[bookmark: _Hlk145350569]Debunking deterministic narratives of technological development through experimentation: a critical review of the prehistory of tin bronze alloying
Montes-Landa, J.; Timberlake, S.; Martinón-Torres, M.
[bookmark: _Hlk145414936]Supplementary Information 2. Detailed literature review on the use of bronze alloying techniques in the past.
This section compiles all the available analyses on bronze alloying by-products in the published literature. The proposed characterisation of all samples was re-assessed according to the parameters discussed in Table SI1.1, and some samples were assigned to a different technique. As already mentioned in the main text, this re‑classification of samples should not be taken as a dismissal of previous work. These publications were frequently not concerned with the same issues as this paper. In fact, re-classification of samples is only possible thanks to the good documentation of the published finds, which should be acknowledged. Table SI2.2, Table SI2.3, and SI2.4 summarise the findings.
Samples discussed are mostly bronze slag or slagged surfaces of technical ceramics. In a few instances, papers dealing with other complementary evidence are also included because their inferences were considered valid, and they provide useful information about the use of alloying techniques. Publications that assume an alloying method without supporting evidence, or that do not report enough analytical evidence to classify a sample were excluded. Samples are characterised as ‘active alloying’ when recycling and natural alloying were discarded, while ‘unknown’ refers to the impossibility of ascertaining if the specimen was related to active alloying or recycling. 
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[bookmark: _Ref126161239][bookmark: _Toc126149053]Table SI2.1. Summary of the use of alloying techniques in Europe in Antiquity.
	Site/Area
	Location
	Chronology
	>1
	Assigned technique (publication)
	Proposed technique (this thesis)

	Bulgarian and Serbian sites
	The Balkans
	Chalcolithic
	CE
	Natural alloying

	Bauma del Serrat del Pont
	Girona, Spain
	Chalcolithic
	CE
	Natural alloying

	
	
	EBA
	CE
	Co-smelting

	Santa María de Matallana
	Valladolid, Spain
	EBA
	
	Co-smelting

	Szczepidlo
	Great Poland, Poland
	~14th-13th c. BC
	G
	Recycling/co-melting
	Unknown

	Abrigo de la Dehesa
	Soria, Spain
	MBA
	
	Recycling

	Peña Negra
	Galicia, Spain
	LBA
	G
	Co-smelting
	Unknown

	Monte Aguilar
	Navarra, Spain
	MBA-LBA
	
	Co-smelting

	Șagu
	Romania
	MBA-LBA
	G
	Active alloying, and potential recycling
	Co-smelting/cementation, and potential recycling

	Mušiston
	Tajikistan
	LBA
	
	Natural alloying

	Cerro de San Cristóbal
	Extremadura, Spain
	LBA
	
	Cementation

	Senhora da Guia de Baiões
	Viseu, Portugal
	LBA
	x
	Recycling with cassiterite/Sn addition and co-smelting
	Recycling with cassiterite addition and co-smelting

	Entre Águas 5 
	Portugal
	LBA
	x
	Co-smelting
	Co-smelting and possibly cementation

	Castelejo
	Beira Baixa, Portugal
	LBA
	x
	Active alloying
	Co-smelting/cementation, and other active alloying operation

	Alegrios
	Beira Baixa, Portugal
	LBA
	
	Cementation
	Co-smelting/cementation

	Eisenberg
	Germany
	LBA
	
	Co-smelting

	Trebusice
	Czech Republic
	LBA
	
	Co-melting
	Unknown

	Las Camas
	Madrid, Spain
	LBA-EIA
	
	Co-smelting

	Gusendo de los Oteros
	León, Spain
	LBA-EIA
	
	Cementation

	La Rebanadilla 
	Málaga, Spain
	IA Orient. – 9th-8th c. BC
	
	Co-smelting
	Unknown

	Carmona
	Seville, Spain
	IA Orient. – 8th-7th c. BC
	
	Co-melting

	Kition
	Cyprus
	8th-5th c. BC
	G
	Cementation
	Unknown

	Isthmia
	Greece
	Early 7th-mid 5th c. BC
	G
	Co-smelting (more likely)/recycling
	Co-smelting

	La Mata
	Badajoz, Spain
	IA Orient. – late 6th-5th c. BC 
	
	Cementation
	Co-smelting/cementation

	Ullastret – L’Illa d’en Reixac
	Girona, Spain
	Mid 6th-late 4th c. BC
	G
	Co-smelting/cementation/ recycling
	Unknown

	Sant Jaume Mas d’en Serra
	Tarragona, Spain
	IA – Old Iberian
	
	Cementation

	Emporion
	Girona, Spain
	Late 6th-early 5th c. BC
	x
	Co-smelting, cementation, co-melting, and recycling

	Ullastret – Puig de Sant Andreu
	Girona, Spain
	5th c. BC
	
	Co-smelting/cementation
	Co-smelting

	El Castru
	Asturias, Spain
	IA
	x
	Co-smelting, cementation, and recycling

	La Fonteta
	Alicante, Spain
	IA (Orientalising)
	x
	Co-smelting, cementation, co-melting, and perhaps recycling

	Outeiro de Baltar
	Ourense, Spain
	LIA-Early Roamn
	G
	Co-smelting/cementation


>1=more than one sample analysed; CE=complementary evidence from different sources; G=samples reported as a group; x=samples reported individually.

Table SI2.1 (cont.). Summary of the use of alloying techniques in Europe in Antiquity (continuation).
	Site/Area
	Location
	Chronology
	>1
	Assigned technique (publication)
	Proposed technique (this thesis)

	Hengistbury Head 
	Devon, UK
	Late IA
	x
	Active alloying and melting operations (recycling/co-melting)

	Baratti-Populonia
	Tuscany, Italy
	3rd c. BC
	
	Cementation

	Rhodes
	Greece
	Hellenistic, 3rd-1st c. BC
	G
	Cementation
	Unknown

	Nichoria
	Greece
	Mid Hellenistic-Late Hellenistic III
	G
	Recycling/co-melting
	Unknown

	Housteads Roman Fort
	United Kingdom
	Mid 2nd-late 3rd c. AD
	G
	Recycling/co-melting
	Unknown

	Hengistbury Head 
	Devon, UK
	Roman Times
	
	Cementation

	Philippolis
	Plovdiv, Bulgaria
	Roman Times
	
	Cementation

	Tara
	Ireland
	Unknown
	G
	Active alloying


>1=more than one sample analysed; G=samples reported as a group.
[bookmark: _Ref126161246][bookmark: _Toc126149054] Table SI2.2. Summary of the use of alloying techniques in Africa and America in Antiquity.
	Site/Area
	Location
	Chronology
	>1
	Assigned technique (publication)
	Proposed technique (this thesis)

	Pi-Ramesse
	Egypt
	LBA
	G
	Cementation, co-melting and recycling with/without Sn/cassiterite addition

	Remosterkloof 3
	South Africa
	1000-1300AD
	x
	Co-melting/recycling

	Bosutwe
	Botswana
	1300 AD
	
	Melting operations (recycling/co-melting)
	Unknown

	Rooikrans
	Rooiberg, South Africa
	17th c. AD
	
	Recycling
	Co-melting

	Jamestown
	Virginia, USA
	1607-1610AD
	
	Cementation (mineral testing)


>1=more than one sample analysed; G=samples reported as a group; x=samples reported individually.
[bookmark: _Ref126161257][bookmark: _Toc126149055]Table SI2.3. Summary of the use of alloying techniques in Asia in Antiquity.
	Site/Area
	Location
	Chronology
	>1
	Assigned technique (publication)
	Proposed technique (this thesis)

	Tell al-Judaidah
	Turkey
	ca. 3000 BC
	
	Co-melting
	Active alloying

	Deh Hosein Mine
	Iran
	Mid 2nd millennium BC
	CE
	None
	Natural alloying

	Taijiasi
	China
	13th c. BC
	G
	Cementation/co-melting
	Active alloying, and cementation/co‑melting

	Site 41, Supsa-Gubazuli 
	South Caucasus
	LBA-EIA
	
	Cementation

	Kongtougou
	China
	Mid 11th c.-771BC
	
	Co-melting
	Co-smelting

	Zhougongmiao
	China
	Mid 11th c.-771BC
	
	Co-melting
	Recycling/cementation/co-melting

	Khirbet Edh-Dharih
	Jordan
	IA
	G
	Recycling

	Tell es-Safi/Gath
	Israel
	IA-IIA, early 10th-mid 9th c. BC
	
	Co-melting
	Cementation/co-smelting

	Gordion
	Turkey
	6th-4th c. BC
	
	None
	Possibly cementation

	Gordion
	Turkey
	5th-early 4th c. BC
	G
	Cementation, co-melting and possibly recycling

	Khao Sam Kaeo
	Upper Thai-Malay Peninsula
	Mid/late 1st millennium BC
	x
	Cementation
	Cementation, and perhaps co-melting

	Tayma
	Saudi-Arabia
	Roman/Late Roman Period
	G
	Unclear (co-melting/cementation)
	Co-smelting/cementation


>1=more than one sample analysed; CE=complementary evidence from different sources; G=samples reported as a group; x=samples reported individually.

