities from one sector to another (Galop, 1998; Miras et al., 2007; Bal et al., 2010). Therefore, our findings and subsequent examinations highlight the challenge of making generalized assertions about human-environment interactions within a given regional geographic zone. The region's geography is intricate, due to its latitudinal position, diverse altitudes, opposing slopes, valley orientation, resources and timeframe, emphasizing the need to develop micro-regional aspects. As seen in this study, the mountain is a geosystem divided into parcels, with the eastern portion of the Carol valley being devoted to pastoralism, while metallurgical activity was concentrated in the western area.



6.3 Techniques and settlement

The mountain environment is widely acknowledged to be a constantly evolving region that is vulnerable to climate alterations and human influence and pressure. Additionally, the erosive processes in this area are aggressive, leading to the poor conservation of archaeological remains. Often partly destroyed, visible remains therefore only represent part of the reality. As a result, it is difficult to quantify iron mining and smelting activities in the Carol valley and on the Puymorens pass. Very early traces from the Visigothic period have been discovered and at least three phases have been identified. Based on our present knowledge, they are unconnected to any previous or subsequent activity. The nearest Roman remains are found at a straight-line distance of more than 35 km, at Vicdessos (Ariege, France) and Canigou (Pyrénées-Orientales, France).

Excluding smithing as a separate activity, iron production necessitates specialized techniques and was split into at least three distinct activities demanding different skill sets (mining, smelting, and forging). In the Roman and medieval world in western Europe, mining, charcoal burning and iron ore smelting were carried out by different specialists (Pagès, 2010). These activities were not performed by the same people, due to the advanced skills required for each.

The extraction and smelting of iron ore in the Carol Valley and on the Puymorens pass would have required the arrival and settlement of people proficient in both mining and metallurgy. Coal production may have been a native activity, but it experienced significant growth in the region due to the influence of metallurgy, possibly utilizing local expertise. The presence of metallurgists — but also of miners as a consequence — therefore implies that the area was frequently occupied for metallurgical activity during the Visigothic period. Metallurgical infrastructure was assimilated into the pre-existing network of settlements and activities, potentially enhancing the forestry “industry” in the Carol valley and on the Puymorens pass (Luault, 2019, 2020). Nonetheless, all operations took place only during the summer months, after the snow had thawed.

It is challenging to determine precisely why metallurgists and miners operated the Puymorens mine, with the assistance of the local population, on a consistent seasonal basis during the Visigothic period. Multiple factors must be considered to answer this question. Studies conducted since 2010 have shown that such exploitations are prevalent in the northwestern Mediterranean. From the decline of the Roman Empire onwards, metallurgists increasingly operated in steeper and higher-altitude areas, in both the Alps and the Pyrenees (Pagès, 2010, 2017; Pagès et al., 2022). Was this due to a shortage of wood at lower altitudes, due to heavy forest exploitation during the Roman era? Or was it a result of the exploitation of new territories that were more conducive to new economic models? The explanation is undoubtedly multifactorial. It is essential to carry out an increased number of high-resolution interdisciplinary investigations of metallurgical contexts, while placing the discussion in a micro-regional framework.




7 Conclusion

Thanks to an integrated archaeological and anthracological investigation conducted over a region covering 400 km2, it is now possible to reconstruct partially early iron exploitation at the Puymorens mine in the Pyrenees mountains, which is the highest-altitude mine in the region, at more than 2,100 m above sea level. At the end of the Roman Empire and especially during the Visigothic period, a population of miners and metallurgists settled in the area to exploit the mine on a regular seasonal basis. They went on to produce iron nearby at workshops situated at lower altitudes, between 1,400 and 2,000 m, making use of the available forest resources. This industry was likely part of a preexisting network of settlements and land usage in the mountains, especially for farming and pasturing activities, which flourished in the fifth and sixth centuries. Consequently, this metallurgical industry was part of an active economic framework. Woodland and fuel resources were exploited near the smelting sites. The anthracological spectra are characterized by very low taxonomic diversity and a large predominance of Pinus and Abies which corresponds to the low diversity of species in the montane and subalpine environment of this montane area. There was no selection of species; the supply was simply based on the availability of local wood. According to this analysis, it is likely that the forest's upper limit was higher in the past. Subalpine Pinus forests were exploited first, followed by montane Abies and Pinus forests. Smelting site locations followed this pattern, moving lower and lower during the Visigothic period. This shift could indicate that the significant need for wood for iron smelting has contributed, at least in part, to the forest's decline in this area.
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Footnotes