[bookmark: _Toc120373473][bookmark: _Toc125371852][bookmark: _Toc141093199][bookmark: _Toc125371834][bookmark: _Toc126150072]The available evidence is divided by continents. Samples were considered individually in all possible instances. Although the data are broadly organised diachronically, the time scales used by different authors and the broad chronological ranges of some assemblages made this difficult. To keep as much information as possible, the chronological periods mentioned in each publication were kept. Results are discusses as reported. Analytical techniques, protocols, data reporting conventions, etc. differ between papers, so it is impossible to directly compare analytical data.
Most of the available data concern Europe, particularly Iberia. This reflects the unequal investment in archaeological research throughout the world as well as the uneven distribution and research interests of archaeological science research clusters. The evidence compiled involves the available Spanish and English literature on the topic based on the authors’ language skills. Given the recent research interest in this topic, the general impression is that the data presented are a generally complete summary of what is known. Publications out by November 2022 are considered.
1. Europe
Several Bulgarian and Serbian sites
Period: Early and Middle Chalcolithic
Reference: Radivojevic et al., 2013
Evidence: Several metallic objects of varied nature
Given classification: Natural alloying (intentional)
Proposed classification: Idem
The analyses of several bronze objects from the Balkans were used to separate three different compositional groups: stannite bronzes (between 1-10wt%Sn), high-Sn fahlore bronzes, and low-Sn fahlore bronzes. The emergence of tin bronzes was related to the exploitation of fahlore Cu-ores that are easy perceived, such as stannite, which produced a bronze alloy. Importantly, tin bronzes from the Vinca Culture (5th millennium BC) from Plocnik and Gomolava were worked according to the properties of the alloy. This would support an intentional production of this alloy through natural alloying once its properties were recognised. Knowledge about how to produce bronzes through natural alloying was gradually lost by the end of the 5th millennium. Cassiterite bronzes appeared in the area one millennium and a half later.
Bauma del Serrat del Pont (Girona, Spain)
Period: Chalcolithic and EBA
Reference: Alcalde et al., 1998
Evidence: 65 crucible sherds (minimum of 19 vessels), two small (s)melting residues and a few metal items. 
Given classification: Natural alloying (unintentional) during the Chalcolithic, and co‑smelting during the EBA
Proposed classification: Idem
The oldest remains from this assemblage are a melting residue (PA6352, level II.5), a slagged crucible fragment (PA6326, level II.4), and an arrowhead (PA6335, level III.1). They were all dated to the Chalcolithic and have >1wt%Sn. These finds were found together with an overwhelming majority of production residues related to Cu metallurgy (i.e. with no traces of Sn). 
Thus, the slagged crucible that contains 4.642wt%Sn was interpreted as the result of smelting naturally-occurring Cu-Sn minerals available at the surrounding area. This type of ores is also consistent with the composition of the melting residue and the arrowhead found at the site (7.6wt%Sn and 7.096wt%Sn respectively). Although both items contain >6%Sn and they could be considered intentional, they are very close to the perceptive threshold of Sn in Cu (Kuijpers 2017), which is what can be achieved through natural alloying. Therefore, it is difficult to confidently relate them to intentional alloying. Instead, given (1) that most of the production residues in these contexts are related to Cu metallurgy, (2) that the local outcrops in which Cu and Cu-Sn minerals can be found together were actively exploited by this community (Montes-Landa et al. 2021), and (3) that Cu-Sn minerals closely resemble macroscopically Cu minerals, it is possible that the former were selected unintentionally with the aim of producing a Cu object. As a result, these operations would result in visually distinct, but not necessarily intentional, bronze items. Presence of tuyeres in the same archaeological layers might support that metallurgists were able to more easily achieve the reducing conditions necessary for the accidental production of bronze.
Another melting residue (PA6353, level II.3) ascribed to the EBA has been related to co‑smelting. It contains 41.37wt%Sn, which indicates active alloying. No further description of its microstructure is provided. A co-smelting operation was inferred because it would have been the simplest way to produce bronze in an area where bronzes had not been intentionally manufactured before. Moreover, it must be considered that this is an area of incipient metallurgical development, with only evidence of natural alloying before this time, and with only evidence of Cu production in contemporaneous sites (Montes-Landa et al. 2021). Furthermore, the earliest cementation operation known in Iberia is currently dated to the LBA (see below). Therefore, the characterisation of this find as co-smelting seems the most likely option. 
Finally, this find must be related to a bronze needle also dated to the EBA (PA6332, level II.3). Its 23.51wt%Sn indicates intentionality.
Santa María de Matallana (Valladolid, Spain)
Period: EBA
Reference: Rovira, 2007
Evidence: Crucible
Given classification: Co-smelting
Proposed classification: Idem
The glassy matrix of the slag is an aluminosilicate containing Ca, K, some Fe (3.09wt%FeO), and As (6.24wt%As2O). 7.92wt%CuO and 2.43wt%SnO2 was lost in the glassy matrix too. Small Cu prills are surrounded by acicular and globular Sn oxide crystals. The former crystal habit might suggest Sn-ore addition. Malayaite was reported, supporting Sn mineral addition too, although not explicitly discussed. Cu-As silicates were related to mineral Cu addition. Absence of As and Sn in metallic prills was used to justify mineral Cu addition, as the prills would have likely included these elements if the impurities entered the charge with metallic Cu, unless oxidising conditions prevailed for a long-enough time.
Szczepidlo (Greater Poland, Poland)
Period: ~14th-13th century BC
Reference: Garbacz-Klempka et al., 2017
Evidence: Crucibles 662 and 657 and several slag specimens
Given classification: Bronze melting (unclear if co-melting or recycling)
Proposed classification: Unknown 
Presence of Cu, Sn (for both) and Pb (for 657) in these crucibles relates them to bronze technology. No further descriptions of their microstructure were provided. The authors defend that crucible 662 was used to produce bronze with 27.66wt%Sn, and that crucible 657 was used to produce bronze with a 20.65wt%Sn and 1.27wt%Pb. However, the compositions of the metallic phases trapped in crucibles are not very representative of the product manufactured because of the variability of conditions within crucibles. It is reported that slag specimens showed trace amounts of metallic elements and sometimes small amounts of Cu. Without further evidence, they were automatically classified as bronze melting by-products. With these data, it is impossible to relate any residue to a specific alloying process, not even recycling. Moreover, these crucibles and slag could be by-products of different techniques.
Abrigo de la Dehesa (Soria, Spain)
Period: MBA
Reference: Rovira, 2007
Evidence: Small slag
Given classification: Recycling
Proposed classification: Idem
The slag matrix is an aluminosilicate with Mg, Ca, K and variable amounts of Fe, Cu and Sn. No Sn oxide crystals were found. Cu and bronze prills (ranging between 0.92-12.5wt%Sn) are trapped in the slag. All of them contain Sb (up to 4.59wt%Sb). This microstructure was related to a bronze recycling operation. It was hypothesised that fair reducing conditions were maintained so only minor Sn re-oxidation into the glassy matrix occurred. 
Peña Negra (Galicia, Spain)
Period: LBA
Reference: Gómez Ramos, 1996
Evidence: Several crucibles
Given classification: Co-smelting
Proposed classification: Unknown
Analyses of slagged surfaces, minerals and metallic products were interpreted as indicative of co-smelting operations. Only slag compositions are provided. These show high losses of Cu (>60wt%Cu), and some specimens also have important Sn losses (0.4-25.1wt%Sn). However, the lack of further microstructural descriptions makes impossible to confirm this classification. The reported evidence is not a clear indicative of the alloying process used and the fact that several crucibles were described together might be obscuring the co-occurrence of several techniques.
Monte Aguilar (Navarra, Spain)
Period: MBA-LBA
Reference: Rovira, 2011b
Evidence: Crucible slag
Given classification: Co-smelting
Proposed classification: Idem
This sample was not directly described, but a picture of its microstructure was provided when discussing co-smelting operations in the referenced paper. This picture (Fig 14 in S. Rovira 2011a) shows a great amount of Sn oxide crystals, sometimes near metallic phases. Delafossite, magnetite needles and pyroxenes were reported, what supports the author’s identification of ore relics. No further discussion was included.
Șagu (Romania)
Period: MBA-LBA
Reference: Orfanou et al., 2022
Evidence: Eight crucible sherds 
Given classification: Active alloying and potential recycling
Proposed classification: Co-smelting/cementation and potential recycling
After pXRF analyses, these crucibles were initially linked to bronze production. One of them had two layers of bronze slag separated by a re-lining of the crucible. Although these crucibles are reported as a group, it is mentioned that in some specimens, Ta impurities, semi-dissolved cassiterite relics, elongated cassiterite needles resembling natural textures, and Ca-Sn compounds might suggest active alloying. This active alloying operations, although not explicitly mentioned, could be related to both cementation or co-smelting. Given the absence of further evidence, it is possible that different techniques were used contemporaneously. This hypothesis might be consistent with the identification of different metal impurities in different crucibles, which would point to different ore/metal sources. Equally, deoxidation microstructures are mentioned as potential evidence of bronze recycling, but it is also acknowledged that this type of microstructures can also be produced during active alloying operations.
Mušiston (Tajikistan)
Period: LBA
Reference: Berger et al., 2022
Evidence: One bronze slag
Given classification: Natural alloying
Proposed classification: Idem
This slag was found nearby a polymetallic deposit of Cu-Sn ores. Cu and Sn isotopes made possible to link it to this outcrop. Pb isotopes did not match, however, but this was justified through the alteration of the isotopic field when Pb-bearing Fe minerals were used as flux and added to the charge. The addition of Fe fluxes is also justified by the Fe-poor nature of the Cu-Sn deposit exploited, the Fe-poor nature of the technical ceramic used, the Fe-poor nature of the surrounding environment as estimated based on attached soil particles, and the external enrichment in Fe of the sample. This high presence of Fe makes possible to discard recycling. Prills with compositions ranging between pure Cu and up to 10wt%Sn were found. As, S, Ag, Sb, Zn, Pb, Se, and Bi were characterised as key impurities of the metal linked to the ore source. Pb prills were also isolated. No high-Sn prills were analysed. These impurities are compatible with the ore source hypothesised. Sn oxide crystals were also observed, as well as other mineral phases combining Fe and some of the impurities mentioned. Based on this evidence, a natural alloying operation involving the naturally occurring oxidic Cu- and Sn-ores of the area was proposed.
Cerro de San Cristóbal (Extremadura, Spain)
Period: LBA
Reference: Merideth, 2001
Evidence: Crucible 
Given classification: Cementation
Proposed classification: Idem
The composition of the metallic prills of this sample ranges from pure Cu with S impurities (usually located around the rim of the crucible) to high-Sn prills with up to 58.08wt%Sn (located at the central area of the vessel). The latter supports an active alloying operation. No further evidence consistent with Cu-ore addition was reported. Therefore, it is plausible that metallic Cu was used. This is consistent with the small Cu losses reported in the glassy matrix (up to 0.86wt%Cu). A semi‑dissolved cassiterite grain was recognised in Fig.5.9 of this paper, confirming addition of mineral Sn.
Castro da Senhora da Guia de Baiões (Viseu, Portugal)
Period: LBA
Reference: Figueiredo et al., 2010
Evidence: Slag fragment and metallic nodules
Given classification: Co-smelting and recycling with cassiterite/metallic Sn addition
Proposed classification: Co-smelting and recycling with cassiterite addition
The vitreous matrix of the slag is an aluminosilicate with Cu, K, Fe, Pb, Mg, and Ti impurities. Cuprite globules and dendrites, and metallic Cu and metallic Pb inclusions were analysed. Sn oxide crystals were observed, sometimes with a cuprite nucleus, indicating deoxidation from an original bronze. XRD analyses detected magnetite, which indicates fairly oxidising conditions. The malachite masses surrounded by cuprite were interpreted as Cu-ore relics given that cuprite (Cu [I]) is a more reduced state of Cu than malachite (Cu [II]), thus showing an interrupted smelting process. Although it is acknowledged that there was no conclusive evidence for the state in which Sn entered the charge, the presence of Cu-ore only makes possible a co-smelting operation. 
The analyses of the microstructures of some nodules identified as heat-distorted artefacts and smelting droplets allowed their identification as scrap metal. This supports that recycling operations were also carried out. Given the absence of low-Sn bronzes in the assemblage found at the site, it was suggested that cassiterite or metallic Sn was added during the recycling operations in order to minimise Sn losses through evaporation. However, it is important to note that Sn smelting in Iberia was not conducted until at least the IA (Figueiredo et al., 2018), making the addition of metallic Sn very unlikely in this case.
Entre Águas 5 (Portugal)
Period: LBA
Reference: Valério et al., 2013
Evidence: Crucible 1374A
Given classification: Co-smelting/cementation
Proposed classification: Idem
The vitreous matrix of the slag is an aluminosilicate with Na, Mg, K, Ca, Mn, and Fe. The observed globules of cuprite and malachite were interpreted as the result of the oxidation of metallic prills. Covellite was also found. Magnetite was reported, and in Fig.5 of the paper, although not explicitly mentioned, magnetite appears in association to cuprite and covellite globules. Absence of Sn oxide crystals in this area might indicate that this association represents an Fe-rich Cu-ore relic. Abundant Sn oxide phases of globular and euhedral shapes were reported for other areas of the sample. These were interpreted as indicative of possible cassiterite addition. Cassiterite relics were not reported.
The metallic prills analysed show covellite and Pb-rich inclusions. The prills are bronzes with 2.4‑25.8wt%Sn, <1wt%Pb, and <0.5wt%Fe. The latter supports that Fe entered the charge as mineral rather than with the metallic Cu. However, this is not explicitly mentioned. A recycling operation was excluded based on the presence of high-Sn prills. 
This sample was related to a co-smelting operation based on comparison to the amount of Sn of the bronze prill produced in a different co-smelting experiment. This is not enough evidence to discard, for example, a cementation operation.
Evidence: Crucible 1391A
Given classification: None
Proposed classification: Co-smelting
	Cu state: Mineral
	Sn state: Mineral
The vitreous matrix of this slag is similar to the previous one. It contains Cu prills, and Cu and Sn oxide crystals. Cu-ore relics reported are composed of Cu sulphides and malachite. Fig.6 of the paper shows magnetite formations around them, indicating that some Fe might have entered the charge as gangue of the Cu-ores. Although it is not mentioned, Fig.6 of this paper shows a semi-dissolved cassiterite grain surrounded by magnetite. This can also indicate that part of the Fe entered the charge with the panned cassiterite. Although the authors do not provide any classification for this sample, there is sufficient evidence to characterise it as a co-smelting by-product.
Evidence: Crucibles 316 and 1374A2
Given classification: Co-smelting
Proposed classification: Co-smelting/cementation
Both samples are very similar. Their glassy matrix is an aluminosilicate populated by different Sn oxide crystals, magnetite, and metallic prills of pure Cu and bronze. Although the authors classified both samples as co-smelting by-products, there is not enough evidence to corroborate the state of Cu and Sn when entering the charge. However, the presence of magnetite might be indicating that at least one of both components was added in mineral state, and that Fe oxides were associated to this ore, therefore pointing either to co-smelting or cementation.
Castelejo (Beira Baixa, Portugal)
Period: LBA
Reference: Merideth, 1998
Evidence: Crucible Cast No 11
Given classification: Active alloying
Proposed classification: Co-smelting/cementation
	Cu state: Unknown
	Sn state: Mineral
Semi-dissolved cassiterite grains were identified trapped in the glassy matrix and thus confirming Sn mineral addition. The metallic prills analysed were made of pure Cu with minor impurities of Si (0.1wt%Si) and S (0.5wt%S). A bronze alloying process with cassiterite addition is proposed for this crucible, but no further details are provided. The current evidence can be related to co-smelting or cementation given the absence of features related to the state in which Cu entered the charge.
Evidence: Crucible Cast No 10
Given classification: None
Proposed classification: Active alloying
	Cu state: Unknown
	Sn state: Unknown
Area analyses showed totals of almost pure Sn (73.3wt%Sn and 70.4wt%Sn) with minor amounts of Cu (1.3wt%Cu and 0.8wt%Cu respectively). Minor amounts of Al, Si, Ca, Fe, and P were also detected and linked to the ceramic and the charcoal used during the operation. A specific classification was not offered, but a recycling operation could be excluded based on the great Sn presence, thus indicating an active alloying operation. 
Alegrios (Beira Baixa, Portugal)
Period: LBA
Reference: Merideth, 1998
Evidence: Crucible Ale 37
Given classification: Cementation
Proposed classification: Co-smelting/cementation
	Cu state: Unknown
	Sn state: Mineral
Area analyses of the silicate matrix evidenced the presence Sn (29.9wt%Sn), Nb (1.1wt%Nb), Ti (0.4wt%Ti), Al (4.7wt%), Si (15.7wt%Si), Fe (8.1wt%Fe), and Mn (1.8wt%Mn). Inclusions of Nb-Ta-Fe-Ti minerals were also reported. Nb, Ti, and Ta were linked to cassiterite addition. A single metallic prill analysed had 19.5wt%Sn. With this data, the sample was related to a cementation process, but the absence of discussion about the state in which Cu entered the charge makes possible that this sample was produced in a co-smelting or cementation operation.
Eisenberg (Plauen, Germany)
Period: LBA
Reference: Bartelheim et al., 1998
Evidence: Small piece of sandstone with green corrosion on the surface
Given classification: Co-smelting
Proposed classification: Idem
The top of this sandstone was covered by a 1mm-thick layer made of metal and metal oxides (mainly containing Sn). This layer is followed by a second one made of a fayalitic slag that rests over the sandstone. The metallic part contains up to 34wt%Sn, indicating active alloying. Grains made of Sn oxide, Cu (15wt%CuO), Fe, Si (5-10wt% FeO and SiO2), and low amounts of P were reported. The rounded shape of these oxide phases and their composition prompted their interpretation as ore relics. However, other Sn oxide crystals with the same composition were also seen within metallic areas, what rests strength to the interpretation of these rounded phases as ore relics. The Fe contents of these phases could be linked to the metal/mineral added, but Si can potentially derive from the sandstone decomposition, and P from the fuel ash used instead than from the mineral/metal used. These oxide phases would represent the reaction of all these components. Interestingly, the reported microstructure is very similar to that in a slag from Las Camas (see below) and, as Rovira (2007) noted, it can be consistent with a co‑smelting operation in which, while ores were being smelted, they reacted with the silicate matrix, creating these compounds.
The fayalitic slag layer contains magnetite crystals. This layer has considerably higher Fe than the sandstone, indicating that one of the charge components was rich in this element. Small amounts of Zn (the exact wt% was not given) were also detected. A smelting process is defended based on the development of fayalitic slag, which requires stricter reducing conditions than recycling. Although the evidence reported does not allow determining the state of Cu and Sn when added to the charge, comparing this microstructure to that from Las Camas’ slag supports the classification of this sample as a co-smelting by-product. Cassiterite addition could be also supported by the location of this find nearby a cassiterite placer deposit.
Trebusice (Czech Republic)
Period: LBA
Reference: Bartelheim et al., 1998
Evidence: Ceramic sherd with green corroded metal droplets
Given classification: Co-melting
Proposed classification: Unknown
	Cu state: Unknown
	Sn state: Unknown