1Pinus cf. P. sylvestris is the correct identification for the period studied, Pinus nigra does not belong to the plant series of the montane and subalpine levels of the Eastern Pyrenees. It is possible that reforestation involving Pinus nigra and mixtures took place from the nineteenth century onwards.
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o Garcial Vinyolal Vinyola2 Paou lules 1
Metallurgical layers Non-metallurgical layers
Stratigraphic Units (SU) SU-3 SU-2 SU-4 SU-4 SU-6 SU-3 SU-4 SU-5
Number of charcoals 300 288 282 300 250 51 65 96
TAXA (%)
Abies alba 0 0 0 58 66.8 62.7 462 313
Pinus cf. sylvestris 95.7 49 74.5 33 23.6 235 385 56.3
Pinus cf. P. uncinata 33 38.5 24.8 0 0.8 0 0 0
Juniperus sp. 0 14 0 0 4 2 15 21
Fagus sylvatica. 0.7 0 0.4 0 0 2 15 31
Alnus sp. 0 0 0 1 0 0 0 0
Rosaceae 0 0.7 04 0 0 0 0 0
Angiosperms 0 0 0 8 0.8 39 4.6 31
Gymnosperms 0 35 0 0 0.8 0 6.2 il
Unidentifiable taxa 03 69 0 0 32 59 15 3.1
Dendrological attributes (total)
Bark 0 0 0 0 0 0 0 0
Pith 0 0 0 0 0 1 1 0
Fungi/fungal hyphae 0 0 0 0 0 0 0 0
Xylophagous galleries 0 0 0 0 0 0 0 0
Tyloses 0 0 0 0 0 0 0 0
Traumatic canals 1 0 0 0 0 0 0 0
Cutting season ind. ind. ind. ind. ind. ind. ind. ind.
Growth ring curvature type 1 291 282 280 173 236 48 50 87
Growth ring curvature type 2 4 4 1 114 20 2 1 10
Growth ring curvature type 3 5 2 1 13 3 1 0 3
Reaction wood 1 0 0 1 0 0 1 0
Carbonization type 1 2! 0 0 1 8 8 8 30
Carbonization type 2 1 2 0 0 16 3 3 1
Carbonization type 3 (Bright carbonization) 297 286 282 299 225 40 49 66
Radial tracks 4 1 2 0 0 0 3 3
Vitrification type 1 8 14 18 2 6 0 2 2
Vitrification type 2 0 0 0 0 0 0 0 3
Vitrification type 3 0 0 0 0 0 3 1 3
Stained wood 18 0 0 0 0 0 0 0
Joinery elements 2 0 0 0 0 1 1 0
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From_68.3% To_68.3% From_95.4% To_95.4%
R_Date Paou_Poz#2-150460 540 595 435 605
R_Date Iules_Lyon-13945 (SacA 48952) 406 533 367 541
R_Date Iules_Lyon-13946 (SacA 48953) 417 534 410 542
R_Date lules_Lyon-13947 (SacA 48954) 433 536 419 548
R_Combine Iules 419 531 416 538
R_Date Vinyola 2_Poz#2-150379 418 534 413 540
R_Date Garcia 1_Poz#2-150380 267 420 257 529
R_Date Vinyola 1_Poz#2-150461 262 401 254 412
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Tules SU-6 Juniperus sp. Lyon-13945 (SacA 48952) 1,635 30
Tules SU-6 Juniperus sp. Lyon-13946 (SacA 48953) 1,615 30
Tules SU-6 Juniperus sp. Lyon-13947 (SacA 48954) 1,590 30
Paou SU-4 Pinus cf. P. sylvestris Poz#2-150460 1,525 28
Vinyola1 | SU-2 Pinus sp. Poz#2-150461 1,712 25
Vinyola 2 SU-6 Pinus cf. sylvestris Poz#2-150379 1,613 28
Garcia 1 SU-3 Pinus cf. sylvestris Poz#2-150380 1,671 28
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