The surface of this sherd is covered by a high-Sn bronze with a δ-phase and interspersed η‑phase. This indicates an active alloying operation. Both phases contain Ni and Co impurities. A phase with up to 90wt%Sn was also analysed. Deoxidation microstructures of Cu and Sn oxides were observed but they were not very clearly described. The authors sustain that this sample represents ‘processing of pure Sn or at least an alloy with more than 50wt%Sn. (…) the fragment was not only the product of a simple melting process. Probably it was involved in a process in which a Sn-rich melt was alloyed with Cu to produce bronze which could be cold-hammered’ (Bartelheim et al. 1998, p. 227). This is a highly unlikely situation, as there is no knowledge of use of high-Sn alloys to be alloyed with Cu. Active alloying is sustained by the presence of high-Sn prills, but narrowing down this classification to one alloying technique is not possible with the current data. 
Las Camas (Madrid, Spain)
Period: LBA-EIA
Reference: Rovira, 2007
Evidence: Crucible
Given classification: Co-smelting
Proposed classification: Idem
The slag is an aluminosilicate with low amounts of Na, K, Ca, and Fe. The amount of Cu (31.9wt%CuO, 1.64wt%CuO) and Sn (0.54wt%SnO2, 26.8wt%SnO2) in the glassy matrix varies. Such big losses of Cu in some areas might be consistent with mineral Cu addition, although this is not mentioned explicitly. 
The slag is rich in Sn oxide nodules and elongated needles. The composition of the metallic prills ranges between pure Cu and high-Sn bronzes (up to 74.2wt%Sn). The latter indicates an active alloying process. The author identified a characteristic microstructure that combines metallic high-Sn bronze segregates with a silicate phase rich in Cu and Sn oxides. This was interpreted as the result of an interrupted process in which bronze was being created out of mineral Cu and cassiterite but, as metal was smelted, it reacted with the silicate matrix creating this peculiar microstructure. Moreover, Fig.7 of this paper, although not explicitly mentioned, shows a semi-dissolved cassiterite grain. 
El Castro de Gusendo de los Oteros (León, Spain)
Period: LBA-EIA
Reference: Rovira, 2007
Evidence: Two small slag specimens, one reported
Given classification: Cementation
Proposed classification: Idem
The glassy matrix is formed by pyroxenic and felspathic phases with no Cu. Only 4.98wt%SnO2 was lost in the pyroxenic phase, which is also richer in Fe. Ca-Sn compounds were reported around Sn oxide crystals, and Fig.10 of the paper shows a partially decomposed cassiterite grain (not mentioned by the author) surrounded by these compounds. This confirms Sn mineral addition.
The metallic prills analysed were made of pure Cu and bronze (up to 19.5wt%Sn). Low-Pb ternary bronze prills (up to 1.3wt%Pb) were also reported. Given the absence of Pb in the silicate phases (and of Cu), the introduction of Pb together with metallic Cu to the charge is defended.
La Rebanadilla (Málaga, Spain)
Period: IA – Orientalising, 9th-8th century BC
Reference: Renzi, 2013
Evidence: Slag
Given classification: Co-smelting
Proposed classification: Unknown
The vitreous glassy matrix of this sample contains Sn and Pb oxides dissolved. However, specific amounts are not reported. Apparently, Cu losses were not detected (as they were not mentioned) and this is not usually expected when Cu-ores are added to the charge.
Delafossite and magnetite were present, indicating local oxidising conditions and a considerable amount of Fe. Moreover, Cu-Sn (2-3wt%Sn) crystals with some Fe (~1wt%Fe) were reported. Sn oxide phases are common in the shape of globules and needles. The composition of the metallic prills ranges from pure Cu (sometimes with Ag impurities) to bronze with 25-40wt%Sn, what excludes recycling. The presence of Ag as well as the low Fe and Pb contents are consistent with other Cu slag of the site. This is the main argument used to defend co-smelting. However, the reported evidence can also justify a cementation operation using locally produced Cu, as well as co-melting under a fairly oxidising atmosphere. This last scenario would be unlikely because of the considerable presence of Fe.
Carmona (Seville, Spain)
Period: IA – Orientalising, 8th-7th century BC
Reference: Rovira, 2007
Evidence: Slag
Given classification: Co-melting
Proposed classification: Idem
The glassy matrix of this slag is a pyroxene that contains abundant unreacted silicates and infrequent fayalite. No Sn oxide crystals were seen. The composition of the trapped prills ranges from pure Cu to bronze with up to 32.65wt%Sn. Presence of such high-Sn prills excludes recycling. Characterising this sample as co-melting would explain 1) the presence of pure Cu and high-Sn prills, 2) the absence of Sn oxide crystals and 3) the inexistent losses of Sn oxide in the glassy matrix. Fayalite presence also supports the maintenance of considerable reducing conditions, which are necessary to conduct a co-melting operation.
Kition (Cyprus)
Period: Archaic Period, 8th-5th century BC
Reference: Zwicker et al., 1992
Evidence: Crucibles with attached slag
Given classification: Cementation
Proposed classification: Unknown
	Cu state: Unknown
	Sn state: Unknown
There is no available description for these samples. It is defended that their microstructures resemble the one obtained in laboratory-based cementation experiments. However, similar microstructures might arise from different alloying techniques. Without further descriptions, this classification should be confirmed with further evidence. It would be also necessary to consider the possibility of co-existence of several techniques.
Isthmia (Greece)
Period: Early 7th-mid 5th century BC
Reference: Rostoker et al., 1983
Evidence: Lumps of Cu and Sn compounds 
Given classification: Co-smelting (more likely)/recycling
Proposed classification: Co-smelting
Several lumps formed by metallic Cu, cuprite, Sn oxide crystals, and Ca-Sn compounds are described. Low cooling rates and temperatures of at least 1150oC were inferred based on the morphology of the crystals and on the phases identified. These samples were classified as likely products of co-smelting because such high temperatures are not necessary for a recycling (melting) operation. This, however, is not necessarily true, as when conducting recycling within a crucible, it is possible to reach this temperature.
Ca-Sn compounds were related to the calcite-rich furnace used to collect the metal. However, this compound has been consistently related to cassiterite addition. Some of the elongated shapes of Sn oxide crystals reported and visible in some of the micrographs can also naturally occur in cassiterite minerals. This evidence supports that the aforementioned lumps are the result of a co-smelting operation.
La Mata (Badajoz, Spain)
Period: IA – Orientalising, late 6th-5th century BC 
Reference: Rodriguez Diaz and Ortiz Romero, 1998
Evidence: Crucible
Given classification: Cementation
Proposed classification: Co-smelting/cementation
Some slag analyses were reported, but the area/phase where the analyses were taken was not indicated. They seem to be related to high-Sn prills (thus confirming an active alloying operation), Sn-Fe compounds (commonly linked to cassiterite use although not explicitly mentioned), and Sn oxide crystals. The micrograph provided shows a glassy matrix with Sn oxide crystals and other crystalline needle-like grey phase not characterised. With this evidence, the analyst related this sample to a cementation operation. However, nor the micrograph or the analyses provided are sufficient to corroborate this classification. If the hard-head (Sn-Fe) phases are considered reliable evidence, then either co-smelting or cementation would be potential options.
Ullastret – L’Illa d’en Reixac (Girona, Spain)
Period: Mid 6th-late 4th century BC
Reference: Rovira Hortalà, 1993
Evidence: Crucibles and slag specimens
Given classification: Co-smelting/cementation/recycling
Proposed classification: Unknown
The vitrified surfaces contain representative amounts of Cu and Sn. Fe, Ni, Sb, and Ag are minor elements related to the mineral gangue. It was suggested that these residues could have been produced by a cementation or co-smelting operation. However, in the conclusions, the full assemblage is related to a workshop dedicated to metal remelting. The current evidence makes impossible to narrow down the technique used, although it is possible that several of them were used contemporaneously, including co-melting, a technique not considered when reporting this evidence.
Ullastret – Puig de Sant Andreu (Girona, Spain)
Period: 5th century BC
Reference: Rovira, 2011b
Evidence: Nodular slag
Given classification: Co-smelting/cementation
Proposed classification: Co-smelting
	Cu state: Mineral
	Sn state: Unknown (but assumed mineral if Cu was added as mineral)
Dendritic cuprite was reported together with globular Sn oxide crystals in a silicate glassy matrix. The composition of the metallic prills ranges from pure Cu to bronze with up to 12wt%Sn. 
This sample is introduced when discussing bronze production from the LBA onwards and it is explicitly said that after the LBA co-smelting and cementation co-exist. Although this sample is not classified as representative of any of them, Fig.16 of this paper shows some globular microstructures with Cu oxide grains inside of them that can be identified as frozen solid-state smelting microstructures of Cu-ores. This makes possible that this sample represents a co‑smelting operation.
Sant Jaume - Mas d’en Serra (Tarragona, Spain)
Period: IA – Early Iberian Period
Reference: Rovira, 2007
Evidence: Small slag fragment
Given classification: Cementation
Proposed classification: Cementation
	Cu state: Metallic
	Sn state: Probably mineral
The slag matrix is an aluminosilicate rich in P, K, Ca, and Fe (up to 17.7wt%FeO). Low losses of Cu (up to 2.71wt%CuO) and Sn (up to 5.04wt%SnO2) were reported. Globular Sn oxide crystals and other Sn oxide phases are common. Magnetite was identified, reinforcing the oxidising nature of the operation. High presence of Fe, whose origin is not explained, was also reported. Nucleated Sn oxide crystals were mentioned, but because no picture was provided, it is not possible to determine if these are semi-dissolved cassiterite grains. On a later paper (Rovira and Renzi 2017), a micrograph of a slag from the same site shows nucleated globular Sn oxide crystals that were interpreted as cassiterite relics. If this picture corresponds to the same sample (which is highly probable give that both papers have a common author), then cassiterite addition can be confirmed.
The composition of the metallic prills ranges from pure Cu to ternary bronze with low amounts of Sn and Pb in general. Some high-Sn prills were identified, pointing to an active alloying process. Some of them contained Al and Si, what was interpreted as indicative of Sn mineral addition. However, it is not very clear how Al and Si might be linked to cassiterite addition: i.e. if their presence in the slag is linked to the decomposition of the ceramic vessel and/or the gangue entering with the Cu minerals. Absence of evidence indicative of mineral Cu addition was related to the use of metallic Cu with Pb impurities. 
El Castru (Asturias, Spain)
Period: IA
Reference: Farci et al., 2017
Evidence: Seven crucibles (405, 407, 417, 421, 420, 424 and 429) and one slag (730)
Given classification: one co-smelting operation, five cementation processes, one recycling attempt, one co‑smelting/cementation by-product
Proposed classification: Idem
These samples are discussed as an assemblage. However, Table 3 of this paper summarises the features observed in each sample and relates them to a specific alloying technique. Based on that evidence, identification of samples seems appropriate.
Emporion (Girona, Spain)
Period: Late 6th-early 5th century BC
Reference: Montes-Landa, 2017; Montes-Landa et al., 2020
 Evidence: Slagged tuyere (1311-B4/5)
Given classification: Co-smelting 
The enrichment in Cu oxide (11.1wt%CuO) of the slag together with the isolation of Cu-rich clusters in the glassy matrix that might resemble partially dissolved Cu-ores, support mineral addition of Cu. Semi-dissolved cassiterite grains were isolated, confirming mineral addition of Sn. Absence of metallic prills in this area suggests locally oxidising conditions. 
Evidence: Slagged pit lining (1311-B2)
Given classification: Recycling with cassiterite addition
The silicate glassy matrix presents some Cu (8.6wt%CuO) and Pb (1.0wt%PbO) losses, but no Sn. Cu prills with minor Fe impurities were detected, and only two contained some Sn (1.1wt%Sn and 7.6wt%Sn). Sn oxide crystals were identified. Deoxidation microstructures with Sn oxide crystal waves oxidising out of a metallic prill were observed too. Finally, semi-dissolved cassiterite grains were recognised, what supports cassiterite addition. This evidence might support recycling with cassiterite addition. 
Evidence: Slag 1311-A2
Given classification: Co-smelting
This slag presents great losses of Cu (17.3wt%CuO) and Sn (15.4wt%SnO2) in its glassy matrix, what can be related to Cu and Sn mineral addition respectively. This is confirmed by the observation of both Cu and Sn ore relics (semi-dissolved cassiterite grains). Elongated Sn oxide needles that might be related to natural cassiterite textures were also analysed. Some of the Sn oxide crystals contained Ta, confirming Sn mineral addition. High-Sn bronze prills (up to 50wt%Sn) were analysed, which supports an active alloying operation.
Evidence: Slag 1171-4
Given classification: Co-smelting/cementation
The glassy matrix of this slag is enriched in Cu and Sn oxides (6.3wt%CuO and 6.6wt%SnO2) and has numerous metallic prills. Their composition ranges from pure Cu with minor Fe impurities to bronze with up to 48wt%Sn. This indicates an active alloying operation. Semi‑dissolved cassiterite grains and Ca-Sn compounds were observed, indicating mineral Sn addition. Absence of evidence confirming the state in which Cu entered the charge opens the possibility for both cementation and co-smelting processes. The former is more likely given the absence of impurities that are usually linked to Cu-ore addition.
Evidence: Slag 11109-1
Given classification: Co-melting
This sample presents a layered microstructure resulting from the progressive interaction of the ceramic with the charge. Its glassy matrix gets progressively enriched in Fe in the area in contact with the charge. No Cu or Sn oxide losses were detected, and practically no mineralogical phases were recognised apart from bronze prills with 16-24wt%Sn. This supports active alloying because bronzes of 24wt%Sn are uncommon in this area. Sn oxide crystals were absent. This evidence supports co-melting under reducing-enough conditions that prevented the oxidation of Sn and Cu and facilitated their mixture.
La Fonteta (Alicante, Spain)
Period: IA – Orientalising
Reference: Renzi, 2013; Renzi and Rovira Llorens, 2016
Evidence: Slag F41762-2 and slag F41716-3 
Given classification: Co-smelting
Proposed classification: Idem
Both samples present Ca-Sn compounds, indicative of mineral Sn addition. For both samples, Cu-ore relics were characterised based on identifications of specific compounds: (Co,Ni,Fe)As3, and a Cu silicate with Pb segregates, respectively. 
Evidence: Slag F411756-2 and slag F41738-2
Given classification: Cementation
Proposed classification: Idem
These samples have no evidence that indicates Cu-ore addition. Ca-Sn compounds were identified, supporting Sn mineral addition. Ascription of F41738-2 to a cementation operation seems more evident as the glassy matrix does not contain Cu, Pb, and Sn, and there is high variability in the amount of Sn and Pb in the metallic prills trapped in this slag. 
Evidence: Slag F11065
Given classification: Recycling?
Proposed classification: Idem
This sample does not have Ca-Sn compounds. Its glassy matrix contains considerable Pb, Sn, and Cu. The metallic prills trapped have homogeneous amounts of Sn (6-7wt%Sn), which suggests that this specimen might be a recycling by-product. However, it is also pointed out that the slag is considerably thick for a recycling operation.
Evidence: Crucibles F21122 and F31204
Given classification: Cementation
Proposed classification: Idem
The glassy matrix of both samples is an aluminosilicate with K, Ca, and minor Fe impurities. Cu losses in it go up to 1.9wt%CuO and 1wt%CuO respectively. No Sn was lost in the glassy matrix but sample F21122 has a 59.7wt%PbO, while F31204 only has 3.5wt%PbO. Both samples have Ca-Sn compounds that indicate Sn mineral addition. XRD analyses on F21122 detected different compounds containing Nb, Ta, Zr, and Y, among others. These elements were linked to cassiterite outcrops, further supporting cassiterite addition. XRD also identified magnetite for this sample. Although not mentioned, it could have entered the system together with the cassiterite. 
The metallic prills trapped are Cu-Pb alloys with variable amounts of Pb but no Sn. A metallic origin of the Cu – that would have been already alloyed with Pb – is defended based on the absence of evidence that could indicate mineral Cu addition, and the proliferation of Cu-Pb metallic globules. 
Evidence: Crucible F50165
Given classification: Cementation/co-melting (Sn smelting + metallic Cu addition)
Proposed classification: Idem
The glassy matrix of this sample is an aluminosilicate with high Ca and Fe, and minor Mg, K and Ti. 3.0wt%SnO2 was lost in the glassy matrix. No Cu losses were detected. 
Sn inclusions with Cu (up to 28wt%Cu), and with Fe (up to 82wt%Fe in some instances) were identified. Although it is not mentioned, this might point to a genetic link between Sn and Fe that resulted in this compound, very common in Sn metallurgy. Ta, Nb, and Ti mineral clusters with some Sn impurities were identified, which supports a mineral origin for the Sn. It is recognised that these minerals are usually associated to Fe-bearing cassiterite, what supports the previous inference about the genetic link of Fe and Sn.
The absence of Sn oxide crystals might support that Sn smelting was produced in the first instance and that metallic Cu was added later. In the first publication about this sample, a co-melting operation using Fe-rich Sn is defended (Renzi, 2013). In a later publication, it is proposed to classify this sample as resulting from a cementation operation instead (Renzi and Rovira Llorens 2016). The current evidence does not allow a more accurate characterisation, although cementation might be more likely if the presence of specific impurities (Ta, Nb, and Ti) is considered.
Evidence: Crucible F31130
Given classification: Co-melting
Proposed classification: Idem
The glassy matrix is a homogeneous aluminosilicate with Ca, Na, and Fe that has some Cu losses in it. Numerous Cu prills (some with minor impurities) were analysed as well as Sn prills with low amounts of Cu. Bronzes with high Sn contents (around 30wt%Sn) were also analysed. This evidence can support a co-melting process. 
Evidence: Crucible F21121
Given classification: Co-melting/cementation
Proposed classification: Idem
The glassy matrix is an aluminosilicate rich in Ca and K, and with minor Mg, Ti, and Fe (18.0wt%FeO). 5.2wt%CuO, 2.7wt%SnO2, and 3.8wt.%PbO was lost in the glassy matrix. The composition of the Metallic prills analysed ranges from pure Cu to bronze (up to 30wt%Sn, but also almost pure Sn prills were found). The metallic prills analysed sometimes have Pb segregates and Sn-Pb-S inclusions. Idiomorphic Sn oxide crystals, cuprite dendrites and delafossite needles were reported. Delafossite formations, the high amount of Fe in the glassy matrix, and the Fe present in some of the Cu prills, suggest addition of Fe-rich metallic Cu with Pb impurities. It is not possible to clarify the state in which Sn was added to the charge. It is suggested that the small thickness of the slag could be representative of a co-melting operation, but this assumption must be taken cautiously, as the thickness of the slag is not a good indicator of the technique used.
Evidence: Crucible F41529
Given classification: Cementation
Proposed classification: Idem
The glassy matrix of the slag is an aluminosilicate rich in Ca with minor Mg, K, and Fe. 5.1wt%SnO2, 8.3wt%CuO, and a 28.8wt%PbO were lost in the glassy matrix. Ca-Sn compounds were detected together with semi-dissolved cassiterite grains, supporting cassiterite addition. All the metallic prills are Cu or Cu-Pb alloys with no Sn in them. This supports metallic addition of Cu with Pb.
One further sample from La Fonteta is described (slag F4178-1), but the evidence obtained after analyses was not conclusive. Therefore, it has been excluded from this list.
Outeiro de Baltar hillfort (Ourense, Spain)
Period: Late IA-Early Roman
Reference: Figueiredo et al., 2022
Evidence: One cassiterite nodule, five metallic nodules from alloying operations, five fragments of processed bars of bronze, and one Sn slag.
Given classification: Co-smelting/cementation
Proposed classification: Idem
The analysis of the cassiterite nodule and of the Sn slag served to characterised the typical impurities of the local cassiterite ore used. The analyses of the metallic nodules showed coarse microstructures and variable amounts of Sn and Pb among them (4-15wt%Sn and up to 12wt%Pb). This made possible to characterise them as primary bronze production debris. In one of these nodules (CE 3.319), a particle of Nb was identified within the metallic matrix. Given that this element was characterised as an impurity of the local cassiterite smelted, it could be suggested that an active alloying operation involving cassiterite addition (co-smelting or cementation) was used. Interestingly, this is also the nodule with the highest Pb content. Thus, a potential Pb addition was proposed with the aim of facilitating casting.
With the current evidence, it is not possible, however, to know if different alloying techniques were used at this site parallelly. This could have happened given that this evidence only corresponds to a single specimen and several of them are reported. Equally, Sn smelting was documented within the site too, what might imply use of co-melting or perhaps the manufacture of Sn ingots for exchange.
Hengistbury Head (Dorset, UK)
Period: Late IA-I and late IA-II
Reference: Northover, 1987
Evidence: Two corroded lumps (sf 60 and sf 164) from late IA-II
Given classification: Active alloying
Proposed classification: Idem
The cores of these lumps are made of Cu with cuprite dendrites. These areas are surrounded by cassiterite needles with cuprite cores. These microstructures suggest oxidation of an original bronze mass. A glassy matrix surrounds these areas. The glassy matrix has considerable amounts of Sn oxide crystals that might resemble ore relics. Very little Cu oxide was lost in the glassy matrix. It contains many high-Sn prills with δ- and ε-phases, indicative of active alloying. The outer layer is also enriched in Fe, what was linked to potential ceramic contributions. It is also possible that Fe entered the charge with one of the two constituent metals. No specific alloying process is suggested and, with the current evidence, only active alloying can be sustained, as the Sn oxide clusters are not very well defined in order to be classified as cassiterite relics.
Evidence: Crucible sf 76 – Late IA 1, crucibles sf 17, sf 32, sf 97 and sf 73 – Late IA 2, crucible sf 266 from roman times
Given classification: Melting operations (unclear if recycling or co-melting) 
Proposed classification: Idem
These crucibles have orange and red layers on their surfaces, which are made of Sn and Cu oxides, and tiny prills of bronze with different impurities. In some cases, Sn oxide crystals diffusing in the orange matrix were observed, indicating bronze oxidation. Absence of any other phase makes suggestive to think that these crucibles were used in a melting operation (not clear if recycling or co-melting). Importantly, different techniques could have been conducted in different crucibles. Sn smelting was conducted on-site (crucible fragment sf 127, late IA-II) what makes feasible the use of metallic Sn.
Baratti-Populonia (Italy)
Period: 3rd century BC
Reference: Benvenuti et al., 2003
Evidence: Little Cu-Sn metal scrap
Given classification: Cementation
Proposed classification: Idem
This specimen is a Cu-rich mass with Sn oxide crystals that are concentrated in a specific area of the sample. Their shape includes euhedral and anhedral formations. ‘Needle tin’ crystals that resemble natural cassiterite textures were reported. When looking at the related micrograph, these crystals are not the elongated needles that can indicate cassiterite addition, but rhombohedral needles. The latter crystal habit can appear in natural textures – as the authors support based on mineralogical samples – but they are also a typical secondary oxidation product. Their interpretation as secondary products might be supported by the fact that the metal analysed close to the Sn oxide crystals is pure Cu, what might indicate that these Sn oxide crystals oxidised out of an original bronze mass. On the contrary, in areas with a scarce number of Sn oxide crystals, Sn amounts of up to 2wt% were detected when analysing metallic phases. 
Although the Sn oxide crystals reported as natural features are not a valid evidence, Fig.8d of this paper shows a semi-dissolved cassiterite grain that confirms cassiterite addition. Cu seems to be added as metal, as no ore relics were reported and the composition of the mass is quite consistent (analyses report totals ranging from pure Cu to up to 2wt%Sn) for a Cu mass in the process of being alloyed. A cementation process was ascribed to this sample.
Rhodes Island (Greece)
Period: Hellenistic Period, 3rd-1st century BC
Reference: Papadimitriou et al., 1988
Evidence: Three slag nodules (no. 2, 4 and 6)
Given classification: Cementation
Proposed classification: Unknown
	Cu state: Unknown
	Sn state: Unknown
The three slag specimens were reported together as they have similar microstructures. Bulk compositions are not mentioned, but Cu in the form of metallic inclusions, cuprite, and malachite (post-depositional) is mentioned. Thick needles of Sn oxide and bronze droplets (1.5wt%Sn; 10wt%Sn) were reported too.
Fe contents are reported as low, and occasional presence of Pb was mentioned. XRD analyses identified magnetite and fayalite, indicating that some Fe entered the system. Si presence in the fayalite was related to the addition of flux, what is highly unlikely for bronze metallurgy. It is also recognised that although Fe could have entered the charge as flux or furnace/crucible remains, it is more likely that it entered together with Cu as an impurity, thus apparently suggesting that Cu entered the charge in metallic state. It was sustained that cassiterite promoted Fe oxidation by ceding its oxygen to the metallic Fe. Thus, Sn would be reduced into Sn and Fe would be transformed into Fe oxide. Based on the probably highly variable conditions of the operation and the fact that Fe and Sn have very similar oxidation thresholds, this is very. Finally, Sn oxide presence was used to justify Sn mineral addition. Overall, it seems that cementation is proposed as the technique used. However, with the evidence reported, the state of Cu or Sn when entering the charge cannot be confidently determined, and it would be necessary to consider if different slag nodules could be related to different alloying techniques.
Nichoria (Greece)
Period: Mid Hellenistic Period-Late Hellenistic III Period
Reference: Cooke and Nielsen, 1978
Evidence: Several crucibles with slagged surfaces
Given classification: Melting operations (unclear if recycling or co-melting)
Proposed classification: Unknown
	Cu state: Unknown
	Sn state: Unknown
This paper assumes that all bronze slag corresponds to melting operations. This affects the way in which their analyses were reported – sometimes mixed with Cu slag results – and makes impossible to discuss specific cases. Some features of specific samples are reported individually such as presence of cuprite, Sn oxide crystals, or bronze prills. The existence of Cu and Sn oxides in the glassy matrix compositions is also mentioned. However, none of these features are useful to approach the alloying technique(s) used. 
Use of fluxes was considered for one case. However, it seems unlikely for melting operations. The presence of peculiar chert inclusions in the same sample that they related to flux addition might suggest that all the abnormal inclusions that they saw in this specimen correspond to gangue materials of ores used in a cementation or co-smelting operations. However, with the current information, it is impossible to refute or confirm the use of recycling or active alloying. Different techniques could have been used in different occasions.
Housteads Roman Fort (UK)
Period: Mid 2nd-late 3rd century AD
Reference: Dungworth, 2001
Evidence: Vitrified crucibles and slag nodules (some of them with embedded crucible fragments)
Given classification: Melting operations (unclear if co-melting or recycling; probably the latter)
Proposed classification: Unknown
Analyses of different crucibles were reported together; it is not possible to differentiate between samples. In some areas, Sn ranging from <LOD to up to 4.9wt%SnO2 is reported for the vitrified surfaces. The vitrified layers contain Sn oxide elongated and rhombohedral needles and cuprite dendrites. Fig.9 of this paper, although not explicitly mentioned, shows some phases that resemble delafossite needles.
The slag specimens have detectable amounts of Sn (from 0.2wt%SnO2 to up to 58.9wt%SnO2) and sometimes Pb (<2wt%PbO) in their bulk composition. Cu losses were reported (from <LOD to up to 38.5wt%CuO). There are no further details about the phases populating the glassy matrix, if any. Only in one case, a slag with fayalite and magnetite was reported, indicating high Fe content. 
Based on the small nature of the slag, a melting operation is proposed. However, small slag specimens are also generated in other active alloying operations. High Cu losses in some slag specimens might support co-smelting operations, although further analyses are needed to confirm this. Given the variable results reported, it is possible that different alloying methods were used in this workshop. The current evidence is insufficient to know which one(s).
Hengistbury Head (Dorset, UK)
Period: Roman times
Reference: Northover , 1987
Evidence: Hearth bottom (sf 312)
Given classification: Cementation
Proposed classification: Idem
The bottom lining of the hearth has a vitrified layer over it containing bronze prills. The rest of the glassy matrix phases were linked to the decomposition of this clay lining. Above this layer, a second layer of slag is present, containing low-Sn bronze prills. Cuprite globules, Sn oxide euhedral needles, and unreacted cassiterite grains were identified, supporting mineral Sn addition. Pb and Si laths were also identified. Pb and Ag presence in some of the Cu prills made the author relate this specimen to a cementation operation where metallic Cu resulting from a silver refining process (identified at the site) was combined with cassiterite.
Philippolis (Plovdiv, Bulgaria)
Period: Roman times
Reference: Rademakers, 2015
Evidence: Crucible slag P9 (a and b)
Given classification: Cementation
Proposed classification: Idem
This crucible has two layers of ceramic and slag, what indicates that it was reused in two separate operations. The first slag layer has trapped metallic prills ranging from pure Cu to up to 24wt%Sn. Some of these prills contain Pb (11-4wt%Pb). Fe impurities were also reported in them. The prills closer to the rim are purer than the ones closer to the bottom of the crucible. 
Semi-dissolved cassiterite grains and different Sn oxide crystals were identified. Spinels containing Zn and Sn were also reported. Zn should not be considered an alloying component but an impurity. All this evidence was used to propose a cementation operation using cassiterite and leaded Cu to produce a ternary bronze.
The evidence reported for the second slag layer is not conclusive – as it is admitted in the publication – to link it to a specific technique. Therefore, its description is omitted here.
Tara (Ireland)
Period: Unknown
Reference: Crew and Rehren, 2002
Evidence: Several crucibles
Given classification: Active alloying
Proposed classification: Idem
The glassy matrix covering these crucibles is notoriously richer in Fe than the ceramic, relating Fe addition to other component(s) of the charge. The high Fe composition was used to exclude recycling, arguing that the remelting of pre-existing bronze (usually with <1wt%Fe) would not have produced such Fe enrichment. The composition of the metallic prills ranges from pure Cu to up to high-Sn bronzes (up to 60wt%Sn), indicating active alloying. Sn oxide crystals were profusely reported. Deoxidation microstructures were observed, showing an oxidising atmosphere.
Two potential techniques were proposed: addition of metallic Sn or use of a master alloy rich in Sn that would have been alloyed with Cu. The lack of supporting evidence for these interpretations is acknowledged. Addition of cassiterite was also considered and explicitly linked to the high Fe content in Sn. However, the description provided is a general one for a full assemblage. It is possible that different alloying techniques were developed in separate crucibles.
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Pi-Ramesse (Egypt)
Period: LBA
Reference: Rademakers et al., 2018a; Rehren and Pusch, 2012
Evidence: Assemblage of crucibles and slag specimens
Given classification: Cementation, co-melting, and recycling with or without Sn addition (mineral or metallic)
Proposed classification: Idem
All crucibles were discussed together, so it is impossible to differentiate between samples. In the first published paper about this site, recycling and co-melting were identified based on the presence of high-Sn prills in the slag and the contemporaneous evidence of trade of Cu ingots. However, the micrograph provided shows a semi-dissolved cassiterite remain that is consistent with mineral Sn addition. 
This assemblage was later fully analysed and new evidence was published. Bulk sample compositions show that the slag specimens are enriched in lime in comparison to the ceramic. Ca enrichment correlates to enrichments in Al and P. All these elements were related to fuel ash contributions. Abundant Cu and bronze prills were reported. Presence of high-Sn prills is indicative of active alloying. Co enrichment in 15% of the samples was mentioned. Co usually oxidises out of Cu in a spinel habit. Sometimes, Ni impurities were also found in the Cu prills. 1/3 of samples are enriched in Fe. This element was linked to Cu as it was seen oxidising out of it. Thus, Fe, Co, and Ni were the impurities of the Cu-ore previously smelted. The rhombohedral crystals of Sn oxide with a bronze/Cu nucleus mentioned, indicate preferential oxidation of Sn out of an original bronze droplet in an oxidising atmosphere. The semi-dissolved cassiterite grains point to mineral addition of Sn in some cases.
Co-smelting is the only technique that can be clearly discarded, as there is no evidence of Cu‑ore addition, nor evidence of Cu smelting at the site. Presence of scrap metal at the site strongly suggests recycling operations too. 
Remosterkloof 3 (South Africa)
Period: 1000-1300AD
Reference: Bandama et al., 2015
Evidence: Crucible slag Rnk3-20 and Rnk3-19
Given classification: Co-melting/recycling
Proposed classification: Idem
The bulk composition of sample Rnk3-20 has 27.2wt%CuO and 6.0wt%SnO, as well as high Fe losses (17.3wt% Fe2O3). Because only bulk compositions were reported, it is not possible to determine how much metal was lost in the glassy matrix. Concentrations of cuprite dendrites and occasional magnetite formations were reported. The composition of the metallic prills analysed shows 11.3wt%Sn on average, what is in accordance with southern Africa bronzes.
The bulk composition of sample Rnk3-19 has 18.7wt%CuO, 8.3wt%SnO and 12.3wt%Fe2O3. A lot of metallic prills (8.4wt%Sn on average) and minor magnetite crystals were reported for this sample.
The possibility of making bronzes using different techniques was acknowledged when evaluating these samples and emphasis was made on the absence of unreacted ore relics. This, added to the fact that Sn smelting slag was found at the site, supports co-melting and/or recycling operations. The occasional magnetite perhaps derives from Fe-bearing Cu or Sn.
Bosutwe (Botswana)
Period: 1300AD
Reference: Denbow and Miller, 2007
Evidence: Dross nodule B481
Given classification: Melting operations (recycling/co-melting)
Proposed classification: Unknown
	Cu state: Unknown
	Sn state: Unknown
The bulk composition of this nodule has 15-30wt%Sn. Cu prills, cuprite dendrites, skeletal cassiterite exsolved from the Cu, and Sn-bearing delafossite were reported. This evidence is used to justify melting operations. Similarities between these samples and the microstructure of samples taken from modern melting crucibles were also mentioned, but this should not be taken as a conclusive evidence as different techniques can produce similar features. It seems that the possibility of this sample being produced as the result of other techniques is not considered. 
Used of metallic Cu might be supported by the presence of Cu prills not surrounded by a lot of Sn oxide crystals. The state in which Sn enters the charge, however, is unknown. More key features are needed to confidently ascribe this sample to an alloying operation.
Rooikrans (Rooiberg, South Africa)
Period: Mid 17th century AD
Reference: Miller and Hall, 2008
Evidence: Crucible sherd RK2
Given classification: Recycling
Proposed classification: Co-melting
	Cu state: Metallic
	Sn state: Metallic
A slag with numerous metallic droplets in a Ca-Al silicate matrix with no detected Sn and Cu was described. It has high Fe (13.8wt%FeO) and 0.8wt%TiO2. The majority of the prills are made of Fe containing minor P, Ni, Sn (2.6wt%Sn), and Cu (2wt%Cu). They were consistently found together with smaller Cu-Sn prills with 27-48wt%Sn. This was interpreted as the result of a bronze melting operation. However, the presence of high-Sn prills makes this unlikely, and points towards and active alloying process instead, probably co-melting. High reducing conditions were maintained to prevent the oxidation of Cu and Sn and to maintain Fe in metallic state. Fe could have entered the charge as an impurity of one of the two metals, or been reduced out of the Fe-bearing minerals of the crucible given the strict reducing conditions of the operation.
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Tell al-Judaidah (Turkey)
Period: ~3000BC
Reference: Adriaens et al., 2002
Evidence: Crucible
Given classification: Co-melting 
Proposed classification: Active alloying
The slag is an aluminosilicate with CuCO3- and Cu2O-rich phases. These phases trapped metallic prills with an average of 36.81±1.40wt%Sn, indicative of active alloying. This sample was characterised as a co-melting by-product given the evidence of Sn smelting at the nearby site of Göltepe. However, the described evidence of the slag microstructure does not allow proposing a specific alloying process.
Deh Hosein mine (Iran)
Period: Mid 2nd millennium BC
Reference: Nezafati et al., 2009
Evidence: Compositional analyses and LIA of this outcrop and their comparison with legacy data (metallic objects compositions)
Given classification: None
Proposed classification: Natural alloying
This paper did not aim to identify alloying techniques. No smelting operations have been documented at the site, but based on the presented results, it is possible to hypothesise the use of natural alloying.
This outcrop is polymetallic. It contains native Cu, cuprite, other supergene minerals, including different arsenates, cassiterite and stannite, among others. Cassiterite is considerably abundant, and analyses show that the Sn present in the veins ranges from 0.01wt%Sn to up to 6.72wt%Sn. The composition of this ore was compared to Luristan bronzes. Trace and minor element patterns are compatible. 
LIA from Deh Hosein ores shows matching patterns with Luristan, southern Persian Gulf, Mesopotamia, and Aegean items dated between the 3rd and 1st millennium BC. This suggests that this polymetallic ore could have been used to manufacture these objects during this time, perhaps through a natural alloying process. Outliers were acknowledged and the possibility of using separate ore sources and potentially mixing them with Deh Hosein ores (in co-smelting processes?) is suggested. A second polymetallic Cu-Sn mine is mentioned. It is located not far away from Deh Hosein mine, and both have a very similar isotopic signature.
Taijiasi (China)
Period: 13th century BC
Reference: Liu et al., 2020
Evidence: Crucible/furnace fragments H234-1:1
Given classification: None
Proposed classification: Active alloying
Cu state: Unknown 
		Sn state: Mineral
These samples are not discussed in detail, but the micrograph provided in Fig.3 of this paper shows Sn oxide masses that could be consistent with unreacted fragments of cassiterite. This would point to an active alloying operation. Bronze prills and Cu oxide phases are also mentioned for these materials.
Evidence: Small slag fragments H234-1: soil (type I, Sn-rich)
Given classification: Cementation/co-melting
Proposed classification: Idem
These materials have an average of 23.9wt%SnO2, which indicates that they are related to bronze metallurgy. Sn oxide crystals are mentioned, together with occasional malayaite crystals. Moreover, high-Sn prills of up to 52wt%Sn are reported, indicating active alloying. Based on the processing of Cu at the same site, it was proposed that it was alloyed with cassiterite or metallic Sn in cementation or co-melting operations.
All these samples are reported together, so it is not possible to establish if both techniques were used contemporaneously. The presence of malayaite, however, might be consistent with cassiterite addition, although no cassiterite relics were reported. Therefore, the proposed classification was accepted. 
Site 41, Supsa-Gubazuli production area (South Caucasus)
Period: LBA-EIA
Reference: Erb-Satullo et al., 2015
Evidence: Crucible rim fragment, sample no.4110
Given classification: Cementation
Proposed classification: Idem
Bulk composition of the slag layer shows <0.5wt%CuO losses, and between 0.8-8.3wt%SnO2. The slag layer is enriched in Fe and Ca. It contains Fe oxide inclusions, pyroxenes, quartz grains, and feldspars. Fayalite was reported around partially reacted Fe oxides, which consistent with reducing conditions. The high Fe content was explained as the result of Fe entering the charge with metallic Cu. 
Semi-dissolved mineral cassiterite with rutile grains around some of these ore relics were reported. This, together with the presence of pyroxenes and Fe oxides, confirm the addition of panned cassiterite, as they are more abundant in the slag than in the ceramic matrix. Deoxidation microstructures were also described, which supports variable reducing conditions. The prills analysed are high-Sn bronzes (from 16.87wt%Sn to 39.22wt%Sn), confirming active alloying.
Kongtougou (China)
Period: Mid 11th century-771BC
Reference: Zhou et al., 2009
Evidence: Slag sample ZJT7-3
Given classification: Co-melting
Proposed classification: Co-smelting
Cu state: Mineral
		Sn state: Unknown
The glassy matrix of this sample is populated by Sn oxide crystals and Cu prills that sometimes present ‘a rim of Cu oxide’. Cuprite dendrites are also reported together with very small globules that could not be characterised by EDS. It is also mentioned that the glassy matrix is rich in Ca. With this information, a bronze melting operation is proposed. Given the absence of cassiterite addition evidence and the availability of metallic Sn in the region, it is proposed that metallic Sn was added to make bronze.
Interestingly, Fig.9 of this paper shows that the rim of Cu oxide around one of the Cu prills is consistent with a solid-state smelting microstructure coalescing into a bigger prill. In fact, one of the small globules that were not characterised (presumably made of Cu oxide), is in the process of coalescing into this ‘rim’ in the microstructure of the picture. Considering that cuprite dendrites are usually a good indicator of freshly produced Cu, the presented microstructure could be considered consistent with Cu-ore addition. Moreover, the high‑Ca content of the glassy matrix was not considered by the authors. Although Ca-Sn compounds, indicative of cassiterite addition, were not reported, it is possible that this component entered the charge with the cassiterite or Cu-ore gangue. Both possibilities would contribute to the characterisation of this sample as a co-smelting operation.
Zhougongmiao (China)
Period: Mid 11th century-771BC
Reference: Zhou et al., 2009
Evidence: Slag sample ZGM33-1
Given classification: Co-melting
Proposed classification: Recycling/cementation/co-melting
Cu state: Metallic
	Sn state: Unknown
This sample is described as a lead silicate matrix containing Sn oxide, Cu oxide and Pb oxide phases. Pure Cu prills and corroded ternary bronze masses are also reported. The compositions of these bronze prills are not reported so it is not possible to rule out recycling as a potential technique. Moreover, in some cases big masses of metallic Cu were found. The authors said that this could indicate the independent addition of metallic Cu. They also report absence of cassiterite addition evidence. However, based on this and on the availability of metallic Sn on the region, they end-up proposing a co-melting operation.
The picture provided for this sample shows Pb oxide phases that are part of large Cu oxide masses. As already mentioned, this could be consistent with cementation operations, but also with a recycling operation in which the Sn has been oxidised out of the melt. In any case, the glassy matrix seems very populated to be consistent with a co-melting operation. Further evidence is needed to better characterise this sample.
Khibet Edh-Dharih (Jordan)
Period: IA
Reference: Klein and Hauptmann, 1999
Evidence: Metal lumps
Given classification: Recycling
Proposed classification: Idem
These metallic lumps were ternary bronzes. Sn contents in their bulk compositions range from 2.1wt%Sn to up to 26.4wt%Sn. The microstructure of these lumps is a Cu or Cu-Sn matrix (up to 1.4wt%Sn) with intergranular metallic Pb and Sn oxide crystals growing inside the Pb phases. The impurities found in the Sn oxide crystals (Fe, As, Bi, S, Pb, Zn, Mn and Ni) are not indicative of Sn mineral addition. In one of these lumps, sulphidic Cu inclusions containing some Ag were detected, what can be linked to Cu impurities. Clusters of Pb oxide needles were reported for some samples, but no explanation of these phases was provided. 
Recycling and active alloying operations were presented as possible interpretations, but the authors seem keener to defend the former. The current evidence is consistent with an oxidation process of a ternary bronze mass. However, the existence of several lumps that have been reported together, and the described Pb oxide clusters, open the possibility that different alloying operations were occurring simultaneously at the site. Further research would be needed to clarify this.
Tell es-Safi/Gath (Israel)
Period: IA, early 10th-mid 9th century BC 
Reference: Eliyahu-Behar et al., 2012
Evidence: Crucible
Given classification: Co-melting
Proposed classification: Cementation/co-smelting
Cu state: Unknown 
	Sn state: Mineral
According to pXRF analyses, the thin layer of slag is enriched in Cu (11.62ppm), Sn (10.19ppm) and Pb (0.26ppm). These results are far from what is usually considered a Cu/Sn/Pb-rich slag. Considerable Fe enrichment in relation to the ceramic was also reported and related to possible addition of Fe-rich Cu. 
The part of the slag in contact with the crucible paste is homogeneous and represents the bloating area of the ceramic, where small Cu prills were trapped. The area in contact with the charge is more heterogeneous and its glassy matrix has more Pb (~6wt%PbO), which might be indicating co-smelting operations, although not explicitly mentioned. 
Sn oxide crystals and globules, clusters of cuprite dendrites, malayaite, and Sn-Cu-Fe laths were reported. Magnetite clusters were described close to the surface. Fig.8c of this paper shows a semi‑dissolved cassiterite grain that was not accounted for. Thus, although the authors did not mention it, Fe enrichment might be related to the addition of Fe minerals together with cassiterite. Presence of Ca-Sn compounds also supports addition of mineral Sn. 
Co-smelting and cementation were discarded because ‘the use of tin in mineral form is unknown in the Levant’ (Eliyahu-Behar et al. 2012, p. 266). However, it was recognised that Sn ingots were rare during the IA. Mineral Cu addition was discarded also based on absence of antecedents.
Gordion (Turkey)
Period: 6th-4th century BC
Reference: Rademakers and Rehren, 2016 
Evidence: Crucible 
Given classification: None
Proposed classification: Possibly cementation
	Cu state: Unknown
	Sn state: Mineral?
The sample described was not intended to be used to identify alloying techniques. Fe- and As-rich bronze prills, and pure Cu prills with minor Fe contents were reported. Large amounts of Sn oxide in the slag, malayaite, and chlorinated Cu oxides were described. Malayaite presence might suggest mineral addition of Sn, which would support a cementation or co‑smelting operation. The absence of co-smelting evidence after analysing a larger assemblage from this site (see below) reinforces the interpretation of this sample as a cementation by-product.
Period: Late 5th-early 4th century BC
Reference: Rademakers et al., 2018b
Evidence: Several crucibles. 46 samples from 16 rim fragments, 24 body fragments and six body fragments from near the rims.
Given classification: Cementation, co-melting and possibly recycling
Proposed classification: Idem
Samples were discussed jointly, making difficult to assess them individually. Generally, two layers of metallurgical residue were found. The first one, in contact with the inner part of the crucible, corresponds to slag, and the second one, on the top of it, was characterised as dross. Crucibles were related to binary and ternary bronze making.
High-Sn prills were reported for one quarter of the samples, indicating active alloying in these cases. No Cu-ore relics were found, what was used to discard co-smelting operations. Cassiterite grains were only found in a very reduced number of samples, supporting in these cases use of cementation. Co-melting was proposed for the rest of samples.
Fe enrichment in the dross layer was associated to the use of impure Cu. The possibility of Fe-bearing minerals entering the charge with cassiterite was also considered. Pb was related to the metallic Cu used, as Pb usually appears in phases in which Cu is present. Moreover, an Ag-rich Cu was used in a few occasions, what was interpreted as potential recycling evidence.
[bookmark: _Hlk71826980]Khao Sam Kaeo (Upper Thai-Malay Peninsula)
Period: Mid/late 1st millennium BC
Reference: Murillo Barroso et al., 2010
Evidence: Crucible TC17
Given classification: Cementation 
Proposed classification: Cementation/co-melting
	Cu state: Metallic
	Sn state: Unknown
The thin layer of slag has a KCaAlSi2O7 glassy matrix that contains traces of Sn oxide. It has fayalite crystals, small covellite prills, and post-depositionally oxidised bronze. The ceramic has lower Fe content than the slag, and addition of Fe-rich cassiterite was suggested to explain it. Absence of Ca-Sn compounds and semi-dissolved cassiterite grains was noted. Addition of Cu in metallic state was proposed based on the absence of ore relics and of Cu outcrops in the area. On the contrary, cassiterite is common. Absence of cassiterite relics and other complementary evidence for Sn mineral addition together with the low amounts of Sn oxide reported in the glassy matrix, might, however, be also consistent with co-melting operations.
Evidence: Amorphous slag lump (MS173)
Given classification: Cementation
Proposed classification: Idem
The slag matrix unites alkali oxide compounds, and Cu, Sn, and Pb oxides. Metallic Cu (sometimes with an outer oxidation layer), and cuprite prills were reported. Cu-Pb-Si globular compounds appear together with acicular Sn oxide crystals that sometimes form clusters. This supports mineral Sn addition. Justifications for the state in which Cu entered the charge were similar than for the previous sample. Pb would have entered the charge with metallic Cu or independently.
Tayma (Saudi-Arabia)
Period: Roman/Late Roman Period
Reference: Liu et al., 2015
Evidence: Assemblage of crucibles and slag specimens
Given classification: Unclear (co-melting/cementation)
Proposed classification: Co-smelting/cementation
	Cu state: Unknown
	Sn state: Mineral
Slag specimens with bulk compositions rich in Cu (7.8-59wt%CuO) and Sn (4.3‑19.8wt%SnO2) were reported together, so it is impossible to differentiate between samples. These results show – in some instances – big loses of both metals, but this information is not as informative of the technique used, as glassy matrices compositions (which are not reported) would have been. Only one slag (TA5675) has Sn values below detection limits, but bronze prills were reported in it.
Elongated Sn oxide needles and other Sn oxide crystals were described. Frequent presence of malayaite, Sn-rich spinels, and abundant magnetite are mentioned. The elongated Sn oxide needles and the Ca-Sn compounds are consistent with mineral Sn addition.
Fig.6 of this paper (sample TA5335) shows a cluster of Sn oxide crystals and magnetite. The reported cluster might be consistent with a semi-dissolved cassiterite grain. Presence of magnetite, although not mentioned by the authors, supports use of Fe-rich cassiterite. Fe enrichment is also confirmed by the preferential oxidation of the Fe out of the Sn in the spinels reported. The high Fe content of the slag can be used to discard scrap metal recycling.
Metal prills analysed are bronzes and leaded bronzes. Some of them have >24wt%Sn, confirming active alloying. Some prills have As impurities, probably entering the charge with the Cu.
This evidence was used to support production and processing of binary or ternary bronze. No clear characterisation was given: co-melting seems to be defended at the beginning of the paper and in the conclusion section, while cassiterite use was suggested during the discussion section. Based on the described evidence, it is possible that Sn was added as cassiterite in some instances, while the state of Cu when entering the charge is unknown. The fact that several samples were considered together might be also obscuring the use of different alloying techniques simultaneously.
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Jamestown (Virginia, USA)
Period: 1607-1610AD
Reference: Veronesi et al., 2019
Evidence: Slag sample, JR 1115B
Given classification: Cementation (mineral testing)
Proposed classification: Idem
The slag presents trapped metallic Cu and bronze prills (up to 47.6wt%Sn), indicating active alloying. Semi-dissolved cassiterite grains with occasional Ta were analysed, corroborating cassiterite addition. Given that this site is related to the testing of different minerals in the new colonial environment, use of metallic Cu is assumed, and this cementation operation is contextualised in a moment of experimentation with cassiterite minerals at this site.
